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We have successfully produced size-controlled emul-
sion droplets on a chip by adjusting the vibration fre-
quency for MMT. The novelty of this work is the fab-
rication of a thin coplanar Au electrode on the sub-
strate of a microchip to work as a microsensor, and
this microsensor contributed to a droplet-generation
system with size estimation. When a droplet passes
through the microsensor in the microchannel, it causes
a change in the capacitance across a pair of microelec-
trodes in the microchannel, depending on the size of
the droplet. We monitored the change in impedance in
real time. The microsensor provided an output volt-
age proportional to the size of the droplet. The sensor
output was observed by an oscilloscope at the primary
stage. Manually we estimated the size and set a new
actuation frequency for MMT to achieve on-demand
and size control of the droplet. Real-time droplet de-
tection was applied in this system. By monitoring the
actuation frequency for MMT, size-controlled and on-
demand droplet generation could be successfully car-
ried out.

Keywords: droplet dispensing, magnetically driven mi-
crotool, robot-on-a-chip, impedance sensor

1. Introduction

The emulsification of liquids is an emerging technol-
ogy [1], such as encapsulation of DNA [2], drug-delivery
system for nanoparticles [3], and single-molecular en-
zyme analysis [4]. Since emulsification has become
a crucial industrial technique, the quality of the emul-
sion droplets is significant, especially in biotechnology
and nanomedicine applications [5]. In the last decade,
droplets have been extensively used by various industries
for plastic polymerization drug development, and chem-
ical processing [6]. Recently, droplets have been en-
abled for microfluidic technologies to be used as liquid-
reaction vessels for protein crystallization screening [7],
as templates for providing self-assembly of materials [8,
9], as moulds for forming polymeric microspheres [10,

11], and as components for microelectrical actuation [12].
Many researchers have already studied the highly effi-
cient droplet generation [13–15]. Sung-Yong Park et al.
(2011) demonstrated an approach for on-demand high-
speed droplet generation driven by pulse laser-induced
cavitation [16]. The actuation mechanism of droplet gen-
eration is based on pulse laser-induced, rapidly expanding
cavitation vapor bubbles that enable on-demand droplet
generation at a super-high speed. However, the system
setup is based on a laser system, which has the shortcom-
ings of a huge instrument with complicated manipulation
and high cost. Moreover, the estimation of droplet size is
performed by a visual system, which is controlled by an
open-loop size-control system with the same issues as the
laser system.

We have developed novel on-demand and size-
controlled method for producing emulsion droplets by
magnetically driven microtools (MMT). MMT settled in
a PDMS microfluidic chip shows the advantage of dis-
posability and non-contamination. The concept view of
the microchannel is shown in Fig. 1(a). An MMT ac-
tuated laterally by non-contact magnetism can be made
to act as “chopper” disintegrating a multiphase flow and
controlling droplet size actively and on-demand. For the
present research, two pairs of microsensors are installed
at the outlet microchannel to detect the droplet and cal-
culate the droplet size and velocity. In order to generate
a compatible size of droplets on the dispensing chip we
compared the actual droplet size with the desired size, and
determined the force for adjusting the size of dispensing
droplets. By using this method, the size distribution er-
rors can be eliminated, and desired sizes of the droplets
are obtained.

2. Concept of New Droplet Generation

2.1. Concept of On-Demand and Size-Controlled
Chip

In our previous study, we developed low-cost mass-
produced MMT, which provided many actuating func-
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tions such as sorting, valve operation, and loading [17,
18]. Figs. 1(a) and (b) show the concept view of droplet
generation chip, an MMT was installed in the microcham-
ber, and the hydrophobic and hydrophilic flows entered
from yellow and blue inlets, respectively. The design was
a parallel-plate structure with two outlets, where a drain
port between two outlets was always closed and only used
at the initial stage for removing the bubbles, and it was
closed during the droplet-dispensing experiment. First,
we evaluated the displacement of MMT to confirm that
the lateral motion of MMT is enough to close the chan-
nel. The calculation of a simple bending of the MMT legs
indicated that the displacement of MMT actuated by the
magnetic flux density of a permanent magnet (102 mT)
was 902 μm and this displacement was larger than the
width of the microchannel (150 μm). Thus, the lateral
motion of MMT is always restricted by the microchannel
wall. Fig. 1(c) shows that the height of the microchan-
nel for a hydrophobic fluid was off from the upper level
of the hydrophilic fluid microchannel. By utilizing a two-
step exposure process, we made a trapezoidal structure
for the microchannel. The height of the hydrophobic
fluid microchannel was 75 μm, where the height of MMT
was 100 μm and the heights of the chamber and outlet
were 150 μm. A stratified microchannel with a staircase
structure was fabricated for the current design to allow
MMT playing a better role without leakage. Fig. 2 shows
the overview of the chip; MMT (black) had a parallel-
plate structure. The chamber was sandwiched between
two continuous phases. The two transparent microchan-
nels shown in the figures are the olive-oil channels. The
ethanol flows through the middle channel.

The mechanism of droplet generation is summarized
as follows (Figs. 1(a) and (b)). When the MMT moves
downward, it blocks the dispersed microchannel (75 μm)
below. As the height of MMT is 100 μm, it could block
the outlet of the dispersed phase completely. Therefore,
the hydrophobic fluid (olive oil) has only one exit, which
is the upper channel, to flow out. The same principle is
used when MMT moves upward (Fig. 1(b)). Once MMT
cuts the hydrophobic flow, a droplet is generated simul-
taneously. While the hydrophilic flow (ethanol dyed with
methylene blue) leaks through the gap of MMT because
of its low fluidic drag force, the droplet can be transported
by the hydrophilic flow. Consequently, the on-demand
and size-control production of droplets can be easily re-
alized by using this novel hydraulic design on a chip.
This hydraulic design balances the excess pressure on a
chip efficiently and twice the number of size-controlled
droplets can be produced at both sides of MMT. However,
it is important to note that our final purpose is the mea-
surement of droplet size and automatic size-controlled
droplet generation by employing a microsensor.

2.2. Principle of Droplet Detection
Two pairs of coplanar electrode sensors were installed

on the outlet microchannel at the substrate, which could
work as detectors for droplet detection. These two sensors

Fig. 1. Concept view of current on-demand and size-
controlled droplet-dispensing design. (a) Striking droplet on
the bottom, (b) striking droplet on the top, (c) trapezoidal
structure of microchannel from a sectional view.
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Fig. 2. Overview of fabricated on-demand and size-
controlled droplet-dispensing chip.

were installed at the two outlets (Fig. 2), and they can be
observed clearly in the magnified figure. When an olive-
oil droplet passed through the two pairs of microsensors
in the microchannel, a change in capacitance could be de-
tected by the difference in permittivity between the olive
oil and ethanol dyed with methylene blue [19]. The mi-
crosensor sensed the change in the differential capaci-
tance and provided an output voltage proportional to the
change in capacitance. The interval between the two mi-
crosensors was determined (1 mm) at an initial stage on
the basis of the droplet detection principle, and thus, out-
flow rate and droplet size could be derived accurately. As
shown in Fig. 3, we assumed that two coplanar and semi-
infinite conducting films separated by a gap distance of
2a were embedded within a uniform dielectric medium of
permittivity εr and each was maintained at a constant po-
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Fig. 3. Concept view of capacitance corresponding to a pair
of semi-infinite electrodes.

Fig. 4. Principle of sensing part. (a) Top view of sensing
part, (b) side view of sensing part, (c) sensing result of a
droplet (setting: AC 0.01 V, 10 kHz).

tential ±V0. The capacitance of an electrode pair of finite
width w could be estimated by the following equation [20]

C =
Q
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π
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)
+

√(
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w
a

)2
−1

]

. . . . . . . . . . . . . . . . . (1)

where C is the capacitance, Q is the total charge on a sin-
gle electrode, V0 is constant potential maintained at the
electrode pair, ε is the vacuum permittivity, w is an elec-
trode pair of finite width and l is the length of the electrode
pair for l � w. Thus, the capacitance changes because of
different fluidic materials as their electric permittivity εr
is different.

In Fig. 3, T is the field penetration depth, w is the fi-
nite width of the conducting plates, and u is the embed-
ded load voltage in a dielectric liquid. In this case, T is
estimated as 158 μm [20], which is greater than the mi-
crochannel height of 150 μm; therefore, the capacitance
is only determined by the permittivity of different materi-
als. Fig. 4 shows the principle of sensing when a droplet
is passing through the sensors. Here, droplet size can be
estimated by the change in capacitance with time multi-

Fig. 5. Fabrication process for polymer-based MMT and
microchannel.

plied by the flow velocity. Fig. 4(a) shows the top view
of the sensing part of the microchannel. Fig. 4(b) shows a
side view of the microchannel, when an olive-oil droplet
passes through the electrode array. The changes in the
voltage of parallel electrodes are shown in Fig. 4(c).

3. Fabrication of Droplet-Generation Chip
with Impedance Sensor

Figure 5 shows the fabrication process of polymer-
based MMT and microchannel. The fabrication of MMT
is summarized in the following steps: (1) a thick negative
photoresist (SU-8, Nippon Kayaku Co., Ltd.) was pasted
on the silicon substrate, and an MMT mold was produced
by photolithography, (2) a mixture of PDMS and mag-
netite (Fe3O4, 50 wt%) was spread over the patterned
mold and baked in an oven (110◦C, 10 min), (3) MMT
was obtained by carefully peeling off with tweezers, and
(4) the surface of MMT was Teflon-coated with CF4 gas
by the plasma-ashing method (discharge power: 130 W)
for 30 min to avoid any stiction in the microchannels. The
average diameter of the magnetite particles (Fe3O4) was
200 nm. In the case of the microchannels, after making
an SU-8 pattern as the mold, the pattern was transcribed
to PDMS. The PDMS microchannel was obtained after
baking in the oven (90◦C, 20 min).

Figure 6 shows the fabrication process for the mi-
crosensor. To fabricate the electrodes, a glass plate was
coated with 300 nm Cr and 300 nm Au. Moreover, the
glass was coated with OAP (Tokyo Ohka Co., Ltd) for
HMDS process, and then it was patterned by a positive
photoresist OFPR (Tokyo Ohka Co., Ltd). After the pho-
tolithography and wet-etching process, the microsensor
pattern was made on the glass substrate. Finally, OFPR
was cleaned with acetone. The sensor wires were welded
using Ag paste. Finally, we made the impedance sen-
sor. MMT was placed in the microchamber of PDMS mi-
crochip, which was bonded with a glass substrate with the
microsensors on it. Fig. 7 shows the fabricated droplet-
generation chip.
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Fig. 6. Fabrication process for microsensor.
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Fig. 7. Fabricated droplet-generation chip.

Fig. 8. Schematic of the experimental setup.

4. Experiment of Droplet Generation with
Real-Time Droplet Detection

4.1. Overview of Experiment Setup
Figure 8 shows the experiment setup. The droplet gen-

eration system consisted of two critical modules: a droplet
generation chip with an impedance sensor and a droplet
real-time estimation module. The actuator of the droplet
generation chip also consisted of two modules: an upper
module containing a disposable microchannel and a lower
actuation module (Fig. 9). The actuation module was
composed of a magnetic circuit unit containing an elec-
tromagnetic coil and a permanent magnet unit. The mag-
netic flux density generated by the electromagnetic coil

Fig. 9. Actuation construct of droplet-generation chip.

was amplified by the permanent magnet (neodymium)
unit mounted between the microchannel and magnetic cir-
cuit, and MMT was moved by non-contact actuation. The
direction of the current in the coil of the magnetic circuit
could be switched to reverse the electromagnet’s polarity,
resulting in translational motion of the permanent magnet,
and MMT also followed the translational motion.

For the first-step detection, we used a function gen-
erator (WF 1974, NF Corporation) by setting an output
voltage Vp-p of 0.01 V and frequency of 10 KHz with a
sinusoidal waveform. The flow rate was set to 400 μm/s.
Through two separate sets of digital lock-in amplifiers (LI
5640, NF Corporation) to the microsensor we obtained
two different voltage values when ethanol and olive-oil
were flowing. The voltage decreased when the olive-oil
droplets flowed in the microchannel. Au parallel elec-
trode provided different voltage signals under different
flow conditions, as the conductivity was different. After
analog-digital conversion, the voltage signal was directed
to a computer. Through voltage-signal analysis, a new
frequency signal was provided to the actuator, and hence,
the variable size of the droplets could be produced auto-
matically.

4.2. Size-Controlled Droplet Generation over a
Wide Range

Figure 10 shows the photos of the droplet-dispensing
experiment. The liquid for the dispersed phase was olive-
oil and that for the continuous phase was ethanol dyed
with methylene blue. The photos at the left-hand and
right-hand sides in Fig. 10 show droplet dispensing at the
frequencies 2 Hz and 1 Hz, respectively, of MMT with
the representative condition of droplet dispensing (oil:
0.02 ml/h; ethanol: 1 ml/h). Fig. 11 shows the profile
of the droplet size as a function of the MMT frequency. It
was observed that we could obtain the droplets from the
radius of 40 μm to 200 μm.

4.3. Basic Experiment Testing for Impedance
Sensor

Figure 12(a) shows the basic experiment testing for
the performance of the impedance sensor. We used five
olive-oil droplets of different sizes passing through the
microsensor in the microchannel; a change in the ca-
pacitance could be detected owing to the difference in
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Fig. 10. Droplet dispensing by MMT. (Dotted line indicates
microchannel for hydrophobic fluid).
(a), (d): Microchannel is open by MMT.
(b), (e): Olive-oil flow is cut by MMT.
(c), (f): Microchannel is closed by MMT.
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Fig. 11. Profiles of the droplet size as a function of the
MMT frequency.

the permittivity between that of the olive-oil (2.5 F/m)
and ethanol (24.3 F/m) (dyed with methylene blue).
Fig. 12(b) shows that the impedance microsensor senses
the change in the differential capacitance and provides an
output voltage proportional to the change. To evaluate
the relationship between the size of the dispensing droplet
and the time span of voltage bandwidth, the equivalent
droplet size was measured by CCD images. After the
analysis of the data, the relationship between equivalent
radius and time span of voltage could be confirmed from
Fig. 13.

Time [t]

Fig. 12. Measured performance of the impedance microsen-
sor. (a) Top view of the microchannel showing droplets pass-
ing over two coplanar electrodes. (b) Sensing result for the
droplets performed in voltage format.

Fig. 13. Relationship between equivalent radius of droplet
and time span of voltage bandwidth.

4.4. Experiment of Droplet Detection and
Calculation

To confirm the principle of droplet detection, we
first demonstrated a typical situation of dispensing
droplets (Fig. 14). The droplets were flown through the
microchannel-detection area under the conditions of a
continuous phase flow rate of 0.01 ml/h and dispersed
phase flow rate of 0.1 ml/h. Individual droplets were
detected by measuring the impedance in the outlet mi-
crochannel part by an electrode pair. To capture tiny
droplets, we made a thin slender microchannel at the de-
tection part where the droplets can be deformed into a slim
shape and can be detected easily. Fig. 15 shows how the
flow rate and droplet size can be calculated. In this case,
we chose 11.5 V as the threshold voltage (Fig. 15), hence
the velocity of outlet flow rate and droplet size could be
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Fig. 14. Droplets were flowing through two pairs of electrodes.

Fig. 15. Two voltage signals detected respectively by two
pairs of electrodes.

deduced as follows:

V =
D

Tdelay
. . . . . . . . . . . . . . (2)

where V is the outlet flow rate, D is the interval distance
between two pairs of microsensors, and Tdelay is the time
delay for the same droplet, which was detected by two
pairs of sensors. The output voltage signal was input to an
oscilloscope (TDS3014, Tektronix), which can calculate
the output voltage value accurately to microseconds. In
this case, the distance between the two pairs of electrodes
was 1×103 μm, and Tdelay was 0.526 s as obtained by the
oscilloscope; therefore, the flow rate V was deduced to be
1.9× 103 μm/s. Hence, the length of the droplets can be
derived by multiplying the flow rate with time:

L = V ∗Tdroplet . . . . . . . . . . . . . (3)

where L is the length of a droplet and Tdroplet is the time
span of a single droplet detected by one microsensor. The
length of the droplet, in this case, was 5.67× 102 μm.
Consequently, the equivalent radius of the droplet could
be estimated by the follow equation:

R = δ∗ 3

√
3∗L∗W ∗H

4π
+α. . . . . . . (4)

In Eq. (4), R represents the equivalent radius of a
droplet, δ and α are assumed to be constant since the
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Fig. 16. Equivalent radius of droplet estimated by image
processing and voltage signal calculation.

droplet is not a perfect prism or a cuboid, and W and
H are the height and width of the microchannel, respec-
tively. The value of the equivalent radius of the droplet
was (1.26×102(δ +α)) μm by using the above formula.
Meanwhile, by using image processing, an image is dis-
played by using a microscope (Leica MZ16, Meyer Inc.)
connected with a camera (WAT-221S, Watec Inc.); the
droplet size was 1.23× 102 μm. To explicitly calculate
the droplet size by using two different calculation meth-
ods, i.e., image processing and microsensor, the calibra-
tion results are shown in Fig. 16. From this figure, it can
be easily observed that the estimated sizes were nearly
identical by using the two different calculation methods.
Meanwhile, δ and α are estimated to be 0.9992 and 0.118,
respectively, in Eq. (4). The droplet-size accuracy is given
by radius ±9.8%. The droplets could be detected, and the
size could be calculated just by employing two pairs of
electrodes in a simple way.

5. Conclusions

We have successfully produced size-controlled emul-
sion droplets on a chip by monitoring the frequency of
MMT. A thin coplanar Au electrode was successfully fab-
ricated on a substrate of the microchip to work as a ca-
pacitor, and this microsensor provided the droplet gener-
ation system with in-situ droplet detection. A change in
capacitance was detected in real time, and we measured
the microsensor output to estimate the droplet size. New
driving signals can be manually set for MMT to achieve
on-demand and size control of the droplet. On the ba-
sis of this principle, we will apply a real-time feedback
controller to this system for demonstrating the stabiliza-
tion of controlled droplet sizes. Through the expansion of
closed-loop control with a microsensor, we can realize au-
tomatic generation of size-controlled droplets with a high
accuracy.
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