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The complexity of droplet hydrodynamics on a digital microfluidic (DMF) system eventually weakens its
potential for application in large-scale chemical/biological micro-reactors. We describe here an intelligent
DMF technology to address that intricacy. A wide variety of control-engaged droplet manageability is
proposed and demonstrated through the operation of our modular DMF prototype, which comprises: (i)
rigid profiling ability of different droplet’s hydrodynamics under a real-time trajectory track of dropletderived capacitance, permitting accurate and autonomous multi-droplet positioning without visual setup
and heavy image signal processing; (ii) fuzzy-enhanced controllability saving up to 21% charging time
when compared with the classical approach, enhancing the throughput, fidelity and lifetime of the DMF
chip, while identifying and renouncing those weakened electrodes deteriorated over time, and (iii) expert
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manipulability of multi-droplet routings under countermeasure decisions in real time, preventing dropletto-droplet or task-to-task interference. Altogether, this work exhibits the first modular DMF system with
built-in electronic-control software-defined intelligence to enhance the fidelity and reliability of each
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droplet operation, allowing future manufacturability of a wide range of life science analyses and
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combinatorial chemical screening applications.

1 Introduction
The manageable electrowetting-on-dielectric (EWOD) behavior
of microdroplets, under variable-charged surface electrodes,
has inspired the development of digital microfluidic (DMF)
systems for large-scale micro-reactors,1,2 which have underpinned a wide variety of chemical or biological applications in
tiny droplet volumes such as molecular probe synthesis,3,4
proteomics,5 immunoassays,6 enzyme assays,7 clinical diagnostics,8 DNA sample processing9 and cell-based assays.10,11
DMF belongs to a class of two-dimensional plane or curvedgeometry12 electronic control systems with the electrodes
coated with dielectric and hydrophobic materials. The
manipulation of a droplet is achieved via surface-tension
modulation induced by an electric field. Their open structure
(i.e., no preset microchannel), scalability and high compat-
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ibility with diverse aqueous, organic13 or ionic liquids,14
beneficially position them ahead of traditional channel
microfluidics,15 especially when different operational protocols are to be combined in a unified platform.16
Reliability and robustness are still great challenges of DMFbased micro-reactors9–14 due to the co-existence of different
sorts of chemical reagents and biological species. It is
particularly true for those containing sticky constituents, and
the various irregular sample-originated surface damages,
adsorption, and aging effects17 of the insulation and hydrophobic materials of the DMF chip. For instance, in a
sequential reaction, a droplet sample may fail to reach the
expected destination due to a premature charging time,
halting the entire system. To address this issue, Shih et al.18
have developed a feedback-control system for DMF, which
compares the voltage feedback signal with a threshold voltage
to determine whether the droplet has been successfully
manipulated to the target electrode before moving to other.
However, its sensory unit is fixed to detect only one kind of
reagent, being incapable of concurrent execution of a number
of droplets with different chemical compositions which
frequently occur in many applications. On the other hand,
when a movement failure was detected in such a system,18 a
fixed electrode’s charging time was added, which can be
unnecessarily long. An excessive charging time imposes stress
into the dielectric and hydrophobic layers of the DMF chip,
aging their performances and reducing their lifetimes.
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Besides, the operation of multiple droplets was restricted to
independent actuation of each19–21 or to the implementation
of a synchronous procedure.22 These may cause deviations
from the scheduled itinerary in complex multi-step applications like high-throughput drug screening23 and cell sorting.24
Plus, it may result in serious mismanagement and human
error when complicated tasks are involved. In view of this, it is
highly desirable to establish a real-time position-dependent
maneuver mode to avoid manual tuning, and a self-directed
expert control to guide multi-droplet manipulation.
This paper describes the first modular DMF system with
built-in electronic-control software-defined intelligence. When
compared with previous work25 this design has improved and
advanced the control system by introducing fuzzy control and
expert control theories, which have been well-established in
the electronics’ domain.26,27 They substantiate the advantages
of disciplined droplet management and the high efficiency of
guiding thorny operation protocols in real time, including: (i)
the identification of deteriorated electrodes to enhance faulttolerant behavior; (ii) the flexible adjustment of electrode
charging time according to droplet hydrodynamics and the
aging condition of the dielectric and hydrophobic materials;
(iii) the interference-free multi-droplet reactions, and (iv) the
determination of optimum routes for throughput optimization. The three advances are outlined as follows:
The first is the rigid profiling of droplet hydrodynamics.
Inspired by the droplet-sensing concept28 this work managed
to experimentally determine the droplet-derived capacitance in
real time to serve as the indicator of both static and dynamic
droplet positions, which can be easily converted into a digital
electrical signal for direct processing in the computer. In other
words, all droplets can be tracked without human observation,
pre-calibration, visual setup or heavy image signal processing.
The second is fuzzy-based adaptability. We introduce a
fuzzy-embodied software engine to compute the optimum
electrode charging time and track down the real-time progression of each droplet independent of its chemical composition,
securing every manipulation while enhancing both the
throughput and lifetime of the DMF chip. Additionally, along
such a process, the deteriorated electrodes due to material
wear-out can be identified, and renounced instantly by
rerouting the droplet pathway.
The third is expert controllability. Rules of droplet
routing29–31 launched by experienced DMF operators can lead
to the compilation of a software-defined expert controller with
high upgradability to suit different operation protocols.
Furthermore, the utilization of a countermeasure decision
can logically link up all droplets in real time. As a result, even
though there is a wide variety of droplets in asynchronous
reactions, droplet-to-droplet or task-to-task interference can
still be prevented.
This work should be valuable for scientists and engineers
who engage in the standardization and commercialization of
more reliable, longer lifetime and user-friendly DMF systems
for high-throughput and automated analysis applications.
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2 Methods
Details of device fabrication and assembly can be found in the
ESI3 text and Fig. S1 .
2.1 Architecture and principles of operation of the intelligent
DMF system
Our intelligent DMF system (Fig. 1 and ESI3) consists of three
subsystems: (i) the DMF module (Fig. 1a, Fig. S2 and ESI3 text),
(ii) the DMF chip (Fig. 1b and ESI3), and (iii) the operation unit
(Fig. 1c and ESI3). First, the DMF chip with droplets is
mounted on the chip holder. Second, each droplet is identified
and located. Finally, the operation unit generates the droplet
routing plan and actuates the droplet using the EWOD force in
real time.
The operation unit is based on a real-time feedback
positioning mechanism. The embedded protocol can precisely
track the static or dynamic position of each droplet, being
capable to drive complex droplet transportation. The DMF
chip is patterned with a 4 6 6 electrode matrix (Fig. 1b), which
is connected to the control electronics (Fig. 1d) to meet multidroplet non-invasive routing plans. Also, the feedback-based
fuzzy-enhanced control theory (Fig. 1e) is embodied into the
system to correct the droplet transporting error (e.g., a droplet
cannot cover the target electrode perfectly), ensuring the
fidelity of each droplet transportation.
The DMF chip consists of 24 independent electrodes that
are driven by the control electronics (Fig. 1a, the mid layer) to
switch between the voltage-actuation mode (7 to 15 Vrms were
used in this work) and the droplet-sensing mode. For the
latter, the field programmable gate array (FPGA, Fig. 1a, the
bottom layer) scans the capacitance of each electrode using an
oscillator outputting variable-frequency pulses. The collected
frequency information is transferred to the operation unit (i.e.,
the computer) for real-time computation, and finally fedback
to the DMF chip.
2.2 Fuzzy-control for droplet-position correction
2.2.1 Volume measurement. The distinction between the
capacitance values of water and surrounding medium (e.g., air
or silicon oil) has been utilized for droplet-volume measurements.28,32 The parallel-plate structure of a DMF chip behaves
electrically as a capacitor, thus allowing capacitance-derived
droplet-volume measurement. Inspired by this, our experimental setup can be found in Fig. 2a. The device was designed
to test the response of our sensing module to the volume
growth of a droplet on a tailored electrode. DI water,
phosphate buffered saline (PBS) and 1% bovine serum
albumin (BSA) in PBS were injected from the top of a DMF
electrode (4 6 11 mm) via a hole with a constant flow rate of 5
mL min21 by a syringe pump, from which the droplet volume
can be determined with respect to the pumping time. The
droplet connects the oscillator circuit via a tailor-made
electrode in series. The change of impedance, mainly due to
the capacitance variation,32 is inversely proportional to the
output oscillation frequency collected from the droplets.
2.2.2 Location measurement. In droplet positioning, the
centre of the electrode is the target which the droplet should
reach for. In practice, during most of our experiments, the
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Fig. 1 Proposed control-engaged digital microfluidic (DMF) technology. (a) The DMF module is composed of three operation layers. The top layer is an ergonomically
designed chip holder that allows user-friendly operation and experimental repeatability. The mid layer is the control electronics which fits the size of the testbench.
The bottom layer is the field-programmable gate array (FPGA) board. (b) The fabricated DMF chip features optimized materialization to enhance the speed-to-voltage
efficiency of droplet manipulation using the electrowetting-on-dielectric (EWOD) behavior. (c) The operation unit powered by the inference mechanism in the
computer is capable to perform (i) feedback-based position correcting, (ii) fuzzy-enhanced droplets control, and (iii) droplet transportation sequence programming.
(d) The control electronics performing real-time multi-droplet actuation and sensing. The presence/absence of droplet in each electrode is converted into clocked
pulses via multiplexing each electrode to a single oscillator. (e) The operation unit features a user-friendly and upgradable human-control interface to manage the
entire module.

initial placement of each droplet on the DMF chip will drift
due to possible human error, or due to an inconsistent space
difference between the top (ITO glass) and bottom (DMF chip)
plates that induces a surface-tension difference, thus undesirably moving the droplets. Thus, an ideal DMF system should

be able to position each droplet automatically before any
operation. By scanning the capacitance of each electrode, the
capacitances of every two adjacent electrodes to the ground
can be obtained as Ci and Ct (Fig. 2b). Equipped with the
volume measurement means as above, it is practical to

Fig. 2 (a) Capacitance measurement module. Real-time measurement of liquid volume of a droplet versus the oscillator output frequency. (b) Droplet positioning
between two adjacent electrodes.
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estimate the surface coverage of a droplet from one electrode
to its adjacent by comparing the capacitance between them,
according to the droplet-location estimating equation:28

Published on 28 November 2012. Downloaded by University of Macau on 16/09/2013 03:49:55.

X0 %


Ct
LzLg
ðCi zCt Þ

(1)

where X0 is the dynamic position between two adjacent
electrodes, L is the electrode pitch length and Lg is the gap
between electrodes. Since Lg (10 mm) is much smaller than L (1
mm), eqn (1) can be simplified as:
X0 %

Ct
ðCi zCt Þ

(2)

which is a droplet-independent ratio-based parameter, ideal as
the threshold value to evaluate the success of liquid movement. The suitable X0, as the threshold value Rthresh, should be
under 100% completion of the droplet transportation. The ‘‘%
completion’’ parameter is defined as the number of successful
droplet movements divided by the total number of programmed steps. Apparently, as the initial input in our system
is a digital signal featuring a capacitance-derived clock
frequency for position estimation by the computer, it is much
more compatible with an electronic controller than other
visual images33 of a moving droplet for on-line control
purposes.
2.2.3 Reference charging time. The voltage-dependent
maximum rate at which droplets could be transferred between
three adjacent electrodes was determined by actuating a 1 kHz
AC voltage signal (7 to 15 Vrms). Meanwhile, the relationship
between droplet position and charging time could be in situ
obtained by our droplet positioning system above, based on
which displacement percentages of the leading edges of the
droplet with respect to their previous positions were calculated. The maximum velocity (Vmax) was then given by: L 6
maximum displacement percentage/charging time, where L is
the electrode pitch. The measurement was obtained three
times with high repeatability at each point. As a result, a
reference charging time Tref can be determined as:

Fig. 3 (a) Fuzzy-enhanced control for droplet-position correction operation
principle. (b) The close-loop process for multi-droplet routing. Multi-channel
sensing is to digitalize the droplet on DMF chip, and a corresponding matrix
mapping will be generated by the operation unit. Afterwards, the droplet
routing plan which is created by the inference engine with knowledge and rules
will be actuated to the corresponding electrodes.

will be applied to the target electrode for each transportation
step to get a responding dynamic position (Dx) of the involved
electrodes. Secondly, the dynamic position and the corresponding effect value of driving voltage (Vx) will be fuzzified by
their fuzzy sets. Thirdly, the acquired fuzzified inputs will be
evaluated with the inference mechanism powered by the fuzzy
inference engine (built in MATLAB1 and called by the design
software in real time). Finally, the obtained result will be
defuzzified by Gf fuzzy sets into the coefficient factor of
compensation charging time, Gf. Thus, the fuzzy-enhanced
electrode’s compensation charge time (Tc) is given by:
Tc = Tref 6 Gf

Tref = L/Vmax

2.2.4 Fuzzy control. The principle of fuzzy-enhanced droplet
movement control is illustrated in Fig. 3a. The range of input
Vx was defined from 0 to 40 V. Five triangle membership
functions were defined in the voltage fuzzy sets, namely: very
low, low, medium, high and very high. The range of input Dx
was defined from 0 to 1 mm. Five Gaussian membership
functions were defined in position fuzzy sets, namely: very far,
far, medium, close and very close. The range of output Gf was
defined from 0 to 200%. Twenty-five triangle membership
functions were defined in Gf fuzzy sets. The names of these
membership functions were related to their output intensity. A
fuzzy inference engine was built in MATLAB1, Fuzzy
inference system (FIS). Fuzzy rule base and fuzzy inference
function methods are showed in the ESI3 (Tables 1 and 2). The
working principles can be described as follows: Firstly, a
reference electrode’s charge time (Tref) derived from eqn (3)
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(3)
In fact, Tc can also be applied to the droplet more than once,
i.e.:
Tc,n = (Tref + Tc1 + Tc2 + … + Tc,(n21)) 6 Gf,n

(5)

until the droplet movement is complete. In our experiments,
DI water was programmed to be transported over five
electrodes. The total charging time Ttotal of the five steps is:
Ttotal = S5n¼1 Tstep,n

(6)

In case of bare feedback system, the total time Tstep,bare
would be:
Tstep,bare = n 6 Tref

(7)
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where n is the number of charging times. On the other hand,
the time taken in each step by the proposed fuzzy-enhanced
feedback-control system is given by:
Tstep,fuzzy = Tref + Sn1 Tc,n

(8)

where Tc,n is obtained from eqn (4).
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2.3 Expert control for multi-droplet management
As shown in Fig. 3b an expert controller was designed to
enhance the multi-droplet manageability. Assisted by the
multi-channel sensing circuit that offers real-time tracking of
droplet location, the controller checked with the rules which
were previously collected from experienced DMF operators
(stored in the course rule source in the knowledge base), and
supervised the routing of the droplets by determining the
sequence of the related relay switch with the inference engine.
To define the basic rules, the coordinates of the electrodes
which were occupied by droplets are labeled and classified as
follows: (i) the static mode uses (Ax, Ay) or (Bx, By), in which a
droplet is in a stationary manner; (ii) the active mode uses (*Ax,
*Ay) or (*Bx, *By), in which a droplet is in motion; (iii) the
breakdown mode uses (Zx, Zy) which indicates that an
electrode has been broken down. Under the basic rules, the
distances between the droplets are classified, depending on
their status and positions to avoid unwanted merging or
faults. The details of the anti-merging or faults rules can be
illustrated as follows: for droplet A, if,
|Zx 2 Ax| , 1 or |Zy 2 Ay| , 1

(9)

droplet A will steer clear of the breakdown electrode;
|Ax 2 Bx| , 2 or |Ay 2 By| , 2

(10)

droplet A will step aside from the static droplet B;
|Ax 2 *Bx| , 3 or |Ay 2 *By| , 3

(11)

|*Ax 2 *Bx| , 3 or |*Ay 2 *By| , 3

(12)

droplet A will back off from the moving droplet B.

3 Results and discussion
3.1 Real-time volume measurement
As shown in Fig. 4a, the relationship between the inverse of
frequency and droplet volume of three kinds of chemical
reagents with a high resolution, namely DI water, PBS and PBS
with 1% BSA are illustrated. All these plots demonstrated an
excellent linearity with R2 greater than 0.999. These results
validate the droplet-volume quantification on the detected
electrode. Besides, the similar slopes of these three reagents
indicate the capability of detecting different kinds of reagent,
simultaneously, by our capacitance-based feedback mechanism. However, pre-calibration may be necessary for very
different liquids.

This journal is ß The Royal Society of Chemistry 2013

Fig. 4 (a) Inversion of frequency measured by oscillator circuit vs. droplet
volume. Excellent linear relationship and calibration were obtained. The
relationship was verified under a number of liquids: distilled (DI) water, PBS and
BSA. (b) The tracks of PBS, Na2CO3, FeCl3 and CaCl2 droplets across an energized
electrode. (c) Actual and estimated droplet position plot from experiments.

3.2 Complexity of a DMF droplet actuator
During each step of droplet movement from one electrode to
its neighbor (1 mm), a continuous state of actuation occurs. It
was found that the EWOD force-induced displacement of a
droplet versus the transport time exhibits a nonlinear relationship. Also, as illustrated in Fig. 4b and video 1 (ESI3), the
alterations of the position of the droplets with electrolytes
during this state are distinct of each other even though it was
found that those droplets with the same contents are faithfully
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repeatable. In the experiments, the moving velocities for
droplets containing 0.1 mol L21 Na2CO3, PBS, CaCl2 and FeCl3
to travel from the initial electrode to the end of the target
electrode, were 5 mm s21, 2.85 mm s21, 2.5 mm s21 and 2 mm
s21, respectively. These profiles of electrolyte, which are
frequently used in micro-reactors, revealed that the difference
in the contents of the droplets also leads to different optimum
charging times, due to their dissimilar viscosities.34 The
movement of 0.1% BSA in PBS, which is normally used in
microfluidic communities because it adheres firmly to DMF
hydrophobic surfaces,35 was also observed with a velocity of
0.88 mm s21 under a low actuation voltage of 15 Vrms.
Regarding the slow movement of BSA, it was found that biofouls occurred and delayed the transportation of the droplet,
which can be alleviated by adding surfactant35 or increasing
the driving voltage. Fig. 4c compares the actual and capacitive
droplet position estimated from the experiments for different
liquids. The visual droplet position was measured from the
top-view images taken by camera (the camera scale was
calibrated by the size of the electrode). The droplet position
was estimated using eqn (2). When compared with the
previous report,28 a more accurate tracking scheme with
smaller error (,18%) was achieved in our work. Different
behaviors in the movement of chemical and biological
samples complicate the setup of the DMF charging time for
applications with various interactions. The establishment of
the quantitative hydrodynamic profiles, confirmed by our
experiments, serves as the core rationale for setting up a fuzzyenhanced control protocol to be described later.
Besides, with the proposed feedback-based droplet positioning, the droplet can be precisely located or relocated to the
targeted positions automatically. Thus, even if there is a strong
wear-out of the ITO glass and DMF chip after a long operation
period, the feedback mechanism can update the basic
capacitance of each electrode into the database, being rather
immune to the change of the environmental conditions.
3.3 Fuzzy control for droplet-position correction
Several practical uncertainties can affect the robustness and
repeatability of DMF-based systems. Examples are: (i) the
thickness of the insulation and hydrophobic layers on
individual DMF chips; (ii) the size and contents of different
reagent droplets, and (iii) the magnitude, frequency and pulse
duration of the charging voltage. All of these can lead to a
deviated droplet transport distance under the EWOD force. In
this work, the charging time was chosen as the compensation
parameter that can be automatically adjusted by the control
coordinating program to correct the performance variation.
On the other hand, when a droplet moves from one electrode
to the next, the velocity varies with each transient position.
Specifically, the velocity of the droplet decays when it gets
closer to the target electrode. Thus, a tailored fuzzy-control
system optimizing the electrode’s charging time is proposed to
enhance both the throughput and fidelity of droplet transportation.
To validate the proposed fuzzy-enhanced droplet movement
control algorithm for multi-droplet manipulation, the %
completion of different reagents without extra calibration
(the threshold value Rthresh was set to 0.75) has been studied. It
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was found that the DI water, PBS and 0.1% BSA in PBS can be
transported with 100% completion. As shown in Table 1, to
find an optimum Rthresh, eight trials from 0.55 to 0.9 were
tested with different kinds of liquid (i.e. DI water, PBS and
0.1% BSA in PBS). In a 5-step movement with 10 trials, 100%
completion can be achieved when Rthresh ranges from 0.75 to
0.8, with an average velocity of 1.85 mm s21, 1.51 mm s21 and
0.88 mm s21 for DI water, PBS and 0.1% BSA in PBS,
respectively. Indeed, 0.75 to 0.8 Rthresh are all robust, proving
that the proposed DMF system can effectively manage multidroplet manipulation without extra calibration that was
required in the prior art.18 In Table 1, when the Rthresh value
was set as 0.9, which was always larger than the real-time
calculated position, the feedback system suffered from a dead
cycle, thus only 1 successful step out of 5 (20%) was achieved.
Another experiment is to study the relationship between the
charging time and Tref to find the optimum droplet movement
velocity. A droplet is set to run over five successive electrodes.
At a driving voltage of 7 V and with five different Tref values
from 0.1 to 0.5 s, a comparison of overall charging duration
between the bare feedback-control and fuzzy-enhanced feedback-control corrections was made. Fig. 5a shows the derived
defuzzification scheme of Gf. According to Fig. 5b, the fuzzyenhanced feedback-control saves up to 21% charging time.
From our experiments, we observed that the optimum
charging time is when the ratio between Tref to the average
charging time of each step is around 40%. This observation
should be highly relevant for droplet management, since
plenty of varieties might exist in such a complex system, as
already mentioned.
3.4 Expert control for multi-droplet management
An example (video 23), in which the logic links between two
droplets (both set to active mode) were built, is presented to
illustrate how the basic anti-merging rules work in the
proposed expert controller. A red droplet was coordinated to
require the fewest number of steps to shunt away from the
non-invasive region of the blue droplet with the anti-merging/
fault rules. This dual-droplet non-invasive transportation
demo shows the basic principle of countermeasure decision
for effective management of multiple droplets on a DMF chip.
Another example, in which logic links between four droplets
were established, is presented also to show how the expert
controller handles more complex situations. As shown in Fig. 6
and video 33, the red and blue droplets are programmed for

Table 1 Transport of liquids with different threshold values

Average %completion
Rthresh

DI Water

PBS

0.1% BSA in PBS

0.9
0.85
0.8
0.75
0.7
0.65
0.6
0.55

20%
100%
100%
100%
100%
84%
52%
22%

20%
64%
100%
100%
100%
98%
70%
56%

20%
100%
100%
100%
98%
76%
73%
20%
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of the droplet, checks and takes a countermeasure decision on
the necessary routes and the fewest steps possible, which are
implemented via the inference engine; (ii) in any instant, the
action taken by the blue droplet depends on the position and
the status of the other droplets. An event-driven logic control
of droplet position was implemented here. Also, in video 33,
the fourth droplet in cyan capturing the formerly-chasing red
droplet further demonstrated the performance of the event
logic control mode. The second chase and capture and the
final merging between the two larger droplets was initiated
upon the event of the first merge, rather than under a pre-fixed
timed order. Both of the two examples demonstrated the
advantages of flexibility and accuracy over a sequence logic
control process. This proves the feasibility of the technique in
serial reactions, and (iii) the database in the expert controller
can be easily updated and adapted to specific applications.
When compared with the conventional automatic control
mode, the proposed expert controller exhibits learning ability
and a coherent order of rules. For example, a prolonged
lifetime and improved reliability of a DMF chip can be
obtained if a record of the frequently-used and prone-tobreakdown individual electrodes is filed and renewed in the
proposed routing coordinator, for droplets to circumvent
during the continuous operation of the DMF system.

4 Conclusions

Fig. 5 (a) Defuzzification scheme of Gf, with the output expressed as a
percentage of the reference charging time, Tref. (b) A comparison between the
two algorithms of feedback control (typical and fuzzy-enhanced) of the total
charging time for a droplet to complete the movement across five consecutive
electrodes. Each experiment was repeated ten times, and error bars are ¡1 SD.

continuous circulation before they are caught (yellow and cyan
droplets are preset in a static mode). A yellow droplet tried to
capture a circulating blue droplet while a red droplet also kept
travelling in a square course. In the meantime, a cyan droplet
stayed at the lower right corner of the chip to act as a
stationary barrier. Under these circumstances, in addition to
the basic rules, others were hierarchically updated in the
knowledge database of the expert controller and assisted the
control coordinator in the decision making process of the
droplet-capture demonstration: (i) the distance between the
blue and yellow droplets keeps shrinking as the droplet moves,
and (ii) on the course where the yellow droplet runs, if the red
droplet is about to hinder it, then the basic anti-merging/fault
rule overrules rule (i) to impose the yellow droplet to change its
course and revert to a safe place. As a result, the yellow droplet
successfully captured the blue without being intercepted by
the red. This example partially demonstrated the intelligence
of the proposed controller: (i) under any circumstance, the
control coordinator senses the instantaneous position change

This journal is ß The Royal Society of Chemistry 2013

Firstly, the different hydrodynamic behaviors of droplets with
different contents in their dynamic state were explored by
monitoring the real-time capacitance change on each electrode, and any dissimilarities were attributed to the difference
in their surface charge densities and viscosities. With the
displacement profiles recorded, it was inferred that a pre-fixed
electrode charging time and the lack of an appropriate
controller may cause misconduct of droplet routing in DMFbased micro-reactors. Secondly, an intelligent-control DMF
system was proposed to address the complicated hydrodynamic problems: (i) during the dynamic process of a droplet,
an optimized charging time which was set by the fuzzy
controller avoids overdriving the electrodes. In this process,
the definition of a short empirical reference time is favorable;
(ii) in the case of multiple-droplet routing, novelties were
verified in the proposed expert multi-droplet controller.
Characteristics such as countermeasure decision and event
logic control for droplet routing, hierarchy of rules and
learning ability of the controller were also integrated in the
design. Finally, a new expert controller allows autonomous
management of the droplet routing, disturbance and faulttolerance operation of the DMF chip.
We believe that the involvement of an electronic-based
fuzzy-feedback control in a DMF-based droplet platform will
equip it with adequate intelligence to manage a larger number
of dissimilar droplets in large-scale micro-reactors. As this
work is the first prototype, we believe the cost can be
significantly reduced upon proper circuit-level and board-level
optimization such as using low-cost ASIC integrated circuits to
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Fig. 6 Expert controller-based 4 droplet routing (movie3). (a–d) The red and blue droplets are programed for continuous circulation (2 s frame21). (e–h) The yellow
droplet is ordered to chase the blue, but backs-off when disturbed by the red (1 s frame21). (i–l) The yellow droplet chases the blue, successfully, when the red droplet
is peripheral (0.5 s frame21).

replace the switches and FPGA. Thus, it is expected that this
research should be highly valuable for scientists and engineers
who work on the standardization and commercialization of a
more reliable, reconfigurable and longer lifetime controlengaged DMF system for automated analysis, or as the control
platform of high-throughput multi-droplet reaction applications.
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