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A new microdevice by extending capillary into a step microchannel for generating monodispersed
droplets was specially designed. A much wider narrowing jetting flow regime can be easily realized in

this new device. The new microchannel and the operating regime make it possible to produce
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monodispersed microdroplets in one to two magnitudes smaller than the main channel size. Scaling
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laws of jet diameters and droplet sizes are developed in both theory and experimental. The device turns

out to be a good platform for tiny droplet preparation under jetting flow compared with conventional

microchannels.

Introduction

Monodispersed microdroplets have many applications in
biomedicine and biochemical analysis, such as drug deliveryl’ 2
complex multiple emulsions®”, enzyme molecule analysis6 and
nucleic acid detection’. Among various methods, microfluidics
is one of the most popular ways for producing monodispersed
microdroplets. Different methods have been developed with
microfluidic devices, such as cross-flowing shearings’ °,
perpendicular flowing shearingm, hydrodynamic flow focusing
o coflowing rupturingls‘ ¥ and geometry-dominated
breakupls. But it is still considered to be a challenging job to
control the drop size in the range of 1-100 pm until now.

In recent research, droplet formation is normally achieved by
dripping regime for its highly stable breakup process.
Nevertheless, the droplet sizes are normally in the same of
magnitude of the structure sizes of microchannels under
drippingls’ 7 Some researchers fabricated smaller microdevices
and thus prepared tiny dropletsls. The techniques of embedding
capillaries was used to decrease the structure sizes and droplets
with sizes one order of magnitude smaller were producedlg. To

avoid the limitation of dripping-to-jetting transition,
microchannels with complex structures were made”.
Unfortunately, small sizes and complex  structure

microchannels require a high level of fabrication and tend to
clog, and the operating range is very narrow as well, which is
difficult for large-scale preparation.

To realize microdroplet preparation in large scales, we need to

reduce the feature size of disperse phase, but not the structure
size. Jetting is a considerable choice to reduce the feature sizes.

This journal is © The Royal Society of Chemistry 2013

However, the jets often tend to break into polydispersed
droplets for the uncontrollable Rayleigh instability21. To
stabilize the breakup process of jetting, researchers developed
flow focusing (FF) devices. FF devices come up with an orifice
to control the droplet behaviors. Gafian-Calvo and Gordillo®
produced highly monodispersed gas bubbles using a technique
called capillary flow focusing. They found a simple scaling law
for the prediction of droplet sizes. The capillary flow focusing
device was implemented by Anna to form droplets in planar
microchannels. They found that the drop size is dictated by the
diameter of a thin focused thread which is much smaller than
the width of the orifice™. Notably, the jetting regime in FF
devices possesses more advantages than that in other types of
devices. Co-flow in FF devices at the orifice deforms the
interface and fuels a tip-streaming processzs‘ 2, giving rise to
the steady emission of thin jetszs. In recent research, flexible FF
devices enabling tuning of the droplet breakup regime and
high-pressure endured 3D FF devices have been fabricated”® *’.
Many kinds of functional materials by flow-focusing regime
were producedzs_so. Phase change process was introduced in FF
devices to prepare tiny and complex dropletssl‘ 2 However, it
should be noted that the operating range for produce uniform
microdroplets under jetting in FF devices is still narrow. Due to
the difficulty of the alignment of the injection tube with the exit
orifice, as well as the fabrication of planar channel, the
parallelization of flow focusing devices is not straightforward.
Tedious chip-fabrication processes and costly materials hinder
the development of FF devices”” and the cost can dramatically
increase with a channel geometry required for unique
applicationsss.
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In FF devices, the jet is broken up at a stable frequency in a
narrow operating range because of the difficulty to control the
Rayleigh instability and we need to strengthen the absolute
instability of the jets. In our previous work, we developed
capillary embedded T-junction microchannels™.  This
microchannel reduces the structure sizes of the channel. By
means of extending capillaries into the main channel, we
obtained small droplets34 and microspheres with controllable
structures® under dripping. Based on further analysis, the
asymmetric structure of capillary embedded T-junction would
strengthen the instability downstream the injecting position of
disperse phase, providing us with a novel process to achieve a
stable breakup frequency under jetting.

In this paper we introduce a newly designed -capillary
embedded step T-junction microchannel for the production of
microdroplets. More specifically, we propose a novel method
for the production of 10 to 100 pm monodispersed droplets
under jetting by controlling the instability downstream the
injecting position of disperse phase. We will present the scaling
law for droplet sizes in the step T-junction channels. The flow
fields and operating range in the new device will be studied.
The comparison of the new device with the previous capillary
embedded straight T-junction microchannel will be presented.

Materials and Methods

The step T-junction devices were fabricated on polymethyl
methacrylate (PMMA) chips using end mills. The main channel
upstream was W’=1150pm in width and A=750um in height.
The main channel downstream and the side channel with
W=750um both in width and height were fabricated. A quartz
capillary with an inner diameter of 530 pm and outer diameter
of 740 pm was embedded in the side channel and extended into
the main channel. The devices were sealed using another
PMMA chip and cured at 75°C for 3 min using a high-pressure
thermal sealing technique. With the quartz capillary extending
into the main channel, different extending lengths /=520, 600,
670pm were studied respectively. Fig 1 shows the structure of
the channel and the droplets prepared in this device. In the
experiments, the disperse phase was injected into the main
channel from the quartz capillary. For the extreme large phase
ratio as well as the high flow rate of the continuous phase in the
system, a stable oblique interface is formed. Downstream the
orifice, a steady liquid ligament issues from the apex of the
interface in the capillary. The liquid ligament breaks up very
soon into homogeneous size droplets (see Fig 1a).
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Figure 1 (Color online) Sketch view of capillary embedded T-junction step
microchannel and the prepared microdroplets: a) High speed CMOS photograph
of the droplet formation process in the microchannel. The outer phase flow
forces the inner phase to issue a thin ligament that breaks up very soon into
homogeneous size droplets. b) Monodispersed microdroplets.

In this work, n-hexane was used as the disperse phase and
deionized water was used as the continuous phase for the
liquid/liquid (L/L) dispersion. Sodium dodecyl sulfate (SDS)
used as the surfactants were added into the water phase with a
concentration of 1 wt%. Glycerol was used to control the
viscosities of the water phase with different concentrations. The
physical properties of the working systems at 20°C are given in
Table 1. The viscosities were measured with an Ubbelohde
viscometer. The interfacial tensions were measured with a
pendent drop interfacial tension meter (OCAH200, DataPhysics
Instruments GmbH, Germany).

Table 1 Physical Properties of the Working Systems (20°C)

Concentration of Glycerol (wt%) 0 10 50
1. (mPas) 142 1.58 6.92
Y (mN/m) 344 345 371

In the experiment, all the fluids were delivered by syringe
pumps (PHD ultra, Harvard Apparatus, USA) with gastight

This journal is © The Royal Society of Chemistry 2012
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syringes. The feed flow rates of disperse phase were controlled
from 1pL/min to 20puL/min, while those of continuous phase
from 100 to 5000 pL/min. After changing any of the flow
parameters, we allowed at least 1min of equilibration time. The
process was captured by a microscope (BX51, Olympus) and a
high-speed CMOS camera (i-SPEED TR, Olympus, capture
frame frequencies of 1000-10000 fps). Using the recorded
pictures, the jet lengths, jet diameters and droplet diameters
were measured and their variation rules were carefully
analyzed. The apparent average diameters ( dq ) were
determined by measuring at least 50 droplets. Polydispersity
index (PDI) (o) is defined as the equation below:

0=6/dg x100% (1)

where § is the standard deviation of the apparent droplet

diameters. All the PDIs at different experimental conditions

than 5%
technique

were less in this work. Microparticle
(micro-PIV, Dantec

Denmark) was applied to measure the flow fields in the

image
velocimetry Dynamics,
continuous phase. The aqueous continuous phase was seeded
with latex particles whose diameter is 2um (LIFANGTIANDI
Corporation, China).

Results and Discussions

Comparison of different structures of capillary embedded
microchannnels

In the previous studies of T-junction microfluidic devices, the
channel structures are either rigid T-shaped or simply modified
structure. For researchers focused on the dripping regime in the
past, T-junction microchannels for the jetting regime have not
been carefully designed. In this part, dispersion variations
(including the flow pattern maps, flow fields and interface
structures) of conventional capillary straight embedded T-
junction microchannels and newly designed step
microchannels are compared.

our

COMPARISON OF FLOW PATTERN MAPS IN DIFFERENT
MICROCHANNELS

In previous work on droplet formation process, the capillary
number (Ca) was introduced to describe the force balance
between the shear force induced by continuous-phase flow and
Laplace pressure caused by interfacial tension:

(2)

where . is the viscosity of the continuous phase; u, is the

Ca = peue/y

shear velocity of the continuous phase. In the experiments, u,
in straight channels is calculated based on the projected area of
the extended capillary in the flow direction, similar to that in
literatures®’. However, u. in the step channel is modified by a

This journal is © The Royal Society of Chemistry 2012
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theory analysis, which would be illustrated in detail in the
section ‘Modification of the shear velocity’.
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Figure 2 (Color online) Comparison of flow pattern maps in different
microchannels. Flow pattern maps in capillary embedded T-junction
microchannel, capillary extended straight microchannel and capillary extended
step T-junction microchannel are compared. Flow rates of disperse phase range
from 1pL/minto 20pL/min, while those of continuous phase from 100 to
5000pL/min.
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There are three different flow patterns with different operating
parameters: dripping, narrowing jetting and widening jetting.
When the two phase flow rates and phase ratio are not so large,
droplet formation is dominated by shear force and the dripping
regime is formed. Dripping is characterized by the periodic
droplet formation pinching off at the tip of the capillary. As the
flow rates increase, jets arise and the droplets pinch off at the
end of the jet, dominated by Rayleigh instability. Actually, two
jetting regimes exist'®. First, for the case that the inner fluid
flow rates are low and the outer large, the jet thins as it moves
downstream. The jet develops undulations driven by the
Rayleigh instability and induces the formation of droplets
slightly larger than the width of the jets, which is defined as
‘narrowing regime’. Second, when Ca of continuous phase
above a critical number, the jet would retract back and form a
spherical end at the tip of the jet as the disperse phase flow
rates increase. This regime is known as the ‘widening regime’.
It should be noted that the jet would breakup into polydispersed
droplets under widening jetting.

As shown in Fig 2, the transition from dripping to jetting is
found to be in the range Ca = 0.07 — 0.12, coinciding with the
measurement and calculation by former researchers®® *’. But for
the capillary embedded T-junction microchannels (see Fig 2a),
droplet formation under jetting is unstable and jets break into
polydispersed droplets, which is undesirable.

As for the capillary extended straight microchannels, stable
breakup process and monodispersed droplets would be
achieved under proper conditions. Nevertheless, the variations
are quite different between the step channel and the straight
channel (see Fig 2b, 2¢). The system in straight channels would
tend to fall in widening jetting even at low flow rates of the
disperse phase. Thus the droplet formation frequencies would
be lower than that of the step channel. While, the droplet
breakup formation in step channels is stable and stay in
narrowing jetting regime in a larger operating range (see Fig 3).
This phenomena would be illustrated by different flow fields
and different positions of the maximum shear velocity
determined by the different structures. Flow fields in both
capillary extended channel would be presented in the following
sections.
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Figure 3 (Color online) Droplet formation frequencies under different conditions.
Droplet formation frequencies are extracted from the image analysis of the high
speed video. Formation frequencies in the step channel go larger with the
increase of continuous phase flow rates. However, the frequencies in the
straight channel decrease when continuous flow rates become higher, illustrated
by the arise of widening jetting regime induced by the different flow fields.

COMPARISON OF FLOW FIELDS AND INTERFACE STRUCTURES IN
DIFFERENT MICROCHANNELS BY MICRO-PIV TECHNIQUE

As discussed above, flow fields determine the flow patterns and
play a fundamental role in the droplet breakup process. Micro-
PIV technique is introduced to describe the continuous phase
flow fields in the step/straight channels. For the extreme large
phase ratio and formation of tiny droplets in the system,
disperse phase flow influences little on the outer phase flow
fields (see Fig 4).

u(m/s)
200302 0414 02 9500022300 0799083 3.8 0
- B
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Figure 4 (Color online) Velocity fields of the continuous phase measured by
micro-PIV. The flow rates are 5uL/min and 4000uL/min for disperse phase and
continuous phase respectively in both channels. Darker areas stand for higher
velocities. a) Velocity fields in the straight microchannel. b) Velocity fields in the
step microchannel. For the low flow rates of the disperse phase and the small
sizes of droplets, the measured velocity fields depend little on the disperse
phase flow.

Velocity fields measured by micro-PIV technique indicate that
the positions of maximum shear velocity are quite different in
two channels: for straight channels it locates upstream the
capillary underside and for step channels it is absolutely fixed
at the orifice. This illustrates the differences of flow pattern
maps. Furthermore, different interface structures are found in
the two microchannels for different velocity fields (see Fig 5).
As shown in the figures, the interface structures in straight
channels are undulant while those in step channels are gentle. It
proves that the flow/pressure fields in straight channels are
chaotic while those in step channels are gradual, coinciding
with the results presented by micro-PIV. Especially, when flow
rates of the continuous phase are so high that the drop
formation process is unstable owing to the high pressure drop in
the straight channel, while, the system could remain stable in
the step channel.

RSC Advances

ARTICLE

The average droplet size variations with the flow rates of two
phases are shown in Fig 6. We observe the formation of
monodispersed droplets under low disperse phase flow rates
and high continuous phase flow rates (but also upper limits
exist to avoid an overlong jet). Obviously, in dripping regime
the droplet sizes vary little with the disperse phase flow rates,
but in jetting regime the disperse phase flow rates influence the
drop sizes much.

1/W=0.74

1/W=0.77

Q,/Q.=100

Q,/Q.=200 Q,/Q_=400

Figure 5 (Color online) Comparison of different interface structures in step and
straight microchannels. Flow rate of disperse phase is fixed at 5pL/min. Similar
extending lengths are applied to step and straight channels and different
interface structures are observed by high speed CMOS camera.

Q,/Q.=800

Dispersion rules in capillary extended step microchannels

According to the analysis above, the capillary extended step
microchannel proves to be an effective platform for the
preparation of tiny monodispersed droplets under jetting flow.
In this section, we would focus on the dispersion rules in this
microchannel. The shear velocity would first be modified and
the influences of the capillary extending length on the
dispersion process would be discussed. Second, the operating
range of the devices would be determined. Third, the jet
diameters and the drop sizes would be calculated and measured
in both theory and experimental.

This journal is © The Royal Society of Chemistry 2012
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Figure 6 (Color online) Droplet formation and average droplet size variation
diagram. For the droplet size variation diagram, 50wt% glycerol solution is
chosen as the continuous phase as an example and the variation under jetting is
extracted especially.

MODIFICATION OF THE SHEAR VELOCITY

The shear force when droplet formation is decided by the shear
velocity in situ. Researchers modified the shear velocity
influenced by the block of the large droplet8 and decreased the
deviation by the velocity calculation based on the main channel
sizes. In our previous work, the shear velocity in straight
channels was calculated relying on the projected area in the

J. Name., 2012, 00, 1-3 | 5
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flow direction®. However, in our newly designed step channel,
the orifice structure is neither rigidly square nor rigidly circular,
but a 3D structure, so the shear velocity should be carefully
modified to reflect real process. We build a theoretical model
based on flow resistance analysis. 3D area integration with flow
resistance formula is invited and the calculated velocity fits
well with the measured one (see section ‘Supporting Material’).
We demonstrate the calculated shear velocity variation under
different extending capillary lengths (see Fig 7).
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Figure 7 (Color online) Model shear velocity variation under different extending
capillary lengths. Inlet figure represents the velocity variation when I/W ranges
from 0.01 to 1 and the velocity of un; falls to 0 when I/W reaches 1. Main figure
demonstrates the variation from I/W=0.01 to |/W=0.9.

In Fig 7, 1 is the capillary extending length while W is the main
channel width (750pm in experimental). There are three kinds
of shear velocities u. Among them, u,,; stands for the calculated
velocity in our model, u,, is the velocity based on the
integration area and u,,; is the calculated velocity by projected
areas.

Based on the model velocities, it is apparent that the shear
velocity in step channels would not increase much with the
extension of the capillary, different from that in straight
channels (see up3). When I/W is large (especially larger than
0.7), the shear velocity would not change a lot, which is proper
for the parallelization of this kind of channels. A structure
parameter a, which stands for the equivalent extending length
(leading to the same calculated shear velocity) in step channels
with straight channels, is invited to simplify the modelling
process. Values of structure parameter o with different capillary
extending lengths are demonstrated in Tab 2.

Table 2 Values of structure parameter a with different capillary
extending lengths

o 0.345 0.31 0.275 0.255 0.25

I/w 0.7 0.75 0.8 0.85 0.9

6 | J. Name., 2012, 00, 1-3

In analysis below, we take the step channel with I/W=0.77 and
o = 0.29 as the example for the discussion of the dispersion
rules. Droplet breakup dynamics in channels with other
extending lengths would be similarly analyzed when we
consider the modification of shear velocities.

It should be stressed that the model velocities in the step
channel is only related to the channel structure and has nothing
to do with the fluid properties (see eqn S13). In addition, the
velocity increases linearly with the increase of the continuous
phase flow rates, as that in straight channel (see Fig S2). Both
features above validate our assumption that a structure
parameter o with a fixed value exists in a fixed step

microchannel (see Fig 7).

OPERATING RANGE FOR THE NARROWING JETTING FLOW

The narrowing jetting flow would be achieved under proper
operating parameters (see Fig 6). According to those discussed
above, we conclude three restrict conditions for this regime.
First, the stable narrowing jetting regime would be reached
when Ca of the continuous phase above a critical threshold, in
this work namely

Ca. > 0.07 (3)

which is close to the transition Ca, number in rigid T-junction
microchannels.

Second, the restriction is made by the transition from narrowing
jetting to widening jetting, which is mainly determined by the
large inertial forces of the inner fluid. In previous study,
researchers distinguished the widening jetting from dripping by
means of the inner phase Wey number in co-flowing
microchannels™®. Wey is defined as: Weyq = padcus/y, where
pqis the density of the inner disperse phase, d. is the inner
diameter of the capillary and ugq is the inner disperse phase flow
velocity in the capillary. When We, is larger than 1, system
would transfer from dripping to widening jetting. In this paper,
the Wey is also introduced to describe the transition from
narrowing jetting to widening jetting. Unfortunately, we cannot
calculate the Wey by the capillary diameter. On the one hand,
flow velocity of the disperse phase in the capillary is so small
that the We, based on the capillary diameter is minuscule
(< 1075). On the other hand, the interface structures determine
that the momentum of the disperse phase relies on the actual
velocity in the jet and the jet diameter, but not the capillary
diameter. So in this work, we assume the jet cylinder and
calculate the Wey based on the measured jet diameter. Similar
to that in co-flowing devices, transition from narrowing jetting
to widening jetting occurs when Wegq = O(1), namely

This journal is © The Royal Society of Chemistry 2012
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the continuous phase and the Wey of the disperse phase, a semi- 02l o ®
empirical correlation for jet lengths is presented (see Fig 8): T o
1 1 .

Li/W = 10.60Ca?*>We3?” (5)

where L, is the jet length and W is the width of the main
channel. It should be noted that the correlation applies under
both narrowing jetting and widening jetting.

0.0
0.00 0.05 0.10

Figure 9 (Color online) Operating range for the narrowing jetting flow. Red dots
indicate the experiment values in this study. Stable narrowing jetting are
achieved under Ca.= 0.07-0.21 and We4= 0-1.
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Figure 8 (Color online) Predicted values of the jet lengths: jet lengths under both
narrowing jetting and widening jetting are measured. Inlet figure shows the
measured region at the orifice.

In this work, the length of the jet is restricted to 25% of the
width of the main channel. From the eqn (5), the third
restriction condition is achieved:

Weyq <9%x1077Caz®  (6)

As depicted in Fig 9, different experiments considered in this
study satisfy well with the conditions given by eqn (3), eqn (4)
and eqn (6).

This journal is © The Royal Society of Chemistry 2012

SCALING OF THE JET DIAMETERS

In this work, we restrict the system in the narrowing jetting
regime. The Reynolds number (Re) at the orifice ranges from
0.01 to 40, which guarantees the effective diffusion of
momentum across the jet39. As a result, the velocities of
disperse phase and continuous phase reach equal downstream
the orifice:

2

T4y
— U, =Qq

; ™

where d; is the diameter of the jet, U is the shear velocity of
the continuous phase at the orifice and Qg is the flow rate of the
disperse phase.

As shown in ‘Modification of the shear velocity’, the shear
velocity at the orifice satisfies U, = Q./(aW?) , and thus

NG

For the step channel with I/'W=0.77 and a = 0.29, eqn (8) can
be solved as:

Gooet (D) o

J. Name., 2012, 00, 1-3 | 7
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We measure the jet diameters in this step channel, and a semi-
empirical correlation is presented as:

G -0se(2) o

The semi-empirical correlation (10) is in good accordance with
the theoretical equation (9), validating our physical reasoning.
Fig 10 presents the measured diameters with the predicted ones
and both fit well.
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djlW
Figure 10 (Color online) Predicted values of the jet diameters. Jet diameters are

measured under narrowing jetting and inlet figure shows the measured region at
the orifice.
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calculate the drop formation frequency as w = —
k __ I,% H'_d
k= ke (4.

Combined these eqns, we get:

where

Jj

dg
W (11)

a0.5<%>0.5

For the step channel with I/W=0.77 and o = 0.29, eqn (11) can
be solved as:

dg 10\

c

The droplet diameters are measured in this step channel and a
semi-empirical correlation is presented as:

w10 ()

0.49

(13)

The semi-empirical correlation (13) follows closely to the
theoretical equation (12). As shown in Fig 11, the predicted
values of the droplet sizes and the measured ones match very
well.

SCALING OF THE DROPLET DIAMETERS

We’ve got the scaling rules of the jet diameters. To get the
variation rules for droplet sizes, we must find the relationship
between jet diameters and the droplet sizes. Based on mass

3
balance, the droplet sizes satisfy w%d = Qg4 and w is the drop
formation frequency and dq is the diameters of the droplets.

The jets in narrowing jetting regime are under Rayleigh
instability. We can assume that the droplet formation time is
equal to that needed to elongate the jet to reach the wavelength
of the maximum growth rate®. The corresponding maximum
growth rate wavelength can be calculated as 1d;/k*, where k*

is the dimensionless wavenumber and k* = k* (%, Oh). Oh is

Ohnesorge number and defined as Oh = pg/,/pqyd;/2. In our

work, Oh~0(1071) and k* is in little correlation with Oh in
this range®®. So the relationship can be described as k* =

k* (%) Considering that the flow velocity in the jet is assumed

to be equivalent to the continuous phase velocity, we can

8 | J. Name., 2012, 00, 1-3

0-1 6 T T T T T T T
0.02

014 d /W=1.10(p /1)
042

(Qd ch)0.49 i
°

0.10 -
3

0.08 -

W

- 0.06 |-

0.04 -
0.02

0.00 M 1 " 1 " 1 " 1 P 1 N 1 N 1 "
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
d /W
Figure 11 (Color online) Predicted values of the droplet diameters. Droplet

diameters are measured under narrowing jetting and inlet figure shows the
measured region at the orifice.
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From eqn (12) and eqn (13), we can derive that k*~ (u_c) .
d

By comparing the correlations for jet diameters and droplet

Purpose Size: d; (<(W-I))

sizes, we find dq ~ 2d;, as reported in FF devices'**. Channel Structure: |/W
Even though dispersion rules in the step microchannel appear

similar to those in co-flowing and FF devices, the operating A 4

range for stable narrowing jetting regime is much larger in the Modification of
step channel due to the asymmetric flow fields (see Fig 9). In Velocities: a
addition, the channels are much cheaper and easier for

parallelization. l

By adjusting the operating parameters, especially the two phase
flow rates, different sizes of monodispersed droplets are Input: Q c Q d Her Bg €
achieved exactly. Fig 12 shows the droplets we made with sizes
of 20 pm and 40 pm. Both CVs are below 5%.

No

dacal = dgq
0.7 T v > ¥ " o ‘ Yes
B ! ! No
w

0.0
35 36 37 38 39 40 41 42 43 44 45 Ll/w
d,(um)
1.1
1.0 § 100um|

0.9

0.8
> 0.7
0.6
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0.4
0.3
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0.1

Within the
operating range?

Frequenc

Output: Q., Qq, Uc, Ba

Figure 13 Operation logic chart for precise control of droplet sizes

0.0
14 15 16 17 18 19 20 21 22 23 24
d,(um)

Figure 12 (Color online) Droplets with different sizes. Average diameters,
standard deviations and coefficients of variation are presented. Size distribution
figures are compared with normal distribution curves.

Conclusions and Outlook

We developed a new capillary embedded & extended step
An operation logic chart for precise control of droplet sizes in  mjcrochannel for microdroplet preparation. With the new
the step channel can be established as Fig 13 under the results  channel, we successfully prepared monodispersed droplets with
from theoretical analysis without experimental. sizes from 10 to 100 um, one to two magnitudes smaller than
the main channel width, which has not been reported in

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 9
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literatures. Our new step channels are easy to fabricate and
parallelize. Common commercial materials are needed and thus
the cost of the channels is much lower than FF devices’.

Moreover, we established theoretical models for the dispersion
process in the step channel. The shear velocities are carefully
modified,
presented and thus the operating range is precisely restricted.

the correlations predicting the jet lengths are

We built models to predict jet and droplet diameters, which
matches well with the experimental results. There are some
similarities of dispersion rules in this new channel with former
FF device, but the operating range in the new one is much
larger than the other, illustrated by the asymmetric flow fields.

This newly designed channel represents a novel method to
produce monodispersed tiny droplets, which can benefit the
preparation of microspheres. However, the systems for particle
preparation are diverse. In future work, the dispersion rules of
different systems including Non-Newtonian fluid, which is
widely used in food and pharmaceutical industries*’, would be
investigated carefully. Considering the similarities of the
formation of bubbles and droplets, similar regime may apply to
the preparation of microbubbles. And thus, the dispersion rules
of bubbles in the step channel would also be studied.
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