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Microfluidic droplets have emerged as novel platforms for chemical and biological applications. Manipulation of droplets has thus
attracted increasing attention. Different from solid particles, deformable droplets cannot be efficiently controlled by inertia-driven
approaches. Here, we report a study on the lateral migration of dual droplet trains in a double spiral microchannel at low Reynolds
numbers. The dominant driving mechanism is elucidated as wall effect originated from the droplet deformation. Three types
of migration modes are observed with varying Reynolds numbers and the size-dependent mode is intensively investigated. We
obtain empirical formulas by relating the migration to Reynolds numbers and droplet sizes. The effect of droplet deformability on
the migration and the detailed migration behavior along the double spiral channel are discussed. Numerical simulations are also
performed and yielded in qualitative agreement with the experiments. This proposed low Re approach based on lateral migration
could be a promising alternative to existing inertia-driven approaches especially concerning deformable entities and susceptible
bio-particles.
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1 Introduction

The emergence of microfluidic droplets offers new opportu-
nities for chemical and biological researches and has raised
extensive attention [1-4]. Droplets can be used to provide
microscale and independent compartments for reaction [5], to
encapsulate cells for detection [6,7], and to enrich and trans-
port particles [8,9]. Manipulation of droplets in microfluidic
device is of fundamental and practical significance.
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The last decade has seen extensive development of mi-
crofluidic approaches for particle/cell manipulation by either
active methods using external force fields [10-14] or passive
methods depending on hydrodynamic forces [15-17]. More
recently, inertial migration has been increasingly involved
for manipulation of rigid particles by hydrodynamic forces
[18-20]. The inertial lift on a rigid particle stems from the
asymmetry of pressure and viscous stresses on the particle
surface in a Poiseuille flow at infinite Reynolds numbers
(Re>1, and Re =pU_L/n, where p and 5 are the density
and viscosity of the carrier fluid, respectively, Un the mean
channel velocity, and L the channel characteristic length)
[16,20,21]. In contrast to rigid particles, the droplets can

phys.scichina.com link.springer.com


http://crossmark.crossref.org/dialog/?doi=10.1007/s11433-016-0115-1&domain=pdf&date_stamp=2016-05-05
http://dx.doi.org/10.1007/s11433-016-0115-1
http://dx.doi.org/10.1007/s11433-016-0115-1
http://phys.scichina.com
http://link.springer.com

C.D. Xue, et al.

experience cross-stream migration even at much lower Re
(Re <'1) due to their deformability [22-24]. The deforma-
bility-induced effects influence the migration behavior and
manifold the equilibrium positions, resulting in poor per-
formance of inertial manipulation of the droplets [17]. Our
previous study shows that two extra equilibrium positions
for droplet exist near the channel centerline caused by the
deformation, in addition to the widely recognized Segre-Sil-
berberg equilibrium positions caused by the inertia [25].

The driving force behind the low Re migration is attributed
to the introduction of nonlinearity by droplet deformation
[26]. The deformed droplet breaks the laminar and time-re-
versible regime of low Re flow and causes the non-uniform
velocity profile and pressure distribution nearby [27]. These
asymmetries then give rise to a lift force to induce the cross-
stream migration that is generally directed away from the ad-
jacent wall [23,28]. This wall effect is minimum at channel
centerline while increases with droplet getting closer to the
wall [29,30].

The wall effect can play a dominant role in the migration
of deformable entities in shear flow at low Re [18,29,31]. Af-
ter closely positioning droplets near wall by sheath fluid, it is
possible to realize separation by sizes in the downstream flow.
Maenaka et al. [32] demonstrated this size-dependent sepa-
ration scheme for binary droplets in a pinched channel. Geis-
linger et al. [33] exploited the separation of red blood cells
from other blood components in a simple T-shaped chan-
nel. Using the same channel, sorting of the circulating MV 3-
melanama cells from suspension of red blood cells was also
achieved [34]. In most of the existing studies, strong side flow
is required and only one wall works at low Re, thus limiting
the sample throughputs. If both walls of the microchannel
contribute, the throughput and efficiency could be improved
significantly. Moreover, introduction of asymmetrical chan-
nel structure can also produce lift forces in simple systems
[20]. Curved structures like serpentine or spiral have been
frequently employed to improve the performance of inertial
manipulation of rigid particles [16,35,36]. For droplets in low
Re flows, curved channels would also influence the migration
behaviour, which is rarely addressed in existing studies.

Therefore, in the present work, we explore the lateral mi-
gration of dual droplet trains in a double spiral microchan-
nel at low Re. The set of droplet train is to eliminate hydro-
dynamic interactions among droplets in the transverse direc-
tion and thus to realize a deterministic manner of cross-stream
migration. The effects of Re numbers, droplet sizes and de-
formability on the droplet migration are investigated. The
migration behavior of the dual droplet trains in the double
spiral channel is investigated in details. We additionally per-
formed numerical simulations to understand droplet dynam-
ics in the curved channels at low Re. Sorting based on this
lateral migration could be a promising alternative to existing
inertial-driven approaches especially for manipulation of de-
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formable entities and susceptible bio-particles.

2 Material and method

2.1 Experimental

2.1.1 Design and material

The employed microchip is composed of a double T
(DT) structure and a 2-loop double spiral (DS) channel
(Figure 1(a)). The DT structure [37,38], designed with
two side inlets for the droplet phases and one intermediate
inlet for the continuous phase, is able to synchronously
generate dual droplet trains near the two walls, respectively
(Figures 1(b) and al in Appendix). The flow rates of the
two droplet phases are always adjusted to be equal, allowing
adequate time to stabilize, and yield the dual droplet trains
with equal sizes and frequencies. The continuous phase is
also used as the carrier fluid and drives the droplet trains into
the DS channel. The DS channel first rotates in the clockwise
direction for two loops, changes the direction by an inverted
S-shaped junction, and then rotates in the counter-clockwise
direction for another two loops. The spacing between two
adjacent loops is 800 um. The four channel curvature radii
(R) are 400, 1600, 2800 and 4000 pm, respectively, from
inner to outer. The cross section of channel is 400 um in
width (w) and 100 pm in height (%), and the channel width w
is used as the channel characteristic length L.

The droplet phase is pure water with density and viscosity
of 1 g/em® and 1 mPa-s, respectively. Olive oil is chosen as the
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Figure1l (Color online) (a) The schematic of the microchip. (b) The double
T structure for droplet generation. The two side inlets are used for introduc-
ing droplet phases and the intermediate inlet for continuous phase. The red
circles represent the droplets. (c) The schematic of computational domains.
Quarters of circumference are considered. The red solid spheres represent the
droplets. (d) The grid of the droplet and the ambient fluid. To get high-reso-
lution simulation, the grid near the interface is refined using gradient-based
and thickness-based adaptive mesh refinement technique.
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continuous phase with density of 0.92 g/cm?® and viscosity of
78 mPa-s. The interfacial tension o between the pure olive oil
and the pure water is measured as (20.3+£0.08) mN/m using
the pendant droplet method (Theta, Attension Inc., Switzer-
land). In contrast experiments, Tween20, a nonionic surfac-
tant, is added to decrease the interfacial tension and thus in-
crease the droplet deformability. The interfacial tension after
adding 0.8% (v/v) Tween20 is measured as (1.3£0.06) mN/m.
All the experiments are carried at the room temperature.

2.1.2  Microchip fabrication and experimental operation

The microchip is fabricated in polydimethylsiloxane (PDMS)
based on the standard soft-lithography technique [39]. The
SU8-3050 master mold of channel structure on a silicon wafer
is fabricated first (CapitalBio, China). PDMS is mixed in a
ratio of 10:1 with the curing agent and degassed in a vac-
uum vessel, and then cast over the fabricated wafer and baked
in oven at 70°C for 3 h. The PDMS mold is then diced
and peeled from the wafer. Three inlets and one outlet are
punched using the steel needle with a flattened tip. Plastic
tubes are subsequently inserted into the four ports and sealed
with adhesive glue (3145 RTV, Dow Corning Inc., USA). The
chip is baked again and then bonded with a glass substrate
(25 mm % 75 mm) after oxygen plasma treatment (Plasma
cleaner; Harrick Inc., USA). The whole thickness of the as-
sembled chip is about 0.8 mm (Figure al). The chip is finally
placed in oven at 80°C for overnight to restore the material to
its native hydrophobic condition.

In experiments, the microchip is mounted on the stage of
an inverted microscope (Nikon Eclipse Ti, Nikon Instruments
Inc., Japan). Three syringe pumps (Pump 11 Elite, Harvard
apparatus Inc., USA) are used to introduce fluid phases into
channel, i.e., two outer inlets for the droplet phase and one
inner inlet for the continuous phase, respectively. The im-
ages are recorded using a high-speed CCD camera (Phantom
v7.3, Vision Research Inc., USA) and the Phantom Camera
Control software (Pcc2.14). With a fixed 9 pus exposure time,
the videos are taken at 100-1000 fps (frames per second) de-
pending on the Re numbers. The captured images are then
processed using Adobe Photoshop CS2 and analyzed using
ImagelJ software package (National Institute of Health, USA).
The time-series images (200 frames) are stacked using z-pro-
jection with standard deviation and the pseudo-colour of ma-
genta is added.

2.2 Numerical

Direct numerical simulations (DNS) of the two-phase inter-
facial flow are also performed using the Gerris flow solver
[40] to further understand the droplet dynamics in curved
channels. The computational domain is simplified to quar-
ter of circumstance for each curvature (Figure 1(c)). Bound-
ary conditions are set as constant axial velocity at the inlet,
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outflow condition at the outlet, and no-slip conditions on all
the walls. A thickness-based refinement method combining
with the gradient-based refinement is applied on the interfaces
to improve the computational efficiency (Figures 1(d) and
a2 in Appendix) [41]. Simulations are first performed with-
out droplets to obtain steady flow fields. Spherical droplets
are then placed at different width positions to flow freely with
the continuous fluid. When the quasi-static state is achieved,
the acceleration of a droplet is calculated from the quadratic
differential of the lateral displacement. More details about
the numerical simulations are provided in Appendix.

3 Results and discussion

3.1 Experimental

3.1.1 Three migration modes of the dual droplet trains

Through adjusting the flow rates of the two droplet phases
synchronously or the continuous phase alone, droplets with
different diameters a in varying Re numbers can be obtained.
The droplets are generally kept in dual ordered trains close
to the two walls at the inlets, respectively. We then observe
the droplet distributions at the downstream and outlets. By
examining various experiments (Re = 0.063-0.63), three mi-
gration modes with varying Re are summarized. First, when
channel flow is very slow (Re = 0.063-0.1), the dual ordered
trains cannot be kept and the droplets always fall into dis-
order. Second, in larger flow rate regime (Re = 0.13-0.38),
the dual droplet trains change to be robust and can keep or-
dered all along the channel. Third, as the flow rate further
increases (Re = 0.45-0.63), the dual droplet trains tend to fo-
cus into one train, regardless of the droplet sizes. The experi-
mental snapshots and the corresponding stacked images with
pseudo-colour of magenta are grouped in three panels succes-
sively in Figure 2, clearly demonstrating the three migration
modes.

In the first mode, the disordered droplet distributions are
attributed to the insufficient inertia and the Dean mixing ef-
fect of the DS structure [42,43]. This can be predicted from
the ratio of the magnitudes of inertial lift force and Dean drag
force though they both are very weak. The theoretical formu-
las for inertial lift force and Dean drag force can be expressed
in eqs. (1) and (2) [16], and the ratio f is immediately ob-
tained in eq. (3), where x represents droplet position in chan-
nel width.
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Re=0.63

Figure 2 (Color online) (a) Experimental snapshots of the droplet distributions at the inlets and the outlets in the three typical Re flow. At each Re, conditions
of droplets with two sizes are compared. (b) The corresponding stacked images with the pseudo-color of magenta successively grouped. In the second panel
with Re = 0.18, L; and L, denote the lateral distances between the two droplet trains at the inlet and the outlet, respectively. The white arrow indicates the flow

direction.

Considering channel width w is 400 pum, radius R is be-
tween 400-4000 pum, droplet diameter « is not larger than 100
um and the coefficient of inertial lift force f'(Re,x) < 1[18],
Fj, > F, ; is obtained. The Dean effect tends to mixes the
droplets especially in the innermost inverted S-shaped chan-
nel where the radius R is smallest. As Re increases, in the
second mode, the Dean drag force is partly offset by the in-
ertial force. The droplets, therefore, can always keep in dual
ordered trains though with inward migration. This migration
is dominated by the deformation-induced force and the mag-
nitude of migration also depends on Re numbers and droplet
sizes. As Re further increases, in the third mode, the droplet
deformation is more prominent so that the droplets are driven
toward the channel center by the enhanced deformation-in-
duced force [22,29,44], and ultimately focused into one train.
Although the large number density of small droplet influences
the focusing, the focusing positions with different droplet
sizes are nearly identical (i.e., x = 0.55w).

3.1.2  The size-dependent migration

The second mode migration is attractive to us because it ex-
hibits the size-dependent behavior that raises the potential
of size-dependent separation of droplets or other deformable
entities in our proposed channel. To quantitatively investi-
gate migration of this mode, we introduce the migration fac-
torase =L /L, where L =L,—L_ isnetmigration length,
and, L; and L, represent the lateral distances between the dual
droplet trains at the inlet and the outlet, respectively, as de-
fined in Figure 2.

In Figure 3(a), the red circles represent the experimental
results at Re = 0.13-0.38, and the black solid line is best fit
to them. Therefore, the dependence of migration factors on
the Re numbers and the droplet sizes a can be described by a
linear function:
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Figure3 (Color online) (a) The dependence of the migration factors on the
Re numbers and the droplet sizes. The red circles represent the experimen-
tal data at Re = 0.13-0.38 in pure olive oil while the blue squares represent
the results at Re = 0.13 under the Tween20 laden condition. The error bars
represent the uncertainty of the measurements. (b) The plot exhibits a linear
dependence of droplet deformation parameters on the capillary numbers. All
straight lines are the best fits to the corresponding experimental data.

This empirical formula also predicts that the focusing of the
dual trains would be size-independent if Re numbers are large
enough, which agrees with our observation of the third mode
migration behavior. The blue squares in Figure 3(a) represent
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the experimental results for Tween20 laden olive oil, which
will be discussed in another section below.

Moreover, the droplet deformation in a channel flow is
determined by the balance between shear force experienced
by the droplet and the droplet surface tension, characterized
by the capillary number, Ca =#U,_ /0. The deformation
can be described by the Taylor’s deformation parameter
[4514=(T-S)/(T+S), where T and S are the longest and
shortest axes of an appropriate elliptical droplet, respectively.
Figure 3(b) shows that 4 depends linearly on Ca at the inlets,
i.e., 4 < Ca. Due to the high viscosity of the olive oil #
and the low interfacial tension o in our experiments, the
Ca numbers are rather large even at low Re numbers. The
droplet deformation thus plays a dominant role in regulating
the migration.

The deformation-induced lift force is related positively to
the Ca numbers and negatively to the separations between the
droplets and the channel walls, according to the theoretical
prediction by Chan and Leal [46] as well as empirical sug-
gestion by Stan et al. [44]. In the present experiments, the
droplets are initially placed very close to the channel walls
and therefore the deformation and the deformation-induced
lift force are maximized. As the droplets migrate away from
the channel walls, the wall effect and the deformation-in-
duced force both decrease while another wall-directed force
caused by shear gradient increases. They reach a balance at
the equilibrium positions between the walls and the channel
center [16,47]. On that account, the droplets still behave in
two ordered trains but with decreased lateral distances.

In the migration process of the dual droplet trains, decreas-
ing lateral distance between the two trains may increase the
interaction of two trains and weaken the inward migration.
We first generate the single-left and single-right droplet
train separately to exclude the stream-stream interaction
(Figure 4(a)). Such operation allows us to directly compare
the migration process between the dual trains and the single
train. Nearly identical results are observed at Re = 0.13
(Figure 4(b)), indicating that the interaction between two
synchronous trains is negligible and has little influence on
the migration of each train. Because of the high viscosity
ratio and the low Re regime, the water droplets in each
train only perturb the flow around themselves at a small
scale. For larger droplets at larger Re number, the interaction
will be slightly intensified. Therefore, the weak train-train
interaction can allow further migration of larger droplets and
focusing of the dual droplet trains, which will be demon-
strated later.

3.1.3  Transition from migration to focusing

In the second mode, if Ca is further increased, either by in-
creasing the Re number or by decreasing the droplet surface
tension o, the focusing of the droplets into one train could be
achieved as the result of the enhanced dominating deforma-
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Figure 4 (Color online) (a) Experimental snapshots depict the generation
of the dual droplet strains and the generation of single-left as well as sin-
gle-right droplet train at Re = 0.13. (b) The droplet positions for the two cor-
responding cases along the DS channel. The data are captured at the eight
turning points along the whole DS channel.

tion-induced lift force. Increasing the Re numbers will gen-
erate a size-independent focusing pattern that is classified as
the third mode. Here, we lower the droplet surface tension by
adding 0.8% (v/v) Tween20, and demonstrate the migration
to focusing with varying droplet sizes at Re = 0.13.

Figure 5 demonstrates the transition from migration to fo-
cusing under the Tween20 laden condition with the increasing
droplet sizes. In this scenario with low Re and high Ca, the
lift force caused by the shear gradient is weak, and the defor-
mation-induced lift force can dominate the migration to focus
the large droplets into one train. Quantitatively, a linear func-
tion similar to the eq. (4) that relates the migration factor to
Re and a under the Tween20 laden condition can also be ob-
tained, as described by the black dashed line in Figure 3(a):

8=Re(112%—2.7). (5)

Comparing eqgs. (4) and (5), we acknowledge that the mi-
gration efficiency of the droplets in Tween 20 laden flow in-
creases by about fifty percent in contrast to the droplets in
pure olive oil, as a result of the increased deformability.

Figure 6 exhibits the varying A along the DS channel with
added Tween20 and without surfactant, respectively. For two
droplets with a typical size, the increased deformability due
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Figure 5 (Color online) (a) Experimental images of droplet distribution
at the inlets and the corresponding outlets at Re = 0.13. The droplet sizes
are 25, 35, 45, 55, 65, 85 and 95 um successively. The red lines mark the
equilibrium positions. (b) The lateral distance between the dual trains at the
inlet L;, the total migration distance Ly, and the migration distance of the left
train Lim as well as the right train Ly, vary as functions of droplet sizes. The
error bars reflect the uncertainty of measurements.
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Figure 6 (Color online) The varying droplet deformation parameters with
turning points along the DS channel at Re = 0.13 with Tween20 and without
surfactant, respectively. Initial droplet sizes are identical as a = 65 um. The
insets show the typical droplets at the inlet (turning point 1) and the outlet
(turning point 8) under the two conditions, respectively. The white arrows
indicate the flow directions.

to Tween20 is reflected by the much greater and wavier
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droplet deformation. The deformation parameters under
Tween20 laden condition are nearly ten-fold larger than those
without surfactant. The visualized comparisons of droplet
deformation are provided by the insets that show the droplet
shapes and positions at the inlet and the outlet, respectively.
Without added surfactant, the droplet shapes are near-round
along all the channels. With Tween20, the shapes change
from inclined-elliptical to pear shaped. This pear-like shape
has been observed in non-inertial migration of vesicles in
straight channels [48], reflecting the decreasing wall effect
with inward migration.

3.1.4  Detailed migration behaviour along the DS channel

Though the experiments are performed at low Re, the effect
of the DS channel is still observed. As shown in Figure 5, the
dual droplet trains at the outlet are not completely symmet-
ric with respect to the channel centerline, especially for larger
droplets, and the focusing positions are off-axis. The focus-
ing positions for different droplet sizes at Re from 0.13 to 0.38
are measured as almost the same, i.e., x = 0.6w, which differs
from the centerline focusing happening in a straight channel
[24,29]. More experimental demonstrations of the focusing
are provided in Appendix (Figure a3). In this section, we thus
inspect the detailed migration behavior along the DS channel
to seek the explanation of this off-axis phenomenon. The to-
tal migration process of the dual droplet trains along the DS
channel is exhibited in Figure 7(a). The numbers 1-8 are the
turning points along the DS channel that indicate the flow se-
quence. The images with broader view are provided in Ap-
pendix (Figure a4). To show the varying migration clearly,
the distributions of the dual trains at the turning points are suc-
cessively grouped in Figures 7(b) and (c¢). The corresponding
position functions for the three different droplet sizes are plot-
ted against the turning points in Figure 7(d).

For small droplets, the DS channel can be considered as a
long straight channel. The two trains still flow near the chan-
nel walls and keep nearly symmetric to the channel centerline
at the outlet. For large droplets, the migration of each train
varies greatly and the focusing of the two trains occurs in the
half-loop before the outlet as denoted by turning point 7-8.
Interestingly, in the inner loops denoted by turning point 3-6,
migration distances of the two trains vary rarely with droplet
sizes.

Though the inner loops only have limited contribution in
reducing the lateral distance of two trains, they are mainly
responsible for the off-axis phenomenon. The DS channel
contains two anti-symmetric spiral channels and each spiral
is integrated with four curved channels of different channel
curvature radius R. The centrifugal force experienced by a
droplet is inversely proportional to the square of curvature
radius and proportional to the cube of droplet size. Therefore,
in the channels with smaller R, the two droplet trains tend to
synchronously migrate toward the inner wall. Larger droplet



C. D. Xue, et al.

4 5 3 7 1

8 2 6
©
1 p) B 4 5 7

(c)
100 um

Sci. China-Phys. Mech. Astron.

x/w

July (2016) Vol. 59 No.7 674711-7

1.0
(d)
L T,
08 O O\O\O/ O O_O\O
r =~ O—
\a\o/o_g/aio
06 - o 0
—O—a=45 um /
—O—a70um Centerline 3
04 ——O—a=85um _— o
_<9/O—’
L 8= 5
o—o0—0—0
02 - Q7 o—0—o0
0'0 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1

0 1 2 3 4 5 6 7 8 9

Turning point

Figure 7 (Color online) (a) Experimental image depicts the total migrating process of the dual droplet trains along the whole DS channel for droplet size a
=65 um. The composite image exhibits the dual trains at the turning points along the DS channel for droplet size a = 45 pum (b), and a = 85 um (c). (d) The
migrating trajectories along the DS channel for droplets with the three different sizes corresponding to (a)-(c). In (a), numbers 1-8 are the turning points and
indicate the flow sequence. In (b), the numbers are corresponding to those in (a).

sizes intensify this synchronized shift and make it more dis-
tinct. As shown in Figure 7(d), the synchronized shift of the
two trains in the innermost inverted S-shaped channel (turn-
ing point 4-5) almost offsets the accumulative shift of the first
spiral channel. The accumulative shift in the second spiral
channel then gives rise to the off-axis focusing position of
the large droplets at the outlet.

3.2 Numerical: migration dynamics of single droplet in
curved channels

Our experiments suggest that the equilibrium positions of
droplets in the channel width vary with droplet sizes and de-
formability. We further conduct numerical simulations to ob-
tain the size-dependent equilibrium positions. Figure 8 shows
the curves of the accelerations in the channel width for droplet
sizes a = 45, 68 and 90 um. These droplet sizes are almost
identical to the experimental set in Figure 7. The curve of the
small droplet is anti-symmetric with respect to the centerline,
suggesting two stable equilibrium positions at x = 0.29w and
0.7w, respectively. The equilibrium positions are almost the
same with those in experiments shown in Figure 7(b) (turn-
ing point 8). This result agrees with the findings in a straight
channel [25,48], indicating that the curved channel have lit-
tle effect on small droplet. In contrast, the curves of larger
droplets are asymmetric, reflecting the effect caused by the
inner channel wall. The increasing droplet size enhances the
effect induced by the left wall, resulting in a right shift of the
equilibrium position. For even larger droplet, only one equi-
librium position is obtained, which validates our experimen-
tal observations of droplet focusing in Figures 7(c) (turning
point 8) and a3. More numerical results are provided in Ap-
pendix.
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Figure 8 (Color online) The simulate curves of droplet accelerations for
three different droplet sizes.

3.3 Application: sorting of the binary droplets

The employed microchip shows potential to fulfil the size-
de-pendent sorting of the binary droplets in the low Re flows.
Figure 9(a) describes the schematic of the sorting mechanism.
Pre-sorting of the droplets near the walls can be completed
by the intermediate sheath flow. After the pre-sorted droplets
flowing through the DS microchannel, the large droplets ulti-
mately focus at a deterministic position, i.e., x = 0.6w, while
the small droplets remain in two ordered trains near the chan-
nel walls. To validate this mechanism, the experiments with
coexisting large and small droplet are performed at Re =0.13.
The size-dependent sorting regime is obtained as expected,
and the sorting and separation can be further completed us-
ing a bifurcate outlet with three side channels, as depicted in
Figure 9(b).

This proposed low Re approach based on the lateral migra-
tion have many applications. For instance, with develop-
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Figure 9 (Color online) (a) The schematic of the size-dependent separation
regime. (b) Experimental image depicts the sorting of large droplets and the
separation of smaller droplets. The droplet trajectories are visualized by an
overlay of 20 frames.
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ments of the all-aqueous systems [49], droplets with very low
surface tension are gaining extensive interests [50,51]. Oper-
ating at low Re flow regime can avoid the mechanical damage
on those fragile droplets. For certain bio-particles sensitive
to flow shear stress [52], this low Re method is more suitable
than inertial-driven methods.

4 Conclusion

In this work, we investigate the lateral migration of dual
droplet trains in a double spiral microchannel at low Re
numbers. We observe three migration modes with varying
Re numbers, as disordered mode, size-dependent mode and
size-independent mode. The size-dependent migration is
intensively investigated and empirical formulas are estab-
lished by relating the migration to Re numbers and droplet
sizes. The effect of droplet deformability on the migration
and the detailed migrating behavior along the double spi-
ral channel are discussed. The increased deformability is
found to enhance the migration. The double spiral structure
poses accumulative effect on large droplets and gives rise
to their off-axis focusing at the outlet. We also perform
numerical simulations to investigate the droplet migration
dynamics and yield results in qualitative agreement with the
experiments. This proposed low Re approach based on this
lateral migration could be a promising alternative to existing
inertia-driven approaches especially for those deformable en-
tities and susceptible bio-particles. Future efforts will focus
on exploring the optimization of channel design, extending
the sorting regime to smaller scales, and establishing the
analytical formula to evaluate the wall effects in near-wall
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Appendix A1 Governing equations and numerical meth-
ods

The governing conservation equations for the incompressible
and variable-density flow with surface tension are [40]

op+V - (pu)=0, (al)
pOu+u-Vu)y=—Vp+V-(2uD)+oxdn, (a2)
V-u=0, (a3)

where u is the velocity vector, p the fluid density, x the dy-
namic viscosity, and D the deformation tensor defined as D;;
= (Ow;+ Oju;) / 2. The Dirac delta function J; indicates the fact
that the interfacial tension, o, is concentrated on the interface.
The radius of curvature of the interface is denoted by «, and
n is the unit outward vector normal to the interface [40].
The volume-of-fluid (VOF) function c(x, ¢) is introduced
to trace the two-fluid interface. c(x, ¢) is defined as the vol-
ume fraction of a given fluid in each cell of the computational
mesh. The density and viscosity can thus be written as:

ple)=cp, (1 —c)p,, (a4)
wc) = cuy (1=, (a5)

where p1, p2 and u1, po are the densities and viscosities of the

first and second fluids, respectively. In addition, according to

mass continuity, the advection equation is given as:

0c+V - (cu)=0. (ab)
The staggered temporal discretization of the volume-frac-

tion/density and pressure is applied and leads to a scheme
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which is second-order accurate in time. The classical time-
splitting projection method is used, which requires the solu-
tion of a Poisson equation. In order to improve numerical
efficiency and robustness, the discretized momentum equa-
tion is recast as Helmholtz-type equation that can be solved
by an improved multi-level Poisson solver. The resulting
Crank-Nicholson discretization of the viscous terms is sec-
ond-order accurate. Spatial discretization is achieved using
graded octree partitioning in three dimensions. All the vari-
ables are collocated at the center of each discretized cubic
volume. Consistent with the finite-volume formulation, vari-
ables are interpreted as volume-averaged values for each cell.
A piecewise-linear geometrical VOF scheme generalized for
octree spatial discretization is used to solve the advection
equation for the volume fraction [53]. Since the original
Continuum-Surface-Force (CSF) approach [53] suffers from
problematic parasitic currents, the combination of a balanced-
force surface tension discretization and a height-function cur-
vature estimation is used to circumvent the problem. The
CFL number is set to be 0.8 for all the simulations to ensure
the overall numerical stability.

The gradient-based adaptive mesh refinement (AMR)
method is used for the volume fraction. Adequate mesh
refinement is guaranteed along the entire interface where the
volume fraction has gradients. Due to the confinement of the
channel walls, thin films between the walls and droplet exist
when droplets are close to the walls. The efficient thick-
ness-based refinement methods [41] are applied to refine the
thin regions. In Figure a2, typical grid on the interface of a
droplet near the wall is shown. The local refinement allows
fine cells only near the wall to avoid refinement of the entire
interface, thus reduce numerical cost dramatically. These
numerical methods have been validated in high-fidelity
numerical simulation of impinging jet atomization [54] and
droplet deformation and migration in straight microchannels
[25].

The effects of curvature radius and the interfacial ten-
sion on droplet migration are also numerically investigated
(Figure a5). The droplet size is fixed as @ = 90 pum. For that
the centrifugal force is inversely proportional to the square
of channel radius, the droplet acceleration is expected to
decrease with increasing channel radius. Nevertheless, small
radius give rises to limited channel length that just supports
little time for droplet migration. The equilibrium position
only shifts a little to the centerline with channel radius
decreasing. In addition, as the interfacial tension decreases,
the acceleration of droplet migration increases appreciably.
This gives the explanation that the increased deformability
enhances the droplet migration as suggested in Figures 3(a)
and 6 in the main text. The equilibrium position is found to
move slightly toward the right wall as the interfacial tension
decreases.
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Appendix A2 Figures

Figureal (Coloronline) The assembled microchip used in the experiments
and the experimental snapshot showing the generation of the dual droplet
trains in the double T structure.

Top view Side view
S [wal
Re=0.18 Re=0.25
Figure a2  Typical grid on the interface of a droplet when it flows near Figure a3  Experimental snapshots of droplet distribution at the inlets and
the channel wall. Both the top and side views are displayed. As shown the corresponding outlets at Re = 0.18 and 0.25, respectively. The droplet
distinctly in side view, the local refinement allows fine cells only near the sizes are adjusted to be equal, about a = 96 um. At the outlet, the focusing
wall. This avoids refinement of the entire interface, thus to reduce numerical positions are measured as about x = 0.59w. Compared with x = 0.6w at Re =
cost dramatically. 0.13, the discrepancy is very small (~0.01w).

Figure a4  Experimental image with broad view depicts the migration process of the dual droplet trains along the whole DS microchannel for a = 65 and 85
pum at Re = 0.13, respectively.
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Figure a5 (Color online) The simulate curves of the droplet accelerations for (a) three different curvature radius, and (b) two different droplet surface tension.
The droplet size is fixed as a = 90 um.



