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Abstract

Microfluidic technologies are reliable methods to obtain uniform and tiny droplets, but their application is limited by the capacity
of single microchannel and the difficulty in fabrication and operation of large amounts of parallel droplet generators. Here, we
reported a microchannel device equipped with multiple capillaries for rupturing the dispersed fluid, which realized droplet
generation frequency up to 40 kHz in a single microchannel. The microchannel was operated under jetting flow, which was
robust for controlling the droplet size uniformity; therefore, the device did not need highly precise machinery and accurate
installation during fabrication. 30—100 um droplets with CV <5% were successfully prepared in a 20-capillary embedded
microchannel device with high throughput, verifying the effectiveness of improving the working ability of micro-channel unit

in the scale-up of microfluidic device.

Keywords Droplet generation - High throughput - Microfluidics - Emulsification

Introduction

Uniform droplets in emulsions are ideal templates for prepar-
ing uniform spherical materials, which have been widely used
in the fields of optical display [1, 2], material structure con-
struction [3], instrument calibration [4, 5] and velocimetry
detection [6, 7]. Although highly required in practice, the
preparation of uniform and tiny droplets is rather difficult
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via conventional emulsification methods, such as mechanical
agitation and phacoemulsification [8]. Microfluidic ap-
proaches overcome the randomness of droplet break-up due
to the stability of laminar flow, which have attracted the atten-
tion from academic and industry for over 20 years [9—-11].
However, this advanced method has not been widely used in
industry, due to the low throughput of microchannel [12].
Numbering-up microfluidic droplet generator is thus neces-
sary for preparing sufficient droplets and a lot of reports have
shown the concepts of numbering-up microchannels in recent
years [13, 14]. Significant progresses have been achieved such
as the classical “microchannel emulsification” device from the
group of Nakajima et al. [15, 16], based on spontaneously
droplet break-up mechanism, and the “large-scale integration
chip” proposed by Nisisako and Torii [17], containing hun-
dreds of microchannel junctions. Those studies showed the
feasibility of increasing the number of microfluidic droplet
generators from a technical point of view, but regrettably,
larger scaled numbering-up examples are still less reported.
The bottleneck of microfluidic scale-up is mainly from the
complex and costly fabrication, which are difficult to be han-
dled, especially for the research groups without automated
processing platform. In addition, the fabrication processes
based on lithography or chemical etching also limit the mate-
rial selection of microfluidic equipment. Apart from fabrica-
tion, running the microfluidic device with massive number of
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channels is also challenging because of the difficulty in keep-
ing the robustness of a highly complex piping network.
Previous result has shown that uniform droplets cannot be
prepared even in fully consistent parallel microchannels with-
out a robust droplet generation process [12]. Therefore, reli-
able principle and technology for microfluidic scale-up are
still waiting to be discovered.

In order to develop low-cost and versatile microfluidic
droplet generation methods, we kept on trying to improve
the direct quantitative scale-up method of microchannel struc-
tures. Our work therefore focused on two issues: one is wheth-
er it is possible to use sub-millimeter channel that is easy to
fabricate by traditional mechanical method to obtain tiny
droplets with diameters less than 100 pum, and the other is
how to increase the droplet generation frequency in a
microchannel to reduce the number of parallel droplet gener-
ators. To answer the first question, we have made some at-
tempts, including improving the microchannel structure with
narrowing flow path [18, 19] and coupling gas-liquid phase
transition process with the droplet generation process [20, 21].
In these studies, a stepwise microchannel with an embedded
capillary was proposed to generate tinny droplets [22, 23]. It
can be made from traditional materials by end milling, and it
also just employed the commercial capillaries made from met-
al, glass or quartz. 20-100 wm uniform droplets with diame-
ters 1-2 orders of magnitude smaller than the hydraulic diam-
eter of the microchannel had been successfully prepared in the
capillary embedded microchannel [22, 24], with the consump-
tion of relatively high flow rate of shearing fluid. However,
this cost was acceptable from the engineering point of view for
using a big channel, and most of the shearing fluid was easy to
be recycled during the experiment for the stable composition
of the surfactant aqueous solution.

Although the capillary embedded stepwise microchannel
simplified the fabrication of microfluidic device, the highest
droplet generation frequency in it was still less than thousand
hertz, which did not reach the level of other multichannel
microfluidic device with droplet generation frequencies up
to 10 kHz [25-27]. We therefore tried to increase the working
capacity of the stepwise microchannel by assembling more
capillaries for droplet generation. In this paper, we will show
an assemble strategy based on the fluidic dynamic characters
of jetting flow in the stepwise microchannel. With careful
design of the capillary array and the flow resistance of the
dispersed fluid, ten capillaries were successively embedded
in one microchannel, which significantly increased the num-
ber of generated droplets. The microchannel did not require
highly precise machining and accurate installation, and its
main parts were all low-costly commercial components. Due
to the effective enhancement of droplet generation, the multi-
capillary embedded microchannel structure would be a new
direction for the improvement of microfluidic scale-up
technology.
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Results and discussion

Fluid dynamic characteristics of the capillary
embedded stepwise microchannel

The basic structure of the capillary embedded stepwise
microchannel that made from polymethylmethacrylate
(PMMA) plates and a quartz capillary (ZHONGKEKAIDI
Co., Ltd., Lanzhou) with outer and inner diameters (d.;) of
740 and 530 wm respectively, is shown in Fig. 1(a). The
microchannel had equal width (W;) and height (H;) at
750 pm; therefore, the capillary fit well with the
microchannel. The capillary head was flush to the edge of
the upstream channel as shown in Fig. 1(b), leaving a gap
between the tip and the opposite channel wall, whose height
(h) was close to 200 pm. On both sides of the stepwise chan-
nel, two assistant channels were fabricated to connect a pres-
sure drop sensor (Herdi Central Control, 0-5000+5 Pa) by
Teflon tubes (0.9 mm inner diameter), as shown in Fig. 1(a).
After fixing the position of the capillary, a sealant (914
Haiyan, China) was used to seal the gap between the
PMMA chip and the capillary. This sealant was a high viscous
fluid before solidification and we stack it one the side of the
PMMA chip. Then, the sealant blocked the gaps 6 h later. By
carefully selecting the amount of the sealant, it would not
permeate into the stepwise channel.

During the experiment the shearing fluid containing
50 wt% glycerin, 49 wt% water, and 1 wt% sodium dodecyl
sulfate (SDS) had a viscosity of 6.92 mPa-s at 25 °C, and »n-
hexane (99%-+, Sinopharm) was selected as the dispersed flu-
id, which was a typical model fluid to study the droplet gen-
eration in microchannels [19, 28, 29]. The interfacial tension
between the two phases was 4.7 mN/m at 25 °C. (Other details
of the fabrication and operation of the microfluidic droplet
generator can be found in the Experimental Section.) The
stepwise microchannel provided a high shearing velocity at
the capillary tip and promoted the break-up of the dispersed
fluid [22]. Figure 1(c) exhibits a droplet generation process
captured by a microscope with a high-speed CMOS camera
(BX51 and i-SPEED TR, at 7000 f/s, Olympus). The average
velocity of the shearing fluid reached 0.3 m/s at the capillary
tip; thus, tiny droplets that were much smaller than the channel
width were continuously prepared. The flow rate ratio of the
shearing fluid to the dispersed fluid could be higher than 1000
during the experiment, which was the cost to prepare tiny
droplets in this sub-millimeter device. However, the shearing
fluid (the aqueous phase) and the dispersed fluid (the oil
phase) were immiscible. We therefore stored the outcome flu-
id in glass bottles. After the droplets were collected from the
upper layer of the mixture, the aqueous phase was directly
reused in the other experiment. The very little amount of sur-
factant adsorbed at the oil-water interface almost did not affect
the surfactant concentration in the aqueous solution due to the
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Fig. 1 Schematics and pictures of (a)
the capillary embedded stepwise
microchannel. a Assembly of the
microchannel device. The light
arrows show the flow directions
and the heavy arrows show the
connection positions to the
pressure drop sensor. b Local
view of the stepwise
microchannel. ¢ Microscope
picture of the droplet generation
at Ogpear = 1000 pL/min and

Quis = 10 uL/min. d Typical
picture of the generated droplets. (c)
The CV of droplet diameter was
3.9%. Experiment at Qgpear =
1500 pL/min and Qgis = 1 pL/min

large flow rate ratio in the droplet generation; therefore, the
shearing effect of the continuous fluid used recycled aqueous
phase did not decline. An example of the droplets collected
from the stepwise microchannel is shown in Fig. 1(d). The
average droplet diameter is 21.6 um and the diameter distri-
bution quantified by the CV (variable coefficient) defined by
Eq. 1 is less than 5%, which is called monodispersed droplets
in the microfluidic studies.

cv:dix 100% (1)

av

where CV is the ratio of standard deviation (9) to the average
value (d,,) of the droplet diameter.

To fully exhibit the fluid dynamic characteristics of the
capillary embedded stepwise channel, we carefully studied
the droplet size variations, and the results are shown in
Fig. 2(a). Different from the T-junction microchannels in gen-
eral [30, 31], the variation of droplet diameter from the step-
wise microchannel has two different regions in respect to the
flow patterns of dripping and jetting flow [32, 33]. For the
droplets from dripping flow, their diameters mainly relied on
the flow rate of the shearing fluid. However, for the jetting
ruptured droplets, their diameters varied little with the flow
rate increase of the shearing fluid. Only the flow rate of the
dispersed phase slightly affected the droplet size, meaning that
the droplet size can be fixed in a flow rate region of the con-
tinuous phase. According to our previous analysis [22], the
droplet diameter was a function of (Qy;¢/ Qshear)l/ 2 This droplet
size law also means that the requirement for uniform flow rate
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distribution of the shearing fluid is not necessary in the
numbering-up of droplet generators, inspiring us that jetting
flow is an ideal flow pattern to realize microfluidic scale-up. In
addition, because the flow rate of the dispersed fluid was
much lower than the flow rate of the shearing fluid in the
capillary embedded stepwise microchannel, the production
solution containing tiny droplets had almost the same flow
rate as the fresh shearing fluid, which can be used to shear
another stream of the dispersed fluid without any significant
influence on the second droplet generation. These effects and
characters constitute the theoretical foundation of the multi-
capillary embedded microchannel we proposed in this article.

Before the scale-up of the microchannel, we investigated
two more issues. One was the effect of installation accuracy
on the droplet diameter and the other was the pressure drop
along the droplet generator, which was important for the fea-
sibility of numbering-up process. Since the stepwise
microchannel was fabricated by precisely CNC milling ma-
chine, the structure error of the microchannel (<20 pm) could
be neglected, and the commercial quartz capillary also had
good consistency. Therefore, the structural error of the
microchannel mainly came from the assembly of capillaries,
which was manually carried out. Trying to control the height
of the gap (%) to 150 um, we randomly obtained 4 = 108, 165
and 185 um in 3 tests, respectively. Although some numbers
were far from the design value, we can find the droplet sizes
were almost the same when the flow rate ratio was fixed, as
shown in Fig. 2(b). One reason for this phenomenon was the
capillary cannot strictly block the channel for its round cross-
section; therefore, the variation of 4 from 108 to 185 wm did
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Fig. 2 Droplet generation rules in the capillary embedded stepwise
microchannel. a Size variation with varied flow rates of two phases.
The gap between the capillary tip and the channel wall () was 150 um
in height. b Effect of gap height on the droplet average diameter at
different flow rate ratios. ¢ Pressure drops along different droplet
generators with heights from 141 to 185 um, which are basically linear
with the flow rates of the shearing fluid. Q4;s=0 pL/min in this
experiment

not greatly change the area of the cross-section for shearing
fluid to pass, which had been demonstrated in our previous
work [22]. The other reason was that the shearing velocity had
little effect on the droplet diameter under the jetting flow,
which exhibited the robustness of this droplet generator.
With this good property, we did not need to worry about the
effect of the installation accuracy during the scale-up studies.
The pressure drop along the droplet generator was given in
Fig. 2(c) in which the results showed that the pressure drop
along the droplet generator was on the range of hundred
Pascal. The pressure drop basically had a linear relationship
with the flow rate of the shearing fluid, contributing to >98%
of the total flow rate. Different from the droplet size law, the
pressure drop along the droplet generator was sensitive to the
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height of the gap; therefore, the capillary installation accuracy
would affect the pressure distribution along the microchannel.

Fundamentals of the multi-capillary embedded
stepwise microchannel

After the droplet generation study in the single capillary em-
bedded stepwise micro-channel, we further tried to discover
the rules for scaling-up of this droplet generation structure. For
the novel number-up method with more than one embedded
capillary, the mutual interference between the upstream and
downstream droplet generators should be carefully consid-
ered. Thus, a dual-capillary embedded channel was developed
first, as shown in Fig. 3. The device had two functional layers
exhibited by Fig. 3(a) and (b). The upper layer with step struc-
tures was used to generate droplets, and the bottom layer with
a chamber (W, x H, =3 x | mm?) was used to distribute the
dispersed fluid into the side capillaries at the corresponding
positions of the capillaries in the upper layer. The capillaries in
the up and down layers were connected by Teflon tubes with
0.9 mm inner diameter. The droplet generation layer was
source from the microchannel shown in Fig. 1(a), which had
improved by the two embedded capillaries. The distance be-
tween those capillaries is shown by L in the figure. The cap-
illary inner diameters d.; were both 530 um. Beside the step-
wise microchannel, assistant fluid paths were also made to
connect the pressure drop sensor as shown in Fig. 3(a). The
inner diameters of capillaries in the fluid distribution layer
(d.») were varied from 530 to 50 um for turning the resistance
of'the dispersed fluid. The lengths of all capillaries were 3 cm.
The channel fabrication and sealing were the same as the
single capillary embedded device.

To study the effect of capillary distance, we firstly equipped
the droplet generation layer with independent syringe pumps
for the dispersed fluids. (The fluid distribution layer was not
used in this experiment.) Typical experimental phenomena
were shown in Fig. 4(a). Droplet generation processes with
capillary distances from 0.94 to 2.34 mm were tested and we
got different droplet uniformities. The dual-capillary embed-
ded stepwise microchannel produced non-uniform droplets at
L =0.94 and 1.140 mm; but uniform droplets at L = 1.54 and
2.34 mm. These results exhibited that we could not reduce the
capillary distance without any limitation. To further under-
stand the principle behind this phenomenon, we measured
the flow field in the microchannel with a micro-PIV (micro-
scopic particle image velocimetry, Dantech Dynamics), whose
experimental details are shown in the Experimental Section. A
result was given by Fig. 5(a), where the velocity strength is
shown by the arrow color, and the directions are exhibited by
the arrow directions. Figure 5(a) shows that the microchannel
gap turns both the velocity strength and direction, and there-
fore a certain distance is required to lead the velocity field to
fully develop to parabolic distribution in the downstream
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Fig. 3 Schematics of dual- (a)
capillary embedded stepwise
microchannel. a Assembly of the
droplet generation layer and local
view of the two stepwise
microchannel. L shows the dis-
tance between capillaries. b
Assembly of the dispersed fluid
distribution layer and the local
view of the distribution chamber
at the bottom of the device
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Fig. 4 Pictures of droplet generation experiment with different capillary
distances in the droplet generation layer and different capillary diameters
in the fluid distribution layer. a Effect of capillary distance on the droplet
size distribution. Experiment was at Qgpeqr =2000 pL/min and Qgis=
4 uL/min for each capillary controlled by independent syringe pumps.
b Effect of capillary diameters in the fluid distribution layer. The capillary

—_—
O
~

d.q =530 pm; de, = 530 pm

Adjusting flow rate distribution by varying diameter (d.,)

w500 pm

diameters in the droplet generation layer (d.;) was constant at 530 pm,
and the capillary diameters in the fluid distribution layer (d,,) varied from
530 to 50 um. Experiment was at Qgeor = 2000 pL/min and pgis =47 to
58 kPa. h=160+20 pm in the microchannels. Image stitching
technology was used, due to the view limitation of microscopic field
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Fig. 5 Droplet generation results
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microchannel. Using the data from the micro-PIV experiment,
we collected the maximum velocity in certain distances from
the capillary, and calculated the ratio of this maximum veloc-
ity to the center velocity of the fully developed flow (vyax/v-
developed)» as shown in Fig. 5(b). The variation of viyax/Vaeveloped
clearly shows that the minimum distance to reach parabolic
distribution of fluid velocity (L,;,, defined the shortest dis-
tance at Vmax/Vdeveloped < 1.05) is determined by the flow rate
of the shearing flulid, and Fig. 5(c) gives an empirically linear
relationship between L ,;, and Qgpeqr in experiment. This min-
imum distance is an important reference to arrange the posi-
tions of capillaries. Figure 5(d) shows thatat L > L, i, the CVs
of droplet diameter are <5%.

After excluding the influence of flow field development on
the droplet generation, we further considered the flow rate
distribution of the dispersed phase. Obviously, syringe pumps
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cannot be unlimited used in the numbering-up process. We
thus focused on driving the dispersed fluid with pressure and
tested the fluid distribution chamber. Connecting the capil-
laries of the droplet generation layer and fluid distribution
layer and changing the syringe pumps of the dispersed fluids
to a pressure-driven controller (OB1, ElveFlow, details are in
the Online Resource), we implemented the experiments
shown in Fig. 4(b). First, 530 um inner diameter capillaries
were used both in the fluid distribution chamber layer and the
droplet generation layer. The experiment showed that the
droplets were only observed at the tip of the second capillary
and the first one was failed. The pressure to drive the dispersed
fluid was 47 kPa in the experiment, much higher than the
pressure drop of the stepwise channel shown in Fig. 4(f).
Theoretically, the differences of the pressures at the two cap-
illary tips could be neglected comparing to the high driving
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pressure; however, the experiment showed inverse result. We
further evaluated the flow resistance along the 3 cm long cap-
illaries, which was the narrowest part in the equipment, with
Hagen-Poiseuille equation, and the results showed that the
pressure drop along the capillary Ap’ was only 0.91 Pa at
QOgis = 2 uL/min; therefore, the 47 kPa driving pressure should
be mainly used to balance the flow resistance in the delivery
pipelines. According to the force balance for controlling the
droplet generation, the lowest pressure drop between the fluid
distribution chamber and the stepwise micro-channel should
be larger than the Laplace pressure in the droplet generation
capillary, otherwise the additional pressure from the curved
liquid-liquid interface will block the pass of the dispersed fluid
[34]. Therefore, the pressure in the fluid distribution chamber
was not enough to break through the Laplace pressure in the
capillary of the first droplet generator, making it failed to
generate droplet. In order to rise the pressure in the fluid dis-
tribution chamber, we had to increase the resistance of all
capillaries. We therefore reduced the inner diameter of the
capillaries in the fluid distribution layer from 530 to 50 um.
The experimental pictures in Fig. 4(b) show that both capil-
laries were working, as d, reduced to 100 um, and the count-
ed results in Fig. 5(e) show that only the device with 50 um
capillaries prepared uniformed droplets at a feeding pressure
of pqis = 58 kPa. We further evaluated the pressure drop long
the capillaries with Hagen-Poiseuille equation, and the results
show that the pressure drops were 3.86, 150.8 and 2412 Pa for
the 250, 100 and 50 um capillaries respectively at Qgis =2 pul/
min. According to Fig. 5(f), the pressure drop along one drop-
let generator was about 120 kPa at Ogpear = 2000 p1L/min; thus,
only the 50 um capillaries created enough pressure drop to
eliminate the influence of pressure distribution along the chan-
nel, which was necessary for realizing a symmetric flow rate
distribution of the dispersed fluid. Figure 5(f) also shows that
the pressure drop between two droplet generators is basically
twice of the pressure drop of one droplet generator. In contrast
to the gap caused by the embedded capillary, the local hydrau-
lic resistance of the other parts of the microchannel could be
neglected, since the pressure drop varied little as we increased
the distance between droplet generators.

Design and verification of a 10-capillary embedded
stepwise microchannel

After understanding the droplet size and pressure drop varia-
tion rules in the dual-capillary embedded stepwise
microchannel, we tried to assemble more capillaries to in-
crease the number of generated droplets. Principle of the ar-
rangement of multiple capillaries in single microchannel is
shown by Fig. 6(a), where the flow path network is construct-
ed by considering the main flow resistances: capillary resis-
tance in the fluid distribution layer and the resistance of the
gap in the stepwise channel. In this network, the pressure drop

along the capillaries (Ap,’) should be much larger than the
pressure drop along the droplet generation gap (Ap,) to lead
uniform flow rate distribution of the dispersed fluid, as Eq. 2
exhibited.

Ap) = Ap) = Ap,/ >> Ap + Apy + -+ Ap, (2)

where n is the number of droplet generators. We therefore
decided to use twice length of capillaries (6 cm long and
50 um inner diameter) in the fluid distribution layer, which
could create several thousand Pascal pressure for the fluid to
be distributed, and set the gap height to 190 pm, which cost
<100 Pa pressure drop along the droplet generator at Qgpear <
3000 pL/min referring to the results in Fig. 2(c).

After confirming the parameters of the main components,
we designed a 10-capillary embedded stepwise microchannel,
as shown in Fig. 6(b). The same as the dual-capillary embed-
ded microchannel, the new device had two layers for droplet
generation and fluid distribution, respectively. Local views of
the layers are in Fig. 6(c) with arrows showing the flow direc-
tions of the dispersed phase. The microchannel steps were
alternately placed in the droplet generation layer with
530 wm inner diameter capillaries, and the 50 pm inner diam-
eter capillaries were arranged at the corresponding bottom
positions connected to the sides of a 3 x 1 mm? cross-section
flow rate distribution chamber. The distance between droplet
generators L was designed to 2.5 mm, which was about 1.6
times of L, at Ogpear = 3000 pL/min, to make sure of the
complete development of the flow field in the microchannel.
The capillaries in two layers were connected by 0.9 mm inner
diameter Teflon tubes. A picture of the whole device is shown
in Fig. 6(d), whose fabrication and sealing techniques are the
same as above. Delivering the dispersed fluid by pressure-
driven controller and the shearing fluid with a syringe pump,
we tested the 10-capillary embedded stepwise microchannel,
and a typical experiment for the droplet generation process is
shown by Fig. 7. The experiment was carried out at Qgpear =
3000 pL/min and pg;s = 70 kPa with n-hexane as the dispersed
fluid and SDS glycerin aqueous solution as the shearing fluid.
Pictures show equal sized droplets from every droplet gener-
ator and the counted results showed 32 um average droplet
diameter with CV =3.6%. Other typical results are shown in
Fig. 7(b), exhibited uniform droplet from 30 to 100 pm. A
video of the droplet generation process is also attached to the
electronic Online Resource of the paper.

Parallel scale-up of multi-capillary embedded
stepwise microchannels

The prototype of the 10-capillary embedded stepwise
microchannel exhibited that consecutive numbering-up of
droplet generator in microchannel was also an effective meth-
od for the scale-up of microfluidic droplet generators. Finally,
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Fig. 6 Principle and schematics

of the multi-capillary embedded (@ Shearing
stepwise microchannel. a fluid in
Pressure drop distribution in the

flow path network. Ap,’ is the

pressure drop along capillary, and

Ap, is the pressure drop along the Dispersed

droplet generator. b Schematic of fluid in
the microchannel device. The ar-
rows show the flows in connec-
tion tubes. ¢ Local views of the
stepwise microchannel and the
fluid distribution chamber. d A
picture of the microchannel de-
vice. The two layers of the chip
devices were assembled by
PMMA screws and the inner sides
of the layers were sealed by the
sealants of 914 Haiyan in spe-
cially designed grooves

Shearing
fluid in

Dispersed
fluid in

we made a test for the parallel scale-up of the multi-capillary
embedded stepwise microchannel, and thus a prototype device
with two sets of microchannels was developed, as shown in
Fig. 8(a). The parallel microchannels was connected by
branched tubes from T-connectors (IDEX Health & Science,
inner diameter = 1 mm), whose lengths were strictly con-
trolled to equality. Delivering the shearing fluid by a syringe

Apy

Ap;

Apg

Ap1o

(c) Stepwise channel Distribution chamber

pump the dispersed fluid by the pressure-driven controller, we
obtained the experimental results in Fig. 8(b). Uniform drop-
lets from 30 to 100 wm were also successfully prepared in the
microchannel in the flow pattern of jetting flow.

In addition to successful generation of uniform and tiny
droplets, we collected the droplet generation frequencies from
the recoded videos, which was captured at a frame frequency
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Fig.7 Pictures of droplet generation processes and some statistical results
of the droplet diameters. a Droplet generations from different capillaries.
b Droplet pictures and diameter distributions. More than 100 droplets
were counted. Experiment were at Qgpeqar = 3000 pL/min and pgis =
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Fig. 8 Schematics of 2 x 10-
capillary embedded stepwise
microchannels and pictures of
uniform droplets. a Structure and
fluid connections in the
microchannel device. b Droplet
pictures and their size
distributions. More than 100
droplets were counted for each
condition. Experiments were at
Oshear = 0000 pL/min and pg;s =
68 kPa for the 32 pm droplets
(CV =4.5%); Oshear=5000 pL/
min and pg;s =81 kPa for the

73 pm droplets (CV =2.6%); and
Oghear =4000 pL/min and pg;s =
100 kPa for the 102 pum droplets
(CV=1.8%)

Shearing
fluid in

Dispersed
fluid in

up to 7000 fps. The results showed that the droplet generation
frequency was from 0.5 to 4 kHz in a single droplet generator,
and therefore the total droplet generation frequency in the 20-
capillary embedded microchannel device had reached to 10—
80 kHz, which was rather high. Some experimental results
from the literatures were collected in Table 1, which shows
that the 20-capillary embedded microchannel device had sim-
ilar working capacity as those contained hundreds of droplet
generators. More importantly, the capillary embedded device
successfully prepared <100 pm uniform droplets using sub-
millimeter scaled microchannels, which was less reported.

Conclusions

A multi-capillary embedded stepwise microchannel was pro-
posed for realizing high droplet generation frequency in single
microchannel. The special design of consecutive droplet gen-
erators was based on the robustness of droplet size control of
the jetting flow pattern in stepwise microchannel, which was
not sensitive to the flow rate variation of the shearing fluid and
the installation errors of the capillary position. The key points
of arranging the capillary droplet generators were the distance
between capillaries, which should be long enough to fully
develop the flow field, and the uniform distribution of the flow
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rates of the dispersed fluid, which was realized by employing
high resistance capillaries on both sides of the fluid distribu-
tion chamber. Prototype microchannel with ten embedded
capillaries were developed, which successfully prepared 30—
100 um droplets with CV < 5%. The highest droplet genera-
tion frequency reached 80 kHz in a 20-capillary embedded
microchannel device, which was on the same level of the
droplet generation devices contained hundreds of parallel
microchannels. The multi-capillary embedded stepwise
microchannel did not need highly precise fabrication and ac-
curate installation; therefore, it had strong potential to be used
in practice.

Experimental
Fabrication of microchannel device

All the stepwise microchannels, the fluid distribution cham-
bers and the channels to place the capillaries were fabricated
on polymethyl methacrylate (PMMA) plates with end mills of
0.75 mm diameter. As shown in Figs. 1, 3, 6 and 8§, both the
height (H;) and width (W) of channels were set to 0.75 mm
and the height (H,) and width (W,) of the fluid distribution
chambers were 1 and 3 mm, respectively. Quartz capillaries
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Table 1 Comparison of droplet generation abilities for different microchannels
Numbers of droplet Type of droplet Substrate & Working system Channel Droplet  Generation
genenerator genenerator Fabrication width Size (um) Frequency
(um) (kHz)
Parallelization (256x) [35] Microchannel nozzle PDMS, by soft FC-40 0il/SDS aqueous solu- 50 40 1.5
lithography tion
Parallelization Flow focusing PDMS, by soft H,0/Span80 hexadecane 30 75-90 70
(512x%) [36] microchannel lithography solution
and laser machining
Parallelization (550%) [37] Microchannel nozzle PDMS, by soft PEG aqueous soluton/ 50 20-160 15-20
lithography Fluorinated oil with
fluorinated surfactant
Parallelization (400x) [38] T-junction microchannel PMMA, by laser H,0/Span80 octane 500 800-1200 4
engraving solution
Parallelization (512x) [39] Flow focusing PMMA, by end milling H,O/Span20 and Span80 250 100250 10-16
microchannel decane solution
Consecution (10 x 2x) Capillary and PMMA, by end milling Hexane/SDS aqueous solution 750 30-100 10-80
this work microchannel

with outer diameter of 0.74 mm were embedded in the side
channels with cross-sections of 0.75 x 0.75 mm?. The height
of the gaps between the capillary tips and the channel walls (/)
were manually controlled to 100-200 pum. After installation,
the microchannel plate was covered by another PMMA plate
and sealed at 75 °C and 0.5 MPa for 3 min with a high-
pressure thermal sealing machine (A274, Techson, China).
The gaps between the capillaries and the side channels were
sealed with sealant (914 Haiyan, China). This sealant was a
high viscous fluid before solidification and we stick it on the
sides of the PMMA chip (single and dual-capillary devices)
and or poured it into the grooves (10 and 20-capillary devices)
designed to fix the capillaries. The sealant then blocked the
gaps after 6 h standing. By carefully selecting the amount of
the sealant, it would not permeate into the main channel. Since
the PMMA chip was transparent, the positions of the sealants
could be confirmed by observation. The microchannels and
capillaries were finally connected to the pumps by 0.9 mm
inner diameter Teflon tubes (Daxiang Plastics, China).

Materials and droplet generation experimental
operation

1 wt% sodium dodecyl sulfate (SDS) and 50 wt% glycerin
aqueous solution was used as the shearing fluid, and n-
hexane was used as the dispersed fluid in the experiment.
The chemicals were from Sinopharm Chemical Reagent Co.,
Ltd., China. The viscosity of the shearing fluid was
6.92 mPa-s at 25 °C, measured by an Ubbelohde viscometer
(Brookfield DV-II + P, USA). The interfacial tension between
the two phases was 4.7 mN/m at 25 °C, measured by a pen-
dent drop interface tensiometer (OCAH200, Data Physics
Instruments GmbH, Germany). During the experiment, the
shearing fluid was fed by a syringe pump (Harvard PHD
Ultra, USA) with 200 mL stainless steel syringes, and the

@ Springer

dispersed fluid was driven by the same type of syringe pump
with 0.5-1 mL glass syringes for the experiments with single
and dual-capillary embedded device. For the experiment with
more capillaries, the dispersed fluid was pressed by the
pressure-driven controller (ElveFlow OBI, France). All the
droplet generation processes were recorded by a microscope
(BX51, Olympus, Japan) with a high-speed CMOS camera (i-
SPEED TR, Olympus, Japan) at 7000 fps. The static pictures
of tiny droplets were also captured by the microscope and
CMOS camera. The resolution of the high-speed CMOS cam-
era is 1024 x 768, with a scale bar of 0.47 um/pix. Compared
to the measured droplet diameters from experiment (CV =
1.8%~4.5%) in respect to 1.15-1.90 um in droplet size devi-
ations, the pixel error was much smaller. The pressure drop
along the droplet generators was monitored by a pressure drop
sensor (HEDI Sensor Instrument, China). The positions of the
tunnels for connecting the pressure sensor were shown in Figs.
1(a) and 3(a). The outlets of the tunnels were connected to the
pressure drop senor by 0.9 mm inner diameter Teflon tubes.

Microscopic particle image velocimetry (micro-PIV)
experiment

The flow field of the shearing fluid shown in Fig. 5(a) was
measured by a micro-PIV (Dantec Dynamics, Denmark).
2 um average diameter fluorescent polystyrene particles
(Micro Vec, Inc., China) with 540 nm exciting light were used
as the tracing particles. The flow field measuring experiment
was implemented without the dispersed fluid, and the shearing
fluid was fed by a syringe pump (Harvard PHD Ultra, USA)
with 200 mL stainless steel syringe.
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