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Previous studies on droplet generation in microfluidics mainly focus on the monodisperse droplet, but limited attention
has paid to the generation of droplet groups composed of multiple droplets with different volumes or components. In this
study, a programmable electromagnetic valve is externally connected with the microfluidic chip featuring a conventional
flow-focused structure. Different from the previous situation where only one droplet is generated by a single actuation of
the electromagnetic valve, by precisely controlling the opening and closing of the valve, the continuous phase fluid exhibits
periodic flow in the channel, and we realized the generation of a droplet group by a single actuation of the valve, and the
number and volume of the droplets in each group can be regulated. Specifically, the number of large droplets in a droplet
group is mainly determined by the opening time of the electromagnetic valve and the two-phase flow rate, and the number
of small droplets is dominated by the valve closing time. The volume of individual droplets in a droplet group is largely
dependent on the flow rate of the continuous phase. Our study extends the understanding of microfluidic droplet formation.
It provides a feasible method for the efficient preparation of polydisperse droplets, which is important for microfluidic

chip-based droplet control and has potential applications in industries related to microfluidic droplets.

Keywords: droplet group, electromagnetic valve, valve switching ratio, microfluidic chip
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1. Introduction

The applications of the microfluidic technology for the
production of microdroplets with precisely controlled vo-

4,5

lume, '3 composition,*! and quantity!®! have reached a

high level of maturity. The microfluidic-based droplets
have also been successfully used in various application sce-

narios including, but not limited to, enzyme assays,!”:8]

911" panocatalysts, 213!

drug screening,! and biological
reactions.!'*!13] In microfluidics, the flow instability of the
aqueous and oil phases when squeezing each other is usu-
ally utilized to form droplets, and the volume of the gen-
erated droplets depends on the flow rate of the two phases,
and monodispersed droplets are generated at constant flow
rate.['%!7] However, in some biological or chemical reactions
based on microfluidics, there is a need for volume differen-
tiation of droplets.!'®! Therefore, regulating the volume of
droplets in microfluidics has become an important concern,
in which the introduction of valve devices to directly regulate
the flow rate of microfluidic liquids is the most direct way to
control the volume of droplets.!!”! The principle is to gener-
ate a desired volume of droplets by controlling the opening
and closing cycle of the valve. For example, by integrating a

microvalve with a short response time into a microfluidic de-
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vice, the formation and volume of a single droplet can be accu-
rately and flexibly controlled through the opening and closing
of the microvalve. However, the cost of microvalves is rela-
tively high, and their dimensions often exceed those of the mi-
crochip structure, making integration challenging. To address
these issues, several research teams have proposed relocating
the valve outside the microfluidic chip to control over the flow
of one or more liquids (continuous phase or dispersed phase)
with high accuracy.?”! For relatively simple systems, this ap-
proach has proven effective, rendering external, off-the-shelf,
and cost-effective valves a viable alternative to integrated mi-
crovalves. At present, whether it is a microvalve integrated in
the chip or a commercial valve placed outside the chip, each
opening and closing of the valve can only generate a specific
size of the droplet.[>!l There is a lack of research on how to
reasonably adjust the opening and closing period of the valve
so that it can produce multiple droplets with different volumes
in one switching cycle.

In this study, we connect a commercial electromagnetic
valve with a microfluidic device to investigate the formation
rules of droplet groups through programmed control of the
electromagnetic valve’s opening and closing cycles. Specifi-
cally, the continuous phase fluid is passed through the com-
mercial electromagnetic valve before being injected into the
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microfluidic chip. The periodic actuation of the electromag-
netic valve induces pulsed flow in the channel, leading to vari-
ations in droplet volume within the droplet groups generated
in the flow-focused microchannel structure.!*?! We find that
each group of droplets consists of several droplets with two
volumes, and the number of droplets of the two volumes is
adjustable in proportion. This suggests that the periodic open-
ing and closing of the electromagnetic valve can indeed pro-
duce droplet groups. Further studies show that the number
of large droplets in each droplet group is determined by the
opening time of the electromagnetic valve and the two-phase
flow rate, the number of small droplets is determined by the
closing time of the electromagnetic valve, and the volume of
a single droplet in a droplet group is mainly dependent on the
flow rate of the continuous phase. This study enriches the un-
derstanding of the formation of complex droplet systems us-
ing microfluidics and provides a new approach for the efficient
preparation of polydisperse droplets.

2. Methods
2.1. Construction of the experimental setup

The schematic diagram of the whole experimental setup
is shown in Fig. 1(a). The continuous phase was injected into
the pipeline at Q. flow rate by a syringe pump (LSP02-1B,
Longer Precision Pump Company, China), flowed through an
electromagnetic valve (VX213AAXNB, SMC, Japan) to form
a pulsed flow, and then flowed into the continuous-phase chan-
nel of the microfluidic chip. The dispersed phase was injected
directly into the dispersed phase channel of the chip via a
syringe pump at the flow rate of Q4. Both continuous and
dispersed phase liquids were transported using 1-mm diam-
eter PTFE capillary tubes during the experiments. The con-
tinuous phase of the pulsed flow, and the dispersed phase of
the homogeneous flow formed droplets at the criss-cross of
the chip, and the whole process of droplet formation was ob-
served by a high-speed video camera (Phantom v7.3) attached

(a’) Continuous phas%

Dispersed phase__[| __
i
aalr
C

Continuous phase

to an inverted microscope (Olympus [X73) at a frame rate of
1000 s~ 1.

2.2. Preparation of the continuous phase pulse flow

The formation of the continuous phase pulse flow was re-
alized by using a laboratory-made digital controller to control
the opening and closing of the electromagnetic valves. Each
valve in the digital controller corresponds to a binary code Y.
When this code is assigned a value of 1, the valve opens; when
it is assigned a value of 0, the valve closes. Taking 7o, = 0.4 s
and Toie = 0.3 s as an example, so Y] = 1 and the execution
time #; was set to 0.4 s and Y>» = 0, and the execution time #,
was set to 0.3 s. Since this was done continuously, the regula-
tion was in cycle mode. The continuous phase changes from
a constant flow rate to a pulsed flow when the syringe pump
pushes a constant flow through the electromagnetic valve con-
trolled by the digital controller with the setup completed data,
as shown in Fig. 1(b).

2.3. Preparation of the chip

The chip was prepared by soft lithography. The photore-
sist (SU-8, 3025) with a thickness of about 100 pwm is uni-
formly coated on a silicon wafer and heated to cure, the mask
with the chip pattern is photolithographed on the silicon wafer,
and the photoresist other than the chip pattern is rinsed off with
the developer solution to complete the preparation of the chip
mold. The chip material was a liquid mixture of polydimethyl-
siloxane (PDMS) and curing agent with a mass ratio of 10:1.
The liquid was poured into the mold and cured at 80 °C for 4 h.
Finally, it was tightly adhered to the slide.>3! After the above
operations, the desired chip was made, as shown in Fig. 1(c).
The chip is generally divided into two parts, the first half is a
flow-focusing structure commonly used for the preparation of
droplets, and the second half is a curved wrap-around channel
designed for better observation of the droplets. The width of

all channels in the chip is about 160 um and the height is about
100 pm.

Fig. 1. (a) Cartoon diagram of the experimental setup showing the connection of electromagnetic valve (EMV) and microfluidic chip structure.
(b) Physical photograph of the experimental setup (partial), showing how the valve is connected to the microfluidic chip through the continuous
phase piping. The scale bar is 30 mm. (c) Image of the microfluidic chip. The scale bar is 1| mm. (d) Snapshot from fast photography showing
the formation of the droplet in a flow-focused structure. The scale bar is 200 pm.
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2.4. Preparation of microfluidic droplets

Droplets have to be produced by two immiscible liquids,
in the experiment the continuous phase was a mixture of min-
eral oil (M195121 Aladdin) and the surfactant sorbitan oleate
(Span 80) (0.5% w/w), and the dispersed phase was a mixture
of deionized water and glycerol in a ratio of 1:1 by volume,
and the surfactant was used to prevent the droplets from merg-
ing on contact. Figure 1(d) shows an example of droplets of
different sizes generated at a flow-focusing type structure.

3. Results and discussion

3.1. Effect of electromagnetic valve opening time and clos-
ing time on the droplet group

First, the effect of the opening time of the electromag-
netic valve on the droplet group was investigated. Figure 2(a)
shows that under the conditions of valve closing time To =
0.3 s, continuous phase flow rate Q. = 3 puL/min, and dis-
persed phase flow rate Qg = 0.5 pL/min, groups of droplets
are formed in the microfluidic channel by gradually increas-
ing the valve opening time Ty,, and the total generation time
of each group of droplets is exactly equal to the duration of one
cycle of valve opening and closing. To make the presentation
of the droplet group clearer, we have marked the large droplets
in red and the small ones in blue in one of the droplet groups
under each set of conditions. It can be seen that with the valve
opening time Ty, increasing from 0.2 s to 1 s, the number of
small droplets in each group is always maintained as 1, but
the number of large droplets increases from 2 to 6, and corre-
spondingly the total number of droplets in each droplet group
increases from 3 to 7. This indicates that the opening time
of the valve is positively correlated with the number of large
droplets in the droplet group, but has little relationship with
the number of small droplets.

The closing time of the electromagnetic valve also affects
the formation of the droplet group. Figure 2(b) shows that
under the conditions of valve opening time 7o, = 0.2 s, con-
tinuous phase flow rate Q. = 3 pL/min, and dispersed phase
flow rate Qg4 = 0.5 pL/min, the droplets in the microfluidic
chip still appear in the form of groups as the valve closing
time Tof is gradually increased from 0.45 s to 1 s. Moreover,
the number of large droplets in each group is maintained at
2, and the number of small droplets increases from 2 to 6 in
turn, and correspondingly the total number of droplets in each
group increases from 4 to 8, which indicates that the closing
time of the valve is positively correlated with the number of
small droplets in the drop group, but has no effect on the num-
ber of large droplets.

Figure 2(c) plots the number details of the large and small
droplets in each droplet group as the valve opening time and
valve closing time change. We define the valve switching ratio

as B = Ton/Tor- It can be seen more clearly that, on the one
hand, when the valve opening time is unchanged, the number
of large droplets (hollow circle) in each droplet group remains
the same, and when the valve opening time is increased, the
number of large droplets shows a linear increase. On the other
hand, when the valve closing time is unchanged, the number
of small droplets (solid circle) in each drop group remains the
same, and when the valve closing time is increased, the num-
ber of small droplets shows a monotonic increase. These re-
sults are quite counterintuitive because increasing the valve
opening time means that the continuous phase continues to
be injected at a larger flow rate for a longer time, and the
more strongly the dispersed phase is squeezed, the number
of small droplets should increase, rather than the experimen-
tally observed increase in the number of large droplets. Sim-
ilarly, increasing the closing time of the valve should mean
an increase in the number of large droplets, not small ones.
We speculate that the reason for the discrepancy between the
experimental observations and common sense is the sudden
change in flow rate caused by the unwanted pressure pulses
due to the periodic opening and closing of the electromagnetic
valve.?*] Further, we use o to denote the ratio of the num-
ber of large droplets to small droplets in the droplet group,
where o = Njarge /Nsma-  As shown in Figs. 2(d) and 2(e),
the quantity ratio of large and small droplets in each droplet
group is highly linearly correlated with the valve switching
ratio. According to the linear fitting curves, it can be seen
that their quantitative relationships are oo = 1.58 +0.9997 and
a~!' =1.067B~" —0.523 respectively, and the linear correla-
tion coefficients of the fitted straight lines R? are 1 and 0.9947
respectively. The fitting coefficients all reached or approached
1, indicating that the valve switching ratio has a very strong
regulatory effect of the droplet quantity ratio.

Figures 2(f)-2(g) show the effect of valve opening time
Ton and valve closing time 7o on the volume of a single large
droplet (hollow circle), a single small droplet (solid circle),
and the volume of all droplets (solid triangles) in each group,
respectively. The data shows that the change in the switch-
ing time of the electromagnetic valve alone does not signifi-
cantly change the volume of each large or small droplet in the
droplet group. However, the total volume of droplets in each
drop group increases monotonically with the length of time
the valve is opened or closed. Because either the increase in
valve opening time (Fig. 2(f)) or the increase in valve clos-
ing time (Fig. 2(g)), it means that the opening and closing
cycle time of the valve becomes longer, so the total volume
of all droplets generated during that cycle naturally increases.
The droplet volume measurements were taken from the first 4
droplet groups in the droplet image. The area of the droplet
group image was measured using ImageJ, and the droplet vol-
ume is equal to the product of droplet area and chip height.
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The standard deviation of the data was calculated using Origin  calculated according to the equation
to obtain the error bars in Figs. 2(f)-2(g). We have compared

, Vo = Qa x (Ton + Tofr) (1)
the total volume of each droplet group Vg measured experi-

mentally with the predicted value (represented by solid lines) and find the results are indeed highly consistent.
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Fig. 2. (a) Representative images of droplet groups for five different valve opening times. The scale bar is 500 um. (b) Representative images of droplet groups
for five different valve closing times. (c) A plot of the number of droplets versus . Ty, is the valve opening time and Ty is the valve closing time. Hollow
circles represent large droplets and solid circles represent small droplets. (d). Plot of droplet quantity ratio « versus valve switching ratio § when Ty, is varied.
(e) Plot of droplet number ratio o~ ! versus valve switch ratio ﬁ’l when Ty is varied. (f) and (g) Plots of droplet volume versus 3. Solid triangle represents
the volume of the droplet group, hollow circle represents the volume of a large droplet, and solid circle represents the volume of a small droplet. The solid line
shows the predicted volume of droplet group.
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Now, we can explain the linear relationship between the
droplet quantity ratio @ (& = MNarge /Nsman)) and the valve
switching ratio § (B = Ton/Tosr) given in Figs. 2(d) and 2(e).

Equation (1) can be rewritten as

Vo= 0axToig x (B+1) ()

or

Vo = Qa X Ton x (B +1). 3)

Since the opening time and closing time of the valve do not
affect the volume of individual dispersed droplets, it can be
simply considered that the number of droplets is proportional
to the total volume of all droplets in each droplet group. When
the Toi remains unchanged, the number of large droplets in
each droplet group (Marge) increases with 7oy, while the num-
ber of small droplets remains the same (Ngman = 1, Togr =
0.3 s). The total volume of the droplet group increases. Ac-
cording to Eq (2), the droplet quantity ratio should be propor-
tional to the valve switching ratio, which is consistent with the
fitting result as shown in Fig. 2(d). Similarly, when T, keeps
unchanged, Njyrge remains the same (Njgge = 2, Ton = 0.2 ),
but the number of small droplets Ny, increases with Ty, and
the total volume of the droplet group should also increase. Ac-
cording to Eq. (3), a~! should be proportional to B!, which
is also consistent with the result given in Fig. 2(e).

3.2. Effect of flow rate on droplet group

The influences of the flow rates of continuous and dis-
persed phases on the formation of droplet groups are also
studied. Figures 3(a) and 3(d) show the formation of droplet
groups under two types of conditions where the switch time
of the electromagnetic valve remains unchanged, but the flow
rate of the dispersed phase Q4 increases from 0.5 puL/min to
1.5 pL/min, and the flow rate of the continuous phase Q.
increases from 4 pL/min to 11 pL/min, respectively. It can
be seen that the droplets still appear periodically in the form
of droplet groups, and the number ratio of the large droplets
(marked in red) to small droplets (marked in blue) in each
droplet group remains constant under the same conditions. In
addition, the change of flow rates of both the dispersed phase
and the continuous phase does not affect the number of small
droplets in the droplet group, but only changes the number
of large droplets. Specifically, when the flow rate of the dis-
persed and continuous phases increases, the number of small
droplets in each drop group remains at 1, but the number of
large droplets gradually increases from 1 to 6, as shown in
Fig. 3(c). The two-phase flow rate ratio is denoted by ¥, where
Y= Qd/ Q.. Figure 3(d) shows the relationship between o and
Y when Qy is varied. Figure 3(e) shows the relationship be-
tween o and y~! when Q. is varied. The linear relationship

between a and Y is o = 15.0085y — 1.503, the linear rela-
tionship between o and y~! is & = 0.325y ! —1.859, and the
linear correlation coefficients R? of the fitted lines are 0.9999,
0.93716, respectively, which means that the fit is very good,
and there is a strong correlation between the flow rate and
the droplet quantity. The linear relationship is consistent with
Ward’s conclusions. !

Then, we analyze the linear relationship between the
droplet quantity ratio o (& = Nrge /Nsman) and the flow rate
ratio ¥ (Y = Qq/Qc) given in Figs. 3(d) and 3(e).

We rewrite Eq. (1) as

VG = Qc XYX (Ton + Toff)- (4)

When the continuous phase flow rate Q. and the valve opening
and closing time (7on + Tofr) are constant, the size of a single
droplet is almost unaffected and the number of small droplets
remains unchanged (Ngmay = 1) all the time. As the flow rate
of the dispersed phase increases, the increase in the total vol-
ume of the droplet group should be manifested as an increase
in the number of large droplets. Therefore, the droplet quantity
ratio should be proportional to the flow rate ratio according to
Eq. (4), which is in line with the fitting relationship given in
Fig. 3(d).

When the flow rate of the dispersed phase and the switch-
ing period remain unchanged, according to Eq. (1), the sum of
the volumes of all droplets in the droplet group should remain
constant. However, as the flow rate of the continuous phase
(Q.) increases, the squeezing of the dispersed phase liquid in-
tensifies, resulting in a reduction in the volume of the gener-
ated individual droplets. Therefore, the number of droplets
increases (mainly the number of large droplets), which leads
to a linear relationship between the droplet quantity ratio and
the flow rate ratio as shown in Fig. 3(e).

Figure 3(f) shows the volumes of a single large droplet
(hollow circle), a single small droplet (solid circle), and all
droplets in the group (solid triangle) at a varied flow rate of
the dispersed phase. Still using the product of the area of the
droplet image and the height of the chip to calculate the vol-
ume of the droplet group, the error bars in Figs. 3(f)-3(g) are
obtained by calculating the standard deviation of the volume
data of the four droplet groups. It suggests that there is no sig-
nificant change in the volume of each large or small droplet
in the droplet group, but the total volume of all the droplets
in one droplet group increases with the increase of Q4. The
reason is that in one opening and closing cycle of the valve,
the greater the flow rate of the dispersed phase, the more fluid
used to generate droplets, and the sum of the volumes of all
droplets in the droplet group would of course be larger. The
experimental measured values are in good agreement with the
theoretical predicted values calculated by Eq. (1). However,
as demonstrated in Fig. 3(g), with the increase of continuous
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phase flow rate, the volume of the single large droplet (hollow
circle) and single small droplet (solid circle) in each droplet
group gradually decreases, because the larger the continuous
phase flow, the more strongly it squeezes the dispersed phase,
and the smaller the droplet is generated, which accords with
the general law of microfluidic droplet. Moreover, when the
flow rate of the dispersed phase and the opening and clos-
ing time of the valve are unchanged, the volume sum of all
droplets in the droplet group should be a fixed value accord-
ing to Eq. (1), but the experimental measurement results are
less than the predicted value (0.0025 pL). The possible reason
is that when the continuous phase flow rate is large enough,
it squeezes the dispersed phase too intensely. Then the actual
flow rate of the dispersed phase is smaller than its set value,
resulting in numerical inconsistency. Because the tetrafluo-

it is capable of accumulating some dispersed phase fluid in the
pipeline. As shown in Fig. 3(b), the size of the droplets in the
droplet group is indeed affected by the continuous phase flow
rate. Taking the large droplet as an example, we have plotted
its diameter versus the continuous phase flow rate in Fig. 3(h).
According to the work of John Collins (Collins et al., 2007
Microfluid Nanofluid), 20! the droplet radius (R) and the flow
rate (Q) follow a quantitative relationship

R— 3 3QdTg
V 4z

where T; is the droplet generation period and 7; is calculated

®

as follows:
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Fig. 3. (a) Representative pictures of six droplet groups with different flow rates of dispersed phase Q4. The scale bar is 500 um. (b) Representative
pictures of six droplet groups with different flow rates of continuous phase Q. (c) Plot of the number of droplets versus 7~ !. (d) Plot of droplet number
ratio & versus flow rate ratio ¥ (Y = Qq/0Qc)- (e) Plot of droplet number ratio « versus flow rate ratio y~1. (f) and (g) Plots of droplet volume versus Qg
and Q. (h) Plot of continuous phase flow rate Q. versus diameter of the large droplet in each droplet group.
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Combining Egs. (5) and (6), the relationship between ra-
dius (R) and flow rate (Q) is obtained

n [ Cso 12 _

where Cs and Cp are the drag coefficient and the coefficient of
interfacial tension, respectively, p. is the density of the con-
tinuous phase, o is the interfacial tension, Q., Q4 and D,
Dy are the flow rate and diameter of the continuous and dis-
persed phase channels, respectively. Equation (7) suggests
that the diameter of the droplet should be proportional to the
—4/3 power of the continuous phase flow rate. In addition to
Collins’ theory, we have also found two more quantitative re-
lationships between the droplet size and the flow rate of con-
tinuous phase (Q.), proposed by Ward and Xu, respectively.
According to the work of Thomas Ward (Ward et al., 2005
Electrophoresis),[>! there is a relationship between droplet di-
ameter (D) and flow rate (Q)

1/4
Do) " ®
a \Qc

where a is the microchannel width. Equation (8) states that the
droplet diameter should be proportional to the —1/4 power of
the continuous phase flow rate. According to the work of Xu
(Xu et al., 2006 Lab Chip),m] there is a relationship between
droplet diameter (D) and flow rate (Q)

D 04 1/2
(a) o

where a is the microchannel width. Equation (9) states that
the droplet diameter (D) should be proportional to the —1/2
power of the continuous phase flow rate (Q.). We have plotted
all three theoretical curves in Fig. 3(h). Comparatively speak-
ing, Collins’ theory is more in line with our experimental re-
sult than the other two theories.

3.3. Pulse flow explains the droplet group phenomenon

Finally, we try to explain the seemingly counter-intuitive
phenomenon that the longer the valve is open, the larger the
number of droplets; the longer the valve is closed, the smaller
droplets there are. We surmise that this is most likely caused
by the sudden change in flow rate due to unwanted pressure
pulses induced by the opening and closing of the valve. Fig-
ure 4(a) shows a group of droplet generation observed during
one opening and closing cycle of the valve at experimental
parameters of Ton = 0.4 s, Toir = 0.3 s, Oc = 3 pL/min, and
Q4 = 0.5 puL/min, which consists of three large droplets and
one small droplet. We take the moment when the last droplet
of the previous group of droplets is just generated as the zero
moments, and we can see that the three large droplets in the
group are generated at 0.153 s, 0.299 s, and 0.44 s respectively,

which is close to the opening time of the valve of 0.4 s. The
moment when the small droplets are just generated is 0.72 s,
which is close to the opening and closing cycle of the valve,
and also opens the generation of the next group of droplets.
At the same time, the time interval between the appearance of
this small droplet and the generation of the third large droplet
just above it is 0.28 s, close to the valve closing time of 0.3 s.
Therefore, it is reasonable to surmise that large droplets are
generated during the opening phase of each opening and clos-
ing cycle of the valve, while small droplets are generated dur-
ing the closing phase. This is consistent with the earlier ob-
servation that T, affects the number of large droplets in the
droplet group and 7 determines the number of small droplets
in the droplet group experimentally but is still counterintuitive.
Therefore, we measured the flow rate of the continuous phase
in real time using a flow meter (Flow Unit, Fluigent, France).
Figure 4(b) shows the continuous phase flow measured using
a flow meter for one cycle under the same conditions as in
Fig. 4(a). Where the valve opens at 71, the valve closes at t;,
and the valve opens at the next cycle of 73, Aty = 0.402 s in-
dicates the period from #; to fp, and Aty = 0.297 s indicates
the period from #, to 73. Based on the numerical magnitude
relationship, it is easy to derive that A¢; stands for Ty, and Ay
stands for To¢. Contrary to expectations, the flow rate of the
continuous phase drops sharply when the valve opens at #; and
starts to rise sharply when the valve closes at ;. To further val-
idate this result, additional tests were performed. Figure 4(c)
shows the change in the flow rate of the fluid in the pipeline
over some time from when the valve is suddenly opened to
when it has been kept open. It can be seen that the flow rate in
the pipeline is zero before the valve is opened, but the moment
the valve is first opened, there is a sudden pulse of negative and
high flow rate of fluid flow through the pipeline before it re-
turns to zero flow rate. This means that when the valve is first
opened, the valve will first push the liquid flow in the reverse
direction. It is not until after a longer period (about 120 s) that
a positive and gradually increasing fluid flow begins to occur
in the pipe. Figure 4(d) shows the influence of valve closure on
the continuous phase flow rate. In the first 20 seconds, we keep
the valve open all the time and set the flow rate of the contin-
uous phase at 3 uL/min. The measured actual flow rate is sta-
bly maintained at 2.64 uL/min, which is close to the set value.
Then the valve is suddenly closed and maintained. It can be
seen that the flow rate does not decrease immediately. Instead,
itrises rapidly to 30.59 pL/min. That is to say, the sudden clos-
ing of the valve exerts a very strong positive driving force on
the fluid. The continuous phase flow rate gradually decreases
to zero within approximately 90 seconds thereafter. In the ex-
periment, the valve is constantly opened and closed, and the
switching time does not exceed one second. This suggests that
during the time period when the valve is closed, the continuous
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phase fluid does not stop flowing. Instead, it flows at a much
higher rate than when the valve is open. These flow measure-
ments provide ample evidence of the phenomenon observed in
our experiments, i.e., the continuous-phase flow rate is lower
when the valve is open than when the valve is closed, favor-
ing the formation of large droplets. To explain the droplet size
dichotomy, we have measured the flow rate of the continuous
phase fluid, which is controlled by the valve. We find that in
the case of periodic opening and closing of the valve, the flow

rate of the continuous phase fluid presents a periodic square
wave pulse waveform. Taking 75, = 0.4 s and Ty = 0.3 s as
an example, the flow rate curve of multiple cycles is shown in
Fig. 4(e). During the rapid switching process of the valve, the
flow rates of the continuous phase are relatively stable in both
the low flow state (marked in red, corresponding to the open-
ing of the valve) and the high flow state (marked in blue, cor-
responding to the close of the valve), thereby forming large-
sized and small-sized uniform droplets respectively.

(a) T=0s T=0.153 s T=0.299 s
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|
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e RERG AN P,
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Fig. 4. (a) Snapshots of the generation of a droplet group with three large droplets and one small droplet during a switching cycle of the valve.
The scale bar is 500 um. (b) The corresponding flow rate of the continuous phase. (c) The flow rate profile in the continuous phase when the
valve opens suddenly. (d) The flow rate profile in the continuous phase when the valve closes suddenly. (e) Continuous phase flow rate curve

with multiple cycles at Top, = 0.4 s, Toir = 0.3 s.

4. Conclusions

In summary, we have externally connected a pro-
grammable electromagnetic valve with a traditional microflu-
idic chip, and by opening and closing the valve periodically,
we have achieved the generation of droplet groups with the
controllable number and volume of droplets in the microchan-
nel in one switching cycle of the valve, and have revealed the
underlying physics. Specifically, the valve opening time and
two-phase flow rate determine the number of large droplets in

the droplet group, and the valve closing time determines the
number of small droplets. The volume of a single droplet de-
pends mainly on the flow rate of the continuous phase. Our
study enriches the understanding of microfluidic droplet for-
mation. It provides an efficient approach for the preparation
of polydisperse droplets, which is important for microfluidic
chip-based droplet control and may find potential applications
in areas related to microfluidic droplets. Generating droplet
groups with variable droplet sizes is important for drug deliv-
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ery, and drug screening applications such as eutectic screen-
ing. Each droplet can be used as a bioreactor, and droplets
with different volumes can meet the need for differentiated
drug volumes, which may facilitate the development of high-
performance chemistry and bioanalysis.
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