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Abstract:

In droplet microfluidic devices with suction-based flow control, the microchannel geometry and suction pressure at
the outlet govern the dynamic properties of the two phases that influence the droplet generation. Therefore, it is
critical to understand the role of geometry along with suction pressure in the dynamics of droplet generation to
develop a predictive model. We conducted a comprehensive characterization of droplet generation in a flow focusing
device with varying control parameters. We used these results to formulate a scaling argument and propose a
governing parameter, called as modified capillary number (Ca;), that combines normalized droplet volume with
geometrical parameters (length of dispersed and continuous phase channels) and flow parameters (interfacial tension,
phase viscosity and velocity) in a power-law relationship. Ca; effectively captures the transition from squeezing and
dripping regimes of droplet generation, providing essential insights into the design requirements for suction-driven
droplet generation. These findings are key to standardize microfluidic flow-focusing devices that can achieve the
desired droplet generation behavior with optimal pressure consumption.

Keywords: Microfluidics, Capillary number, droplet generation, suction pressure control, microchannel geometry.

1. INTRODUCTION problem when using costly or limited reagents. The

high pressures that accumulates within the channel

Since its advent, droplet microfluidics is consistently during operation challenge the bonding of the

evolving into a major technique for high throughput bio fabricated layers and sometimes results in

. . . 1_5 .
analysis and chemical synthesis '. Droplet generation delamination and leaks in the device. Lastly, with

requires two immiscible fluids that act as a continuous . . .
multiple parameters to control, such devices require

phase and a dispersed phase. The two phases are trained personals or high level of instrumentation

carried in separate channels and are made to interact . .
control at some point of operation.

at a junction where they make an interface. Further

fluid interaction causes the interface to deform under In this work, we characterized and optimized suction-
the shear stresses that initialize interfacial instabilities based microfluidics as an accessible and significantly
and finally result into continuous phase pinching off a economical method for droplet generation to
drop of dispersed phase in a continuous fashion®’. overcome the limitations of conventional microfluidic
Conventionally, these fluids are pumped into the approach. The basic requirements for any microfluidic
microchannels either by i) mechanical pressure (using droplet generation device are: i) Driving force that
pressure controllers or hydrostatic heads)® or ii) induces the fluid-flow and ii) a specific ratio between
positive displacement of fluid (using syringe pumps)°. the flow rates of continuous and dispersed phase that
These methods not only provide a fine control over the insures the droplet generation®. In this study, we use
flow rates of individual streams but also maintain the negative pressure or suction through the exit as the
high pressures required during such fluid-flow driving force for all operations, and control the flow
operations. However, these methods come with some rate ratio by the geometry of the primary channels i.e.
limitations. The cost associated with the two the inlet channels'®!!, The suction is generated by the
mentioned methods is considerably high and they also feedback-controlled pull-back of an empty syringe that
have a large footprint that hampers the mobility of the generated enough suction pressure to drive the flow of
device. This in-turn reduces their applicability as point dispersed and continuous phases. The geometry of the
of care and diagnostic devices. The high reagent device enables the two fluids to interact at the required

volumes required in these methods can also be a flow rate ratios resulting in droplet generation.
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The primary objective of this study is to identify a
governing parameter that can define droplet volume
and the droplet generation regime as a function of
control variables. These variables include device
geometry (length of dispersed and continuous phase
inlet channels), fluid properties (viscosity of both
phases and interfacial tension) and flow properties
(velocity of phases before flow focusing junction). Such
a governing parameter can help standardize flow-
focusing droplet generator as a unit operation. The
study also serves as a prerequisite to design suction
driven microfluidic devices with multiple unit
operation where available suction pressure (limited to
~100 kPa) and each integrated operation has to be
optimized for its pressure consumption. As flow-rate
control in individual channels is not possible in suction-
based microfluidic platforms, characterizing droplet
generation as a unit operation becomes pertinent.

Controlled droplet generation has many industrial
applications and hence it has been extensively studied
to understand droplet generation dynamics and its
relation with flow parameters. To understand the
droplet pinch-off in microfluidic channels, it is
important to examine the local viscous stresses and the
dynamic pressure field surrounding the emerging
droplet. A few dimensionless numbers are used to
express the relationship between viscous stresses and
pressure fields. Most common among them is the
capillary number (Ca) which characterizes the ratio of
viscous stresses and capillary pressure.

_ HcGn _ ucVe (1)
14 14

Ca

Here G is the characteristic rate of strain and n is the
characteristic size of the neck before the pinch-off'2,
The subscripts D and C are used to represent dispersed
and continuous phase respectively. The other
important dimensionless numbers are the viscosity
ratio (A) and flow rate ratio (¢).

1= Kb (2)
Uc

_@ (3)
Y7

Based on these fundamentals, there have been a few
efforts to capture droplet volume mathematically. The
earlier studies stated that droplet are formed when
viscous stresses overcome the interfacial tension or

when Ca tends to unity where the droplet diameter (d)
was expressed as follows?3:
.20 (4)
HcE

Here, € is the shear rate within the junction. The
expression did not consider the relation between flow
rates of the different phases. The subsequent studies
provide a model to predict the droplet-size-based on
the force balance (Eq. 5 and 6)'. It should be noted
that the authors did not account for the viscous
stresses from the dispersed phase that contributes to
the resistance to deformation along with the interfacial

tension.
w a
d** —2d*3 + —d*? =0 (5)
+ 2 + 2C;Ca
c 3+ 21
A= 1 (6)
1+ 1

Here, d* = d/Dc is the droplet diameter scaled by
continuous phase channel’s hydraulic diameter, a is
the ratio of effective cross section area of two
channels, G, is the correction factor incorporating the
viscosity ratio and w represents the ratio of droplet
velocity to the average velocity of the continuous
phase. The model predicts that the droplet size is only
a function of capillary number and is independent of
flow rate ratio. The model however, does not report a
strong quantitative agreement (limited to ~ 25 %) with
the experimental findings®®. Even with these different
considerations and hypothesis, both of the discussed
models agree on the point that droplet pinch-off in a
cross-flow geometry is dominated by the viscous drag
in the dripping regime. Squeezing regime, on the other
hand, is defined by the intervention of geometry!'7, It
was found that in squeezing regime, the droplet
volume (v) is a strong function of geometry and
capillary number?,

v= 17C,refcam + tn,refcanQD (7)

Here, v is the droplet volume before the breaking is
initiated and t, is the time between initiation of
breaking and collapse of neck. vcrs and trf are
calculated at Ca =1 and n and m are channel geometry
dependent parameters. Even though this model
accounts for dispersed phase flow rate, without the
inclusion of viscosity ratio, it cannot account for the
viscosity of dispersed phase. These models indicated
that increasing the viscosity of the continuous phase



a)

Carrier phase

Post pinch-off 3 Pre pinch-off - ,
width width ’ - ~4+— Periphery of the punch
\
/
To @ Dispersed | 4—: Guide marks for punch
suction phase \ 7
N ’
FT<—— Decides length ratio
)
Carrier phase
£ * ;
E L/l 2 4 6 8 10 12
s £
I-c £ o
E <
S [® 4
Yo £
P [ —Pi
9.96mm, 70 um | 7 mm, s Smm D Smrn
40 um 40 pm 40 pm
0.04 mm, 40 um i fg
) Folded L,
- |-
¢ '
@ Outlet to suction @ Carrier phase inlet a8 Dispersed phase inlet
b) Droplet generator 1 c)

Droplet generator 2

Outlet to suction

22 mm

Carrier phase inlets

s

Continuous phase
inlet for low L

v

r 3

70 mm

Figure 1. Device architecture. a) Schematic of the microfluidic droplet generator standardized to be used with suction
microfluidics. b) The geometry for the droplet generator device used for photolithography. c) PDMS microfluidic chip.

liquid results in decreased droplet size especially in
dripping regime due to increased viscous drag and thus
shear forces on the interface'**. It was also found that
at a viscosity ratio of ~1, the transition from dripping to
0.015 . In another
model, it was proposed that droplet volume (V) and

squeezing regime occurs at Ca ~

droplet diameter (d) depends upon continuous phase
flow rate (Qc) and capillary number when dispersed
phase flow rate is constant (Eqg. 8 and 9)?°. According to
this model, the transition from squeezing regime is a
function of microchannel dimension.

1
UcQc

(8)

V

1
dx Ca 3 (3)

However, these models lack the contribution from the
dispersed phase viscosity and velocity in droplet
generation. In our study, we attempted to identify and
incorporate the role of dispersed phase viscosity and
flow rate in the interfacial dynamics of droplet
generation in microfluidic devices. To standardize
droplet generation in suction microfluidics, we provide
a simple yet effective model that outlines the design
and driving force requirements for droplet generation

and its corresponding regimes.

2. METHODS
2.1.Device architecture

We designed a modular flow-focusing device using
photolithography that can generate droplets over a
wide range of dispersed and continuous phase flow



rate ratios?%?2(20, 21). Since by design, these flow rates
are determined by the length of the channels, we
defined length ratio (L) as the ratio of length of inlet
channel for dispersed phase (Lp) to the length of inlet
channel for continuous phase (Lc).

Water Glycerol HFE 7500 = 1-Octanol

Viscosity 0.89 1412 13 7.36
(m.Pa.s)
Density 1000 1260 1614 869
(kg/m?)

Table 1. Viscosity and density of fluids used in the
characterization.

Interfacial Viscosit
Dispersed Continuous surface . Y
. ratio
phase phase twnsion (A =po/pd)
(mN/m) =Ho/He
System Water HFE-7500 with 5.67 0.68
1 surfactants
System Water 1-Octanol with 3.923 012
2 surfactants
System |y cerol | HFE7500with 2.032 1086.15

3
Table 2. Systems used in characterization defined by the
dispersed and continuous phase along with their respective
Interfacial tension and viscosity ratio.

surfactants

Based on our design, apart from the applied suction
pressure, length ratio is the only other control
parameter that defines the dispersed phase -
continuous phase interaction. As pressure drop (4P)
across a channel is proportional to its length, the
volumetric flow rate and fluid viscosity (u); for similar
area of cross section, at any given AP, the length ratio
defines geometric properties as well as the
interdependent flow properties within that channel
(Eg. 10 and 11)%. If the pressure at the pinch-off
junction is P, and inlets of both continuous and
dispersed phase channel are kept at Pam, the pressure-
drop in both channels (AP, and APc) will be same
(Pgtm — P;) and thus length ratio can be written as:

APp _ Lpkp@ (10)
APc  LcpcQc

FOI‘APD=APC=Patm—P]

L= L_D _ HeQc (11)
L up@Qp

In our device, the total length of continuous phase
channel is kept constant at 12 mm but the length of
dispersed phase can be varied between 12 to 72 mm.
The range of length ratio (L) thus, can vary from 1 to
12. To accommodate the large length of the dispersed

phase channel, we folded the channel by incorporating
90° bends (Figure 1a). The contribution of these bends
to the pressure losses within the channel is not
accounted as these losses are insignificant in non-
inertial flown at low Reynolds number?*. The channel
carries 12 distinct equidistant turns with visible guide
marks on top of it that can be used to punch an inlet
hole at desired length. The channels meet at the pinch-
off junction and converge to the exit channel that has
a 40 um wide and 40 um long post pinch-off neck
connected to a 70 um wide and 10 mm long channel
ending into the exit port (Supplementary information
S.1). We incorporated two independent microfluidic
droplet generators with a footprint of 2.2 cm x 7 cm
casted over a plain and thin PDMS layer on a glass slide
(Figure 1). The thin PDMS layer ensures uniform
surface properties within the microchannels.

2.2 Device operation

We selected three pairs of dispersed and continuous
phases for a comprehensive characterization of the
suction driven microfluidic droplet generator in terms
of evolution of droplet volume with fluid properties.
The phase pairs were chosen to provide a wide range
of fluid properties, namely, interfacial surface tension
and viscosity. Three fluids combinations were DI water
in HFE 7500, Glycerol in HFE 7500 and DI water in 1-
Octanol. We used a commercial variant of HFE 7500
which was premixed with surfactants (BIORAD
#1863005) while 2 wt % span 80 was added to 1-
Octanol as surfactant®. The contributing properties of
all the phases and systems are shown in Table 1 and
Table 2. We generated the droplets at six discrete and
equidistant length ratios (2 to 12) and at ten
equidistant values of volume swept from the suction
syringe (0.1 to 10 mL) corresponding to applied suction
pressure of 2.3 to 23 kPa via a custom made suction
pressor control software (Supplementary information
S.2, Supplementary software S1). After establishing
the stability of droplets generated using suction, we
measured the volume and frequency of the droplets
(averaged over 100 droplets) generated for each
experiment and studied the effect of applied pressure
and fluid properties that will be discussed in
forthcoming sections (Supplementary information
S.3).

3. RESULTS AND DISCUSSION
3.1.Effect of pressure
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Figure 2: Droplet volume and frequency generated as a function of increasing suction pressure as measured in: a and b) System
1: water in HFE 7500. ¢ and d) System 2: water in octanol. e and f) System 3: glycerol in HFE 7500. The vertical dashed line
shows the regime transition and its corresponding suction pressure.

For all the systems, the droplet volume decreased with
the increasing suction pressure while the frequency
increased (Figure 2). However, the decrease in volume
and frequency-rise was not linear with the applied
suction. The volume decreased at a faster rate at low
pressures and at high pressures, the volume change
was lower. On the other hand, the frequency increased
slowly at low pressures and the change in frequency
got steeper as pressure increases. The dominating
parameter in droplet generation is the viscous drag
from the continuous phase, which increases linearly
with the applied suction pressure, and results in an
almost linear drop in droplet volume. This is consistent
with the apparent linear drop in higher droplet

volumes observed at low length ratios for fixed
viscosity ratios. However, this apparent linear drop was
observed only at low pressure drops (<10 kPa). As we
increased the pressure drop, the droplet volume
appeared to stay constant as was observed in all three
systems. From these results, it can be stated that
droplet volume is most sensitive to applied pressure at
low pressure and this sensitivity decreases with
increasing pressure. These distinct behaviors also
correspond to two separate regimes of droplet
generation.

The discontinuity observed in the droplet volume with
increasing applied pressure in all the three systems
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Figure 4: a and b) Scaled droplet volume as a function of capillary number in linear and log ,, scale for all three systems. ¢ and d)

Scaled droplet volume as a function of modified capillary number in linear and log, , scale for all three systems.

(Figure 2 a, c and e) can be attributed to the effect of
geometry and can be used to define the transition
between squeezing and dripping regime. A visual
inspection confirms the role of interaction between
dispersed phase and the channel walls in controlling
the regime transformation (Figure 3). Just before the
pinch-off, the dispersed phase develops a bulb
followed by a neck. As the bulb grows, it touches the
side-walls of the microfluidic channel and blocks the
flow of continuous phase into the exit channel that
causes two physical changes at the interface (Figure 3).
First, there is a sudden increase in the pressure due to

the blockage that forces the neck to stretch. Second,
due to sudden change in pressure the normal shear
stress applied by the continuous phase increases
compressing the neck. Both these factors result into
droplet pinch off into volumes that decrease in
proportion to the applied suction pressure as well as
continuous phase flow rate contributing to a sharp fall
in droplet volume with increasing applied pressure.
However, as the applied suction pressure increases,
the bulb size reduces and it no longer touches the
channel walls that results in the observed discontinuity
and the onset of dripping regime (Figure 3b).



3.2 Effect of viscosity

We observed interesting effects on the droplet volume
with the change in dispersed and continuous phase
viscosities. When the viscosity of continuous phase was
increased, it is intuitive to think that the increased
viscous forces would result in small droplet volumes.
However, with increased viscosity, the flow rate of the
continuous phase reduces proportionally which
counters the effect of viscosity change. Moreover, the
reduced flow rate of continuous phase further results
in a proportional increase in the dispersed phase flow
rate that finally resulted in droplets of higher volume.
Hence, we observed higher droplet volume for system
2 where the viscosity of dispersed phase was highest in
comparison to system 1 and 3 (Figure 2).Similarly, a
higher viscosity of dispersed phase should result in
droplets of higher volume in case of flow rate driven
flows?¢. Contrary to this, in suction microfluidics, the
dispersed phase viscosity did not contribute
significantly in changing the droplet volume. This is
because the increased viscous forces from the
dispersed phase are compensated by the proportional
increase in the flow rate of continuous phase. This
explains why the droplet volumes observed in system
1 and system 3 are similar even with a dispersed phase
viscosity difference of the order of 10® (Figure 2 a and
e). Similarly, the effect of proportional decrease in the
dispersed phase flow rate can be seen in the decrease
in the generation frequency for system 3.

3.3. Droplet volume characterization

From the previous discussions, we know that the
regime with least volume sensitivity is observed at high
suction pressure. However, even though the droplet
volume is consistent in this regime, a unit operation
working at a regime that requires high pressure is not
recommended especially because of the limited
available pressure in suction microfluidics. There
should be an optimal range where the sensitivity is not
compromised with high pressure drop. Therefore, it is
pertinent to identify and represent this optimal regime
with a dimensionless parameter. To estimate this
empirically, we first calculated the flow parameters for
each system that includes flow rate and velocity of
both phases in respective channels. These parameters
were then used to calculate the Reynolds number and
capillary number for the respective phases
(Supplementary figure $7-S9). Capillary number (Ca) is

conventionally used to predict droplet behavior as it
reflects the balance between shear and interfacial
forces that influences droplet pinch-off 226728 We
explored the relation between capillary number and
droplet volume to explore this correlation. The analysis
showed that the distribution of droplet volume is wide;
in other words, no strong correlation of droplet volume
was found with Ca (Figure 4 a and b). We argue this is
because Ca does not account for flow properties of
dispersed phase like velocity (or flow rate) and
viscosity. As in suction microfluidics, the flow
properties in individual channels are intertwined with
the geometrical properties, a particular Ca value may
not represent droplets generated with any length ratio.
To have a governing parameter that includes
interaction between the two phases along with their
individual properties, we combined the -capillary
number (defined by continuous phase) with the length
ratio and called it as modified capillary number (Ca;).
Interestingly, we observed a strong correlation of
droplet volume with Ca, with narrower distributions of
droplet volume (Figure 4 c and d). This behavior can be
understood in detail once we describe the physical
significance of Ca;.

3.4.Modified Capillary Number (Ca;)

We define the modified capillary number as the
product of capillary number and length ratio (L) (Eq.
2.14). For suction microfluidics, the length ratio not
only signifies the geometrical aspect of the device, but
also the relative strength of viscous and shear forces
between dispersed and continuous phase. The
capillary number defines the relative dominance of
viscous forces due to continuous phase, relative to
interfacial surface forces lacking the effect of viscous
forces due to dispersed phase. Whereas, Ca; written as
the ratio of capillary number and inversed length ratio
signifies the ratio of viscous forces from continuous
phase and the viscous forces due to dispersed phase

Ve “’9_,,»*‘ Continuous phase
‘ . He V
Etd‘ C‘ \nterface
S —
Vo =, ~ T —— =
~
% L ¥ Mo Vnt
al
e
Ve “‘*m Dispersed phase

Figure 5: Schematic of viscous, shear and surface force
components acting on the interface at the neck during

pinch-off.



along with the interfacial tension (Eq. 2.16 and 2.17).
At the interface of the two phases, the normal shear
stress due to viscous forces of continuous phase tries
to deform the interface towards the dispersed phase,
while the normal shear stress due to viscous forces
from dispersed phase and interfacial tension tries to
resist this deformation (Figure 5). Thus, modified
capillary number or Ca. is a dimensionless number that
describes the relative dominance between the tendency
of continuous phase to deform the interface and
tendency of dispersed phase along with interfacial
tension to resist the deformation.

Lp
Ca; =Ca.L=Ca.— (12)

CaL = L_C (13)
v (14)

HpVp
ucVe

CaL =

_ HCZVCZ

Bl YipVp

a (15)

Deformative forces on the interface

Ca, = Restoring forces on the interface

At low Ca; values, the dispersed phase and interfacial
tension resist the deformation and delays the pinch off,
resulting in a droplet of high volume generated at low
frequency. Similarly, at high values of Cai, the
continuous phase deforms the interface more
efficiently resulting in droplets of lower volume
generated at a higher frequency. The observed trends
agree with this argument for all the systems with
different viscosity and interfacial tensions (Figure 4 c
and d).

There are three key observations from the droplet
volume distribution as a function of Ca, (Figure 4 ¢ and
d). First, the transition between regimes is similar for
systems with similar continuous phase (at Ca; ~ 10 for
system 1 and 3) independent of their viscosity and
length ratios. This explains why Ca,is more useful than
Ca when it comes to defining droplet volume
distribution for suction microfluidics. Second, droplet
volume tends to vary less at high values of Ca; for all
systems. And third, the values of the seemingly
constant droplet volume differ for each system; highest
in system 2 and lowest in system 3. To explain the latter

two observations, we have to understand the effect of
the curvature and interfacial tension on the energy
required to bend the interface. This theory was first
developed by J. Willard Gibbs, that explains the work
done in deforming (stretching (8a), bending (6H),
torsion (6D)) a surface element (AA)%. The relationship

is defined as:
6Ws = yéa + B6H + 06D (16)
(AA)
oa =6 ——=
*=°7hA (17)
B,0=f() (18)

Here, 6Ws is the work done per unit area, y is the
surface energy per unit area (i.e. interfacial tension)
and B and ¢ are called bending and torsion moments
respectively. 8(AA)/AA is the change in the area of
surface element due to stretching which can be
considered as constant during the pinch-off process.
Similarly, the torsion element of the equation is
considered insignificant due to absence of any
rotational force.

As the droplet volume decreases with increasing Ca,,
the energy required to bend the interface (6Ws) to
pinch further smaller droplet increases. This required
work-done thus grows with Ca;. The net energy
supplied by the fluids to bend the interface is
proportional to the viscous forces due to continuous
phase and thus rise linearly with Ca,. Following these
two arguments, it is clear that as Ca; increases, the
energy required to further reduce the droplet size
balances the energy supplied by viscous forces
resulting in droplets of constant volume. This argument
explains why droplet volume tends to decrease less at
high Ca,. In addition, as 6Wsis a function of interfacial
tension (y), with higher y, minimum droplet volume
increases. This explains why the minimum droplet
volume is higher in system 1 and 2 as compared to
system 3 and why it is similar in system 1 and 2 (Figure
4 ¢ and d). Therefore, we can fit the behavior of
different systems (in terms of droplet volume scaled
with channel width (w) in that system) with increasing
Ca.. The linearity observed in the droplet volume as a
function of log (Ca;) indicates a relationship that
follows inverse power law (Figure 4 d). In general, the
scaled droplet volume (VDTOP) is inversely proportional
to Ca,. The fitted function is as follows:

g Vorop (19)
Drop — 3
w



= 1 (20)
VDrop X—

CaLb
_ a
7 __" (212)
Drop CaLb
Hc (22)
oc —_—
“%B

Here, a is the proportionality constant that is a function
of continuous phase viscosity (i) and bending moment
(B). The bending moment also accounts for the channel
dimension, i.e., higher the channel width, lower will be
the bending moment®. The observation shows
excellent fit with the function represented in equation
21 when b = 0.14 (Figure 6). Relationships for each
system can be written as:

_ 0.32
Vbrop,system1 = CaL0.14 (23)
_ 0.69
Vbrop,system2 = C aLo.14 (24)
_ 0.29
Vbrop,system3 = CaL0.14 (25)

The similarity between system 1 and 3 validates that a
is a function of the viscosity of continuous phase, which
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were kept same in both systems while their dispersed
phase viscosities differed by an order of 10%(Eq. 23 and
25). This exercise proves that Ca;, defines the
relationship between fluid properties, device geometry
(L) and volume of droplet generated in a flow focusing
microfluidic device. Equations 23 to 25 can be used to
identify droplet generation regimes with Ca;. A low Ca;
represents squeezing regime of droplet generation
with high droplet volume sensitivity and low-pressure
consumption. On the other hand, dripping regime is
observed at high Ca; values that signifies low droplet
volume sensitivity and high generation efficiency and
pressure consumption. The transition between
squeezing to dripping regime corresponds to the
change in slope and was observed at Ca,~ 10! for all
systems.

4. CONCLUSION

We have characterized a suction-based microfluidic
droplet generator on the basis of volume of droplets
generated with varying geometrical and control
parameters using three pairs of dispersed and
continuous phases. We have consistently observed and
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Figure 6: a) Inverse power law fit for scaled droplet volume with Ca, for all three systems. b-d) The fitted function

represented for each system.



reported that in suction microfluidics, the droplet
volume is independent of the dispersed phase
viscosity. We defined a dimensionless number as
modified capillary number (Ca;) elucidating the relative
dominance of deformative and restoring forces acting
on the interface between dispersed and continuous
phase at the interface. We found a strong correlation
between droplet volume scaled by the microchannel
width and modified capillary number as Vpop < Ca; 0.
We also used this relationship between droplet volume
and Ca; to define droplet generation regimes with Ca;
~107 as the transition point from squeezing to dripping
regime. We suggest a narrow range of 0.1 < Ca; < 0.2 as
an optimized regime, i.e. low droplet volume sensitivity
and pressure consumption but high generation
frequency.

Along with flow properties, the Ca; also accounts for
length ratio as a geometrical parameter. Thus, Ca, is
expected to serve as realistic design parameter that
defines channel geometry for future suction
microfluidics-based droplet generation devices.

Symbols:

Ca; Modified capillary number

Ca Capillary number

Uc Viscosity of continuous phase

Up Viscosity of dispersed phase

G Characteristic rate of strain

n characteristic size of neck

Vb Velocity of dispersed phase

Ve Velocity of continuous phase

v Interfacial tension

A Viscosity ratio

[0) Flow rate ratio

Qo Dispersed phase flow rate

Qc Continuous phase flow rate

d Droplet diameter

€ Shear rate

w Droplet velocity/average cont. phase velocity
Ca Correction factor

v Droplet volume

o Ratio of effective cross section area of channels
tn time between initiation and breakup

APp Pressure drop in dispersed phase channel
APc Pressure drop in continuous phase channel
Patm  Absolute atmospheric pressure

P; Absolute pressure at the junction

Lp Length of dispersed phase channel

Lc Length of continuous phase channel

L Length ratio

SWs Work done per unit area
ba Work done by stretching
6H Work done by bending
6D Work done by torsion

AA Surface element
B Bending moments
g Torsion moment

Vow  Observed droplet volume
Vorew  Scaled droplet volume

Supplementary Information: The online version contains
supplementary material available at XXxxxxxxxxxxxxx. The
supplementary software S1 for suction pressure control is
available at: doi.org/10.5281/zenodo0.10031121
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