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Abstract— We have successfully produced emulsion droplets
on a chip with size-control and on-demand droplet generation
by using magnetically driven microtool (MMT) which has a

parallel plate structure to be constrained in translational motion.

With a lateral motion of MMT in microchannels, the continuous
phase can be cut into different size of droplets and the dispersed
phase flow can inflow into the microchannels by the movement
of MMT to obtain both of size-controlled and on-demand
droplets actively. The size range of the produced droplet was
three times as large as the previous system by using novel
hydraulic design of the chip, and also the dispersing the fluid
was successfully prevented from leakage when it is chopped by
using MMT.

I. INTRODUCTION

ROPLET-BASED microfluidics has attracted much interest

due to its production of precisely controlled droplet size,

shape, and structure [1][2]. Unlike in continuous-flow
systems, droplet-based systems focus on discrete volumes with
immiscible phases, conducting a large number of reactions without
increasing device size or complexity. Droplet-based microfluidics
involves the generation and manipulation of discrete droplets inside
microdevices. Due to high surface area to volume ratios on a
microscale, heat and mass transfer time and diffusion are shorter,
facilitating faster reactions. Also unlike continuous-flow systems,
droplet-based microfluidics enables individual droplets to be
independently controlled, generating microreactors that are
individually transported, mixed, and analyzed. Given the speed with
which multiple identical microreactors can be formed, parallel
processing and experimentation are achieved easily, enabling large
datasets to be efficiently acquired. Droplet microfluidics also
possesses greater potential for increased throughput and scalability
than continuous-flow systems.

Emulsification of liquids is emerging technologies [3] such as
encapsulation of DNA [4], nano-particles for drug delivery system
[5], single-molecular enzyme analysis [6]. Since emulsification has
become a crucial industrial technique, the quality of the emulsion
droplets is significant, especially in biotechnology and
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nano-medicine applications [7]. Conventionally the manufacturing
of the emulsification droplets utilized large-scale instruments such
as blenders [8], high-pressure homogenizers and ultrasonic
homogenizers. In the past decade, membrane emulsification has
been demonstrated as a promising method by using a liquid pressed
through membrane pores to form droplets that carry away a
continuous phase flowing over the membrane [3][9].

On-chip-dispensed microfluidic droplet control in microchannels
is roughly divided into active and passive. Passive
droplet-dispensing control has been realized via different
mechanisms using device designs such as T-junctions [10], [11],
flow-focusing devices [12], passive break-up configurations [13],
and devices containing terraces [14] in microchannels. Droplet size
and polydispersity are determined for particular combinations of
droplets and continuous phases by microchannel dimensions and
liquid flow rates [15]. Decades have been devoted to studying the
effects of the scaling parameters which tend to carry difficulties of
the pressure fluctuation in microflows controlled by micropumps
because the pump flow rate must be changed whenever droplet size
is changed.

In related work on active droplet-dispensing, Lee et al. (2007)
demonstrated a microfluidic device for actively sampling flow
focusing and the formation of microscale droplets in liquids using a
controllable moving wall [7], [16]. The microfluidic chip generates
uniform droplets by combining flow focusing and liquid chopping.
Separating and collecting emulsion microdroplets have been
explored [17]. However the systems tend not to have high-response
of production of droplets. Without on-demand control of droplet
generation, the chemicals of dispersed phase tend to be wasted.
Besides, it is ideal to control the number of mono-dispersed
emulsions to be collected at the exit port of the chip without any
sorting devices to remove undesired satellite droplets, and which has
possibility to contribute to the other processes such as enclosing
cells, DNA and enzyme to be synchronized.

In our previous study, we have developed low-cost
mass-produced magnetically driven microtools (MMT) which
provided many actuating functions such as sorting, valve operation,
and loading [18]-[22]. MMTs are soft, and thus do not harm cells
being manipulated. Recently, we have successfully and actively
size-controlled dispensing droplet using MMTs, changing droplet
size and producing size-classified droplets without droplet
separation or collection after production [23]. MMTs with a valve
function have been placed directly in microchannels (Fig. 1(a)), and
MMTs actuated laterally by non-contact magnetism can be made to
act as “choppers” disintegrating a multiphase flow and controlling
droplet size actively. A dispersed-phase microchannel was located at
a height different from that of the main microchannel in a continuous
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phase, enabling the dispersed-phase microchannel alone to be
selectively switched open or closed. However, it was difficult that
the MMT closed the dispersed-phase microchannel perfectly which
prevent “on-demand” production of micro-droplet (Fig. 1(b)). It is
ideal to produce droplets “as planned” without any sorting devices to
remove undesired satellite droplets when the droplets are collected
at the outlet channel. For the current study, we discuss about the
improved type of the droplet dispensing chip as shown in (Fig.1 (¢)).
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Figure 2 shows the typical process flow for dispensing of droplet
on a chip. Figure 2(a) is the conventional droplet dispensing without
on-demand control and the droplet is dispensed continuously by
adjusting the flow rate passively. However, the dispensed droplets
tend to be measured or reacted with another chemical. The time

required for the sequential operations tend to be longer than the time
required for the droplet dispensed. Therefore it is important to avoid
wasting the chemicals by stopping dispensing droplet on-demand.
Moreover it is important to supply droplet quickly when it is
required. By using the on-demand production of the droplet as
shown in the Figure 2(b), it is possible to control the number of the
droplet as planned when it is required. While the droplet generations
without on-demand control tend to take time to stabilize the flow
when the syringe pump restarted to produce the droplet.
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Fig.2 Advantages of on-demand production of droplet

In this study, we have developed novel on-demand and size
controlled production of emulsion droplets by MMT. The concept
view of the microchannel is shown in Figure 3, and an MMT
actuated laterally by non-contact magnetism can be made to act as
“choppers” disintegrating a multiphase flow and controlling droplet
size actively and on-demand.

The mechanism of generating droplets are summarized as follows
(Fig.3); When the MMT moves downward, it blocks the channel
below, so the hydrophobic fluid (olive oil) only have one way exit
that is the upper channel to flow out. When the MMT moves up, the
upper hydrophobic fluid channel is stopped, and hydrophobic fluid
only have one exit the downside channel to flow out. Meanwhile, the
MMT cuts the hydrophobic flow and generates one droplet. The
hydrophilic flow (ethanol dyed with methylene blue) leaks through
the gap of MMT because of its low fluidic drag force. On the other
hand, the hydrophobic fluid cannot pass the gap because of its high
fluidic drag force. Therefore, the droplet is transported by the
hydrophilic flow. Based on the same principle, when the MMT
suddenly moves down, it cut the hydrophobic flow and generates
one droplet. The flow in the upper channel helps the droplet outflow
from the upper exit port. Consequently, on-demand and size-control
production of droplets could be easily realized by using this novel
hydraulic design of the chip. This hydraulic design balanced the
excess pressure on a chip efficiently and the double number of
size-controlled droplets can be produced at both MMT sides.
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II. DESIGN AND FABRICATION

A. Concept of on-demand and size-controlled Chip

The concept view of the microchannel is shown in Fig. 3, and an
MMT actuated laterally by non-contact magnetism can be made to
act as “choppers” disintegrating a multiphase flow and controlling
droplet size actively and on-demand. According to the motion of the
MMT moving up and down, the dispersed-phase microchannel
allowed to be selectively switched open or closed. In this study, we
have developed a novel method of on-demand production of
emulsion droplets by MMT. The concept view shows the area of
droplet dispensing in the microchannel. The MMT (50 wt% of
magnetite Fe;04 and 50 wt% of poly-dimethyl siloxane (PDMS))
has a characteristic of softness (Young’s Modulus = 5 MPa), [18].
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Fig.3 Concept view of current on-demand and size-controlled droplet
dispensing system (a) striking droplet on the bottom (b) striking droplet on
the top

The channel on the right side of chamber is fabricated to remove
any bubbles at the initial stage of the experiment whose exit is closed
during the operation of the experiment of droplet dispensing. First of
all, we have evaluated the displacement of MMT to confirm that the
lateral motion of MMT is enough to close the channel. The
calculation of a simple bending analysis indicated that the
displacement of MMT by the density of magnetic flux of permanent
magnet (102 mT) was 902 um and which is larger than the width of
microchannel (150 pm). Thus the lateral motion of MMT is always
restricted by the wall of microchannel.

B. Mechanism of droplet dispensing by MMT

Figure 4 shows the overview of real chip, in the middle of this
figure the blue long-hexagonal part is the chamber with a MMT
installed in. MMT is black and have a parallel plate structure, and
the chamber is sandwiched by two continuous phases. The two
transparent microchannles showed in the figures are channels inflow
of olive oil while the ethanol is inflow at the middle channel. By
controlling the excess pressure on the chip as described in Figure 3,
on-demand and size-control production of droplets could be easily
realized by using this novel hydraulic design of the chip. Compare to
the conventional design [20], the advantage of the proposed design
is that it can prevent dispersing the fluid by leakage. By using the
conventional design, there always exists continuous flow inlet into
the microchannel, therefore the size-control of the droplet is limited
from 160 um to 210 pm. But in this paper, we can obtain the droplet
much more stably with wide range of sizes from the extremely tiny
size (40 um) to the huge size (200 pm) of droplet by controlling the
fluid ratio and the frequency of MMT.
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Fig.4 Overview of on-demand and size-controlled droplet dispensing chip
and a partially transparent MMT to analysis the boundary between
hydrophobic and hydrophilic flow
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Fig.5 (a)the position of the boundary of hydrophobic and hydrophilic fluid,
and (b)the overview of the predominant parameters.

To analyze the mechanism of droplet dispensing, we have
fabricated a partially transparent MMT whose transparent part is
made of only PDMS as shown in the Figure 4. By using the
transparent window, the boundary between hydrophobic and
hydrophilic fluid can be observed. It was confirmed that the
boundary between hydrophobic and hydrophilic fluid hold the
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position on the MMT when MMT is closing to the one side of
microchannel as shown in the Figure 5(a). Consequently, the
stability of the boundary provide the stable droplet dispensing
system. Although, the surface tension is predominant parameter
when the boundary of the membrane is fixed (which express as the
curverture of the boundary), the fluid drag force is predominant
when the boundary is instable. We could estimate the pressure limit
of the syringe pump by calculating the fluid drag forces as shown in
the Figure 5(b). The density, viscosity and surface tension of
hydrophobic fluid is set to 0.90 [g/cm3], 0.081 [Pa“S] and 25
[mN/m] respectively and those for the hydrophilic fluid is set to 0.79
[g/cm’], 0.0089 [Pa+S] and 22 [mN/m] respectively. Suppose the
MMT is pulled to the bottom plate of microchannel due to the
density of magnetic flux of electromagnetic coil, the drag force can
be estimated as follows;

D =D+ D, (N
where, D is the total drag force of the fluid and the density, D;is the

drag force due to friction (viscous resistance) and D, is the drag
force due to the fluid pressure, then,

D, = 0.5pV?C,S = 1.89 X 107 [N] (2)
D;=2pV/A=9.5X10"[N] 3)
D~ Dy (4)
Pp=D/S =12 Pa (5)

here, Py is the total resistance pressure and A is the cross section
diameter and V is the fluid velocity and S is the area of the cross
section. Consequently, we could conclude that the system can
produce droplet with stable condition as long as the hydrophobic
pressure is less than 12 Pa. For the current study, four consitions of
the hydrophobic flow rate (Oil) was examined which are;

1. P;=3.9 Pa (Oil: 0.01 mL/h, ethanol: 1 mL/h)
2. Py =5.2 Pa (Oil: 0.02 mL/h, ethanol: 1 mL/h)
3. P;=6.4 Pa (Oil: 0.04 mL/h, ethanol: 1 mL/h)
4. P, = 8.3 Pa (Oil: 0.08 mL/h, ethanol: 1 mL/h)

and the pressures of all four conditions are less than 12 Pa.

C. Actuation method of MMT

Figure 6 shows the actuation method of MMT that consists of
two modules - an upper module containing a disposable
microchannel and a lower actuation module. The actuation module
is composed of a magnetic circuit unit containing an electromagnetic
coil and a permanent magnet unit. The density of magnetic flux
generated by the electromagnetic coil is amplified by the permanent
magnet (neodymium) unit mounted between the microchannel and
the magnetic circuit, and the MMT is moved by non-contact
actuation. The permanent magnet (diameter: 4 mm, height: 2 mm)
was installed to the rectangular hole (6 X 10 mm) of PDMS sheet
(thickness of 3 mm) by a tweezers and a couple of cover glass (35 x
50 mm) sandwiched the PDMS sheet. The direction of the current in
the coil of the magnetic circuit can be switched to reverse the

electromagnet’s polarity, resulting in translatory motion of the
permanent magnet. The density of magnetic flux generated by the
electromagnetic coil is amplified, and an adequate density of
magnetic flux (maximum = 102 mT, voltage applied to
electromagnet = 1.5 V) is transmitted to actuate the MMT in the
microchannel.
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[ IJﬁ 1T
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Biochip

Electromagnetic
2V coil
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Fig.6 Detailed drawing of actuation module of MMT

III. ON-CHIP EMULSION DROPLET DISPENSING

A. Operation of the Droplet Dispensing

Figures 7 & 8 show the photos of the droplet dispensing
experiment. The liquid for continuous phase was olive oil and the
dispersed phase was ethanol dyed with methylene blue. The shape of
the dispensing droplet may be ellipse shape due to the limitation of
the height of the microchannel of 200 um; therefore the size of the
droplet was evaluated by using the equivalent diameter. Then the
lateral motion of MMT vibrates up and down to “strike”
hydrophobic fluid and thrust a certain amount of it in the transport
channel.

Figure 7 shows the droplet dispensing by the frequency (1 Hz) of
MMT with the representative condition of droplet dispensing (oil:
0.02 ml/h, ethanol: 1 ml/h). Figure 7(a) shows the microchannel is
open by the MMT and Fig. 7(b) shows the continuous phase olive oil
flow is cut by the MMT, and the droplet is generated meantime. Fig.
7(c) shows the microchannel is closed by the MMT. It is clear to
observe that the droplet is slender, and the equivalent radius is also
two times larger than that of the same flow ratio condition and
different MMT frequency (2Hz) showed below.

Figure 8 shows the droplet dispensing by the different frequency
(2 Hz) of MMT with the same condition of droplet dispensing (oil:
0.02 ml/h, ethanol: 1 ml/h). Figure 8(a) shows the microchannel is
open by the MMT and Fig. 8(b) shows that the MMT penetrates and
blocks the channel, and generates a droplet, and Fig.8 (c) shows the
tiny size-droplet generated in the transport channel. As you can see
in the figures; the size of the droplet is small with the actuation of
MMT. Therefore it can be predicted that the size of the droplet and
the frequency of the MMT have a certain relationship.

B. Evaluation of dynamic range of size control

To evaluate the relationship between the size of the dispensing
droplet and the frequency of the MMT actuation, the equivalent
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droplet size was measured by CCD images as a function of MMT
actuation frequency. The experiment was carried out with four ¢ Qispersea= 0.01 ml/h
different conditions of the flow rate as mentioned in the section II B. Q continuous)= | ml/h

(a) Q(dispersed): 0.02 ml/h
Q(continuous): 1 ml/h

Ll c Q(dispersed)= 0.04 ml/h
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Fig.7 Droplet dispensing by MMT(1 Hz); (a) The microchannel is open by = 0 0.5 1 L5 2 25 3 3.5
MMT, (b) The olive oil flow is cut by MMT, (c) The microchannel is closed
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Fig. 9 Profiles of the droplet size as a function of the MMT frequency.
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In order to show the advantages of new design clearly, the

As you can see in Fig. 9, the size of the droplet is monotonously ~ comparison diagram was plotted to exhibit superiorities of the new
reduced with increase of the frequency of the MMT for both flow  design compared to the previous system. Figure 10 shows the
rate conditions. Comparing the different continuous phase flow rate, ~ comparison of radius of droplet on average between two different
we can see from Fig. 9 that the size of the droplet is enlarged with  designs. A cross and star shapes stand up for the radius of droplets
increase of the flow rate. The size of droplet is mainly controlled by =~ made by the previous design. Meantime the three different types of
frequency of MMT. It is observed that we could get the droplet from  polygon stand up for radius of droplets made by the current system.
the radius of 40 um to 180 um. From this diagram, it is clear to see that the radius of dispensed

4098



droplets made by the previous system ranged between 160 um and
210 pm. On the other hand, the present system can easily achieve the
radius range between 40 pm and 180 pm. Also there is a fatal issue
on the previous system. A droplet is generated in the microchannel,
even though the MMT is not moving (0 Hz). This means there is
leakage of droplets, when we do not intend to make droplets in the
microchannel. The superiority is obvious for the present setting. We
can block the microchannel to prevent generating a droplet. This
system is stable and easy to realize on-demand control of droplet
generation.

IV. CONCLUSIONS

For the present study we have successfully realized an active size
controlled and on-demand droplet generation by using MMT. With a
lateral motion of the MMT in microchannels, the continuous phase
can be pinched off by the movement of MMT to obtain
size-controlled droplets actively. Base on this novel design of
microchannel, we can easily generate droplet in size over a wide
range by changing the flow rate and frequency of MMT. We
evaluated the pressure condition to obtain stable droplet generation
with a partially transparent MMT.

Compare to the conventional design without pressure control, the
proposed design can prevent dispersing the fluid from any leakage
and most importantly we can obtain droplets much more stably with
wider range of sizes from the extremely tiny size (40 um) to the huge
size (180 um) of droplet by controlling the fluid ratio and the
frequency of MMT. To obtain more tiny scale droplet, the width of
microchannel should be reduced. This design shows many excellent
advantages and will provide a broad application in the future. The
proposed system has potential to contribute to emulsification
process for biotechnology and nano-medicine.
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