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Detection of the presence, size and speed of microdroplets in microfluidic devices is presented using
commercially available capacitive sensors which make the droplet based microfluidic systems scalable
and inexpensive. Cross-contamination between the droplets is eliminated by introducing a passivation
layer between the sensing electrodes and droplets. A simple T-junction generator is used to generate
droplets in microchannels. Coplanar electrodes are used to form a capacitance through the microfluidic
channel. The change in capacitance due to the presence of a droplet in the sensing area is detected and
used to determine the size and speed of the droplet. The design of a single pair of electrodes is used to
detect the presence of a droplet and the interdigital finger design is used to detect the size and speed of
the droplet. An analytical model is developed to predict the detection signal and guide the experimental
optimization of the sensor geometry. The measured droplet information is displayed through a Labview
interface in real-time. The use of capacitance sensors to monitor droplet sorting at a T-junction is also
presented. The discussions in this paper can be generalized to any droplet detection application and can
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serve as a guideline in sensor selection.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Recently, significant attention has been given to the develop-
ment of droplet based microfluidic devices due to their potential in
high throughput applications such as biochemical screening [1-3],
particle synthesis [4-6] and chemical analysis [7]. A fundamental
challenge in designing these devices is managing droplet traffic
within large scale networks [8]. Droplets alter the hydrodynamic
resistance of microchannels which causes varying global flow fields
throughout the network as droplets move in and out of channels.
This leads to complex droplet movement even in the most basic
configurations such as a single T-junction bifurcation [9-13]. Con-
trolling droplet traffic therefore requires real-time detection and
manipulation of droplets in multiple locations. Furthermore, in sys-
tems that include merging and breakup elements, detecting droplet
size and speed is equally important [14]. In this study, we present
a cost effective sensor design that uses capacitance change to mea-
sure droplet presence, size and speed.

The two most common means of droplet detection are optical
and electrical sensing. The majority of the proof-of-concept devices
use a microscope and high speed camera to monitor droplets. For
simple devices that require a few sensors, optical droplet detec-
tors can be implemented by integrating a light source and detector
aligned with the channels [15,16]. Although these systems achieve
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droplet detection at kHz range, the bulky and expensive off-chip
components limit the use of optical techniques for complicated
devices. On the other hand, electrical sensing provides a scal-
able, low power and cost-effective alternative to optical methods.
Electrical detection of microdroplets may be considered as a sim-
pler version of cellular impedance spectroscopy which uses both
the resistive and capacitive components of the detection signal to
retrieve information such as size of particles, viability of cells, mem-
brane properties and subcellular content [17-19]. Droplets can be
detected in a similar manner because of the stark contrast in the
electrical properties of the two phases (oil and aqueous). Generally,
the conductivity and permitivity of the aqueous dispersed phase
is significantly higher than the oil based continuous phase, which
makes electrical sensing an ideal candidate for droplet detection.
Early studies demonstrated droplet detection via resistive
changes using coplanar electrodes [20-23]. The major limitation of
resistive sensing is that it requires a conductive continuous phase
to reflect a change associated with the presence of droplets in the
sensing area [22]. However, when droplets are non-wetting and
a thin-film of oil separates the droplet from the electrodes, the
change in resistance is too low to be detected with conventional
detection circuits. Wetting should be avoided in most applications
since it leads to cross-contamination between droplets which limits
the use of resistive detection for droplet based microfluidic devices.
Alternatively, capacitive detection can detect droplets without
any contact between the droplet and electrode surface. When
a droplet enters the sensing area, changing dielectric constant
yields a change in capacitance between the electrodes. Previously,
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Fig. 1. Schematic of the microfluidic chip with T-junction droplet generator and
coplanar electrodes placed beneath the microchannel forming the capacitive sen-
sors. A single channel passes over several electrode designs with different electrode
gaps and widths.

capacitive droplet detection has been shown using complex cir-
cuitries such as relaxation oscillators and sigma-delta modulators
that are out of the reach of most microfluidic designers [24-28].
One of the biggest hurdles in the applicability of droplet based
approaches is the lack of standardized tools and instruments that
enable the development of robust platforms with high repro-
ducibility. Aside from developing innovative tools and functions for
microfluidic systems, it is equally important to make these systems
easily available for researchers from different disciplines. This study
aims to fill this gap by presenting a microdroplet size and speed
detection method using commercially available and inexpensive
capacitance sensors.

In this study, we use well-developed, robust fabrication pro-
cedures and off-the-shelf components to achieve scalable and
cost-effective detection of droplet size and speed. This approach
is in parallel to some other applications of commercial capaci-
tance sensors such as MEMS accelerometer and capacitive coulter
counting [29,30]. We used coplanar electrodes to form a capaci-
tance through the microchannel. A passivation layer is introduced
to prevent direct contact between the electrodes and droplet. In
order to serve as a guideline in sensor design, an analytical model
is developed taking into account the effect of passivation layer.
In addition, detection of droplet size and speed is demonstrated
using the design of interdigital electrodes. The detection limit and
scalability of the sensors are also discussed.

2. Sensor design

Capacitive sensing of microdroplets is based on the contrast of
dielectric property between the dispersed and continuous phase.
Typically water (&,=80) and oil (&, =2.5) are the two phases which
results in a 32-fold difference in dielectric constant between the
two phases. Microbubbles may also be detected if the contrast of
dielectric property between the liquid and gas phases is large. In
this study, droplets are detected with coplanar electrodes placed
beneath the microchannel as shown in Fig. 1. Several electrode
designs were tested that varied in the size, spacing and number
of electrode fingers.

Maximizing the detection signal requires an effective sensor
design. Capacitance sensors based on a single pair of fingers or
interdigital (i.e. combed) fingers have been studied extensively for a
number of applications [31]. Chen et al. previously analyzed detec-
tion of droplets using planar capacitance sensors assuming that
the droplets are in contact with the electrodes [24]. However, our
design includes a thin passivation layer to prevent cross contam-
ination. Our preliminary experiments revealed that the thickness
of the passivation layer strongly affects the signal strength. When
developing an analytical model of the detection we take into
account the influence of the passivation layer. Our analytical model
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Fig. 2. Illustration of field lines/capacitances formed by coplanar electrodes placed
beneath a microchannel. (a) Field lines between the electrodes, (b) parallel equiva-
lent capacitances, (c) individual capacitances formed through the passivation layer
(Cp), channel (C¢,) and chip cover (Cep).

is based on the analysis presented by Chen et al. Applying confor-
mal mapping techniques, Chen et al. showed that the capacitance
created by a pair of coplanar electrodes in a semi-infinite domain
is given as [24]

2
Cc2€r€o 14 (1_,_&) -1 (1)
T a a

where ¢&; is the dielectric constant, &g is the electric constant, [ is
the length of the electrodes (into the paper), w is the width of the
electrodes and a is the half-gap between the electrodes (Fig. 2(a)).
Although this equation is derived assuming w/a>> 1, it is still a
good approximation when w= a. For w/a=1.1, for instance, Eq. (1)
approximates the capacitance within 10% error [24].

The width of the electrodes and the spacing between them
determine the penetration depth (T) of the field lines. When copla-
nar electrodes are placed beneath a microchannel, some field lines
may go through the chip cover as shown in Fig. 2(a).

If the cover material has a dielectric constant much lower than
the channel, field lines passing through the cover do not contribute
to the change in capacitance detected by the sensor. This causes
only a portion of the electrode to be active, which is defined as the
effective width (w,g) of the electrode [24]

2

1+(Z) -1 2)

The effective width for h=50 wm and a=10 pwm is calculated as
Wer=41 pm. Assuming the cover has a negligible dielectric con-
stant compared to the channel, it implies that electrodes wider
than 41 pm will produce the same capacitance. This represents the
maximum effective size of the electrodes.

In our design the change in capacitance must be calculated while
also considering the effect of the passivation layer. The total semi-
infinite capacitance formed by a pair of coplanar electrodes beneath
a microchannel with a passivation layer can be written as

Weff:a

Cr= Ceql + Ceq2 + Ceq3 (3)

where Ceq1, Ceg2, Ceq3 are parallel equivalent capacitances formed
through different field line paths between the electrodes as shown
in Fig. 2(b). Denoting the capacitance over the channel as Cg, the
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Fig. 3. Analytical results of change in capacitance for coplanar electrodes
(2a=20 pm, h=50 pum, Wer=41 m, and =100 pm).

passivation layer as C, and the top of the channel as Cop, the equiv-
alent capacitances in Eq. (3) can be written as (Fig. 3(c))

Cp . Cch ) Ctop

C = 4
1 = Cy - Con + 2Ceop(Cp + Cen) (4)
C 9 = CP/Z‘Cch _ CIJ'Cch
°T G2+ Cq G +2Cq
Ceq3 = sz

The double layer capacitance is considered as part of the passi-
vation layer capacitance. The change in capacitance due to droplets
moving in the channel is then

ACr = ACeqt + ACeqr + ACeqz = ACeq (5)

In the above equation Ceqq has negligible effects on the change
in capacitance due to very low Ctp that remains constant. Ceqq is
formed by the portion of the electrode larger than the w, (Fig. 2(b)).
Since Cp; is also constant, the detection signal can be approximated
as

Cp . Cch _ Cch
Cp+2C 1+ 2(Cer/Cp)

where Cp = €A/t (A - area of electrode top surface, t, — passivation
layer thickness) and C, is calculated by Eq. (1). In this study, the
thickness of the passivation layer is less than 2 um therefore the
geometric assumption used to develop Eq. (1) is still valid for cal-
culating C.,. From Eq. (6), it can be seen that in order to increase the
detection signal, ACy the thickness of the passivation layer should
be decreased. In Fig. 3, ACr is plotted as a function of t, for water
(er=80) in oil (¢,=2.5) droplet system with planar electrodes of
20 wm spacing. The PDMS (& =2.5) microchannel height and width
are 50 wmand 100 pm, respectively. Itis seen that passivation layer
thickness changes the detection signal nonlinearly. The thinner the
passivation layer, the higher the detected signal. However, fabri-
cation of a very thin, uniform passivation layer is very challenging.
This is a limiting factor for the minimum thickness of passivation
layer that can be produced reliably. The sensitivity of the com-
mercial capacitor sensors should also be taken into account when
determining the passivation layer thickness. Using a very thick pas-
sivation layer may decrease the change in capacitance below the
detection limit of the sensor.

ACr ~ ACogp = A

(6)

3. Fabrication and experimental setup

Fabricating microfluidic chips integrated with capacitance sen-
sors is a two step process involving the fabrication of the electrodes
using lift-off and the PDMS microchannel using standard soft
lithography techniques [32]. To make the electrodes, hexamethyl-
disiloxane (HMDS) was first spin-coated on a standard microscope
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Fig. 4. Schematic of capacitive droplet detection system. Connection to the
microfluidic chip is made via shielded ribbon cables and gold spring-pins. The
AD7746 communicates with the microcontroller using the 12C protocol. The data
is sent to the computer over a standard USB connection and displayed through a
Labview interface.

slide at 3000 rpm for 60 s, which was followed by spin-coating pos-
itive photoresist (Microposit S1813) at 3000 rpm for 60s. Next the
photoresist was baked at 150°C for 1.5min and then exposed to
UV-light (365 nm) through a transparency mask (CAD/Art Services)
containing the electrode designs which was followed by devel-
opment in Microposit MF-319 for 2 min. Then, 100A Cr/1000A
Cu/100A Cr was deposited using magnetron sputtering (AJA
Orion5). Fabrication of electrodes was completed with lift-off in
Microposit Remover 1165 at 65 °C under ultrasonic agitation.

Microchannels were fabricated from polydimethylsiloxane
(PDMS) using standard soft lithography techniques. The thinner
the passivation layer, the higher the sensor sensitivity, however
this must be balanced by the need to keep droplets from contacting
electrodes. Throughout this study, a 2 pum-thick passivation layer is
used. To achieve a uniform 2 wm-thick coating, PDMS thinned with
toluene (1:3 (w/w) PDMS/toluene) was spin-coated at 4000 rpm
for 60 s followed by 1hr curing at 90 °C [33]. The complete chip was
formed by bonding the microscope slide containing the electrodes
on its surface with the PDMS substrate containing the microchan-
nel using O, plasma (Harrick Plasma) at 500 mTorr, 29.6 W for 30s.
To achieve the right wetting conditions for silicone oil, the chip was
then baked at 200°C for 12 h.

Fluids were controlled using a microfluidic pressure controller
system (Fluigent MFCS-8C). Water in silicone oil (10 mPa s) droplets
were formed using a T-junction generator [34]. For a given geome-
try, the size and speed of the droplets can be controlled by adjusting
the pressure to the two inlets. Plug-like droplets where the length
of the droplet is larger than its width were created in this study. A
high speed camera (Phantom v210, Vision Research) was used to
record the droplet size and speed to validate the detector signal.

Off-the-shelf capacitive-to-digital converters (Analog Devices -
AD7746) were used to extract the signal from the electrodes. A
schematic of the detection system is shown in Fig. 4. The AD7746
microchip has built-in excitation sources and filtering/amplifying
circuits in a 16-pin TSSOP configuration [35]. Using these com-
mercially available converters significantly lowers the cost and
provides a simple and scalable alternative to previously showed
droplet detection systems [27,28]. AUSB-powered microcontroller
(Arduino Duemilanove ATmega328) was used to communicate
with the AD7746. The microcontroller was programmed to output
a real-time capacitance measurement signal which was displayed
through a Labview interface.

The AD7746 provides two individual measurement channels
with a 24-bit resolution. The full-scale linear (+0.01%) capacitance
measurement range is +4pF with a precision of 4fF. Measurement
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Fig. 5. Optical microscope image of (a) microchannel with coplanar electrodes and
(b) T-junction droplet generator. (c) Measured capacitance signal with shown con-
figuration.

precision was validated using fixed capacitors. The electrical wiring
to the microfluidic chip and the close proximity of the sensor
electrodes may increase the baseline capacitance outside the spec-
ified range. This would cause an imprecision in the signal. To keep
the measured signal within the high-accuracy linear measurement
range, both channels are zeroed by tuning the internal offset capac-
itor during system start-up. The details of the offset calibration
process can be found in the chip data sheet [35].

AD7746 has two measurement modes: single-ended and differ-
ential capacitance. In single-ended mode, two pins of AD7746 are
used to make a two-prong capacitance measurement. For differ-
ential capacitance mode, three pins are used. One pin provides the
excitation signal while other two pins are the sensing pins. The out-
put signal is the difference of the two sensing signals. Both modes
are utilized in this study as discussed in Section 4.3.2.

4. Experimental results and discussion
4.1. Detection of droplets

In this section we show that a two-prong sensor design can be
used to detect the presence of droplets. In the next section, interdig-
ital designs are used to also extract the droplet size and speed. Initial
experiments of droplet detection were performed using sensors
with two electrodes as shown in Fig. 5(a).

To determine the highest signal for capacitance change, multi-
ple sensors with varying electrode widths (from 80 m to 500 pm)
were fabricated along a single microchannel. Electrode spacing
was kept at 20 wm for all the designs. The measured capacitance
change was between 15fF and 26fF. The analytical model suggests
that increasing electrode width above the effective width does not
increase the change in capacitance. Our experiments have shown
that for a passivation layer of 2 um, the detection signal satu-
rates at 26fF whereas larger electrode widths slightly improve the
detection signal. In Fig. 5, the measurements for 200 wm-wide elec-
trodes are shown. For these measurements 600 wm-long droplets
were used to cover the entire electrode region. Although identical
droplets were used during the measurement, approximately 15%
variation was observed in the impulse-like signals corresponding
to droplets (Fig. 5(c)). This is due to the low sampling rate of the
sensor.

For a 2 pm-thick passivation layer, the measured signals around
20fF agrees with the values predicted by the analytical model for a
passivation layer thickness of 1-2 wm (Fig. 3). The thorough valida-
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Fig. 6. (a) Schematic and (b) optical microscope image of droplet sensor with inter-
digital fingers. (c) Illustration of the ideal capacitance signal obtained from the
interdigital sensor.

tion of the analytical model was not made due to the challenge of
fabricating a thin uniform passivation layer. Toluene thinned PDMS
was spin-coated on 1in. x 3 in. microscope slides to form the passi-
vation layer. When non-circular substrates are used, spin-coating
from a pneumatic dispensing tip gives a coating thickness variation.
Our attempts to make very thin conformal passivation layers failed
due to the pits formed during baking. The thinnest passivation layer
than can be made reliably was 2 pm.

4.2. Detection of droplet size and speed

Detection of droplet size and speed is achieved using interdigital
electrodes as shown in Fig. 6. As a droplet first enters the sens-
ing region (t; <t<ty, state B), the capacitance signal increases, and
then saturates once the droplet is completely in the sensing region
(ty <t<ts, state C), and then falls again when it leaves (t3 <t<ty,
state D). The size of the droplet can be measured by the saturation
signal, ACs. Larger droplets generate higher signals because they
displace more oil within the sensing region. A limitation of this
design is that droplets must be less than the length of the sensor or
the signal will be completely saturated.

Speed can be detected using either the rise/fall time (At=t, — t1)
or the duration of the saturation state (At=t3 —t;). Our experi-
ments indicated that the latter option provides better accuracy. The
speed of a droplet is calculated using the formula v= Ax/At. At is
the saturation time and Ax is the distance travelled by the droplet
when it is completely in the sensing region. This distance can be
calculated as

AX = Lsen. — (Ldrop. —h) (7)

where Lgp. is the length of the sensor, Lirop. is the length of the
droplet (front to back) and h is the channel height. Channel height
is subtracted from droplet length because the curved front and back
end of the droplet do not contribute significantly to the capacitance
change.

In an interdigital finger configuration, each inner electrode
forms two semi-spherical sensing regions. Therefore, the effective
width is calculated as 2 x 41 pm=382 pm for a 50 wm high chan-
nel when electrode fingers are separated by 20 pwm. According to
the experimental results discussed in Section 4.1, larger electrode
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Fig. 7. Measured capacitance signal using interdigital electrodes shown in Fig. 6(b)
for droplet sizes of (a) 250 wm, (b) 480 wm, and (c) 700 pm.

widths slightly improve the detection signal. However, for inter-
digital electrodes it is also important to keep the size of the sensor
at minimum for three main reasons: (i) to reduce real-estate occu-
pied by the sensor, (ii) to reduce the constraints on droplet spacing
and (iii) to increase the number of sensing gaps which improves
the smoothness of the signal.

To keep the sensor size as small as possible, we have used
80 wm-wide electrodes for the interdigital sensors. Droplet detec-
tion experiments were performed with droplets of varying size and
speeds. First a calibration curve was obtained by correlating the
change in capacitance (AGCs) to the droplet size which was mea-
sured using the high speed camera. Three sample sensor signals
are given in Fig. 7 for droplet sizes of 250 pm, 480 wm, 700 pm for
the sensor design shown in Fig. 6(b). The saturation capacitance is
directly proportional to the size of the droplets resulting in a linear
calibration curve (Fig. 8).

Once an equation is found for droplet size, droplet speed can be
measured using Eq. (7). The difference between the sensor results
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Fig. 8. Calibration curve showing a linear relationship between the capacitance sig-
nal change and the droplet size (2a=20 wm, w=80 wm, and h=50 wm). Each point
represents an average of 10 measurements. Error bars represent the minimum and
maximum values. At steady-state, the system generates successive monodisperse
droplets of negligible variation in size, therefore no error bars are seen on y-axis.
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Fig. 9. Parity plot demonstrating the capacitive droplet speed measurements in
comparison to measurements with high-speed camera.

and the measurements made using the high speed camera are
summarized in a parity plot (Fig. 9). The capacitance sensor mea-
surements are within 5% of the high speed cameraresults. The error
is primarily caused by ripples in the saturation signal which makes
it difficult to obtain precise readings of t, and t3 (Fig. 6). Since the
electrodes are fairly wide, the relative position of the droplet to the
electrode center causes a slight change in the sensor reading, which
leads to the ripples in the saturation signal.

4.3. Configuring capacitive sensors

AD7746 capacitance-to-digital converters are reconfigurable
sensors designed for a variety of applications. The signal update
rate (10-90Hz), measurement mode (single-ended, differential)
and excitation signal (2.7-5V, 16-32kHz) can be configured. In
this section we discuss the maximum detection limit of the sen-
sors, different measurement modes and scalability of capacitive
sensing. Although specific parameters may be different for other
commercial sensors, discussions in this section can be applied to
any capacitor sensor and provides a guideline for sensor selection.

4.3.1. Detection speed

Microdroplet based systems can generate droplets at kHz rate
and therefore it is important to determine the maximum operat-
ing limits of the sensor for a given application. The output data rate
(freqsamp.) of AD7746 can be changed between 10 Hz and 90 Hz with
corresponding root mean square noise levels of 4.2aF and 40aF.
Running the sensor at higher speeds compromises detection sen-
sitivity. However, our experimental results show that water-in-oil
droplets generate several tens of fF capacitance change, and there-
fore signal to noise ratio (SNR) is satisfactory even when the sensor
is operated at 90 Hz.

For many applications, real-time droplet size and speed detec-
tion is very critical. Although the sensor can theoretically operate at
90 Hz, additional components in the system introduce delay times
which reduce the effective rate of data display. We have evaluated
the sensor performance by displaying the real-time signal either
using a computer or an on-board LCD. When the sensor was set
to 90 Hz, the effective rate of data display was measured as 30 Hz
through the computer. Replacing the computer with an LCD yielded
similar update rates. This shows that delay is due to the micro-
controller rather than the display unit. Determining the effective
update rate, we can calculate the detection limit of the system.

To evaluate the maximum limit of the sensors, we used the met-
ric of the maximum number of droplets (Fmax ) that can be detected
in a second (droplets/s). Detection of droplets requires sampling
from both the continuous and dispersed phases. Assuming that
coplanar electrodes are point detection sensors, sampling through
the microfluidic channel is schematically shown in Fig. 10. For a sys-
tem with constant droplet velocity, detection signals (shown as red
circles) are taken with equal intervals. In order to detect droplets,
at least one signal should be sampled from consecutive continu-
ous and dispersed phases. The length of the segmented continuous
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Assumption: point detection

Fig. 10. Schematic of droplet detection used for throughput calculation.

and dispersed phases are denoted as x and y respectively. Then, the
problem reduces to detect the minimum of x and y. The equation
for maximum detectable throughput can be written as

. fre%amp. x min(x, y)

max — X+y (8)

To obtain the highest detectable throughput for a given sys-
tem, the droplet length (y) and continuous fluid segment length
(x) should be equal, which gives a maximum detection limit of
freqsamp. /2. Therefore, the maximum theoretical detection through-
put for our system is 30/2 =15 droplets/s. During the experiments
shown in this study, droplet generation frequency was lower than
5Hz to stay well below the theoretical limit of 15Hz. Using this
result, the maximum detectable droplet velocity can be calculated.
To illustrate, for a system with 100 wm-long droplets separated
with 100 wm fluid segments, 200 um x 15 droplets/s =3 mm/s
is the upper limit for detectable droplet velocity. For applica-
tions requiring higher droplet throughputs, faster sensors [29] or
custom-made detection circuitries should be considered [27,36].

4.3.2. Detection mode

The commercial sensor chip can be configured to work in either
single-ended or differential mode. When the sensor is configured
in the differential mode, it uses three electrodes as shown in Fig. 11.
One of the electrodes provides the excitation signal while the other
two are set as sensing electrodes. The output signal is the difference
between the two measured signals (Coutput =Co — C1).

A sample differential measurement is shown in Fig. 11(c) for
200 wm-long droplets using 80 wm wide electrodes. Each droplet
gives a low and high signal couple as marked on the plot. This sen-
sor can also be used for size or speed detection by measuring the
time gap between sequential droplets or local minimum/maximum
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Fig. 11. (a) Schematic and (b) optical microscope image of differential droplet mea-
surement sensor. (c) Measured capacitance signal. The corresponding up and down
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Fig. 12. (a) Schematic and (b) optical microscope image of differential droplet mea-
surement sensor used at a T-junction. (c) Measured capacitance signal. The up and
down peaks denote droplets going up and down at the T-junction. Couepur =C2 — Ci.

points. It is worth noting that a long and fast moving droplet and
short and slow droplet would give similar signals, and therefore,
the determination of size or speed requires a priori knowledge of
the other parameter.

An interesting application for the differential measurement
mode is to monitor droplet traffic at bifurcations [12,13]. If the
electrodes are placed in parallel to the inlet channel as shown in
Fig. 12(a) the output signal is an indication of the trajectory of the
droplets (Fig. 12(c)). In this case a positive capacitance signal indi-
cates a droplet taking the upper channel and a negative signal the
lower channel (Cougpue =C2 — C1). Such a sensor configuration can
be used to monitor droplet traffic in large networks with many
bifurcations.

4.3.3. Scalability and cross-talk

The AD7746 has two independent channels for measurement on
a single integrated circuit (IC). To demonstrate the use of multiple
sensors a microdroplet sorting experiment is shown using a single
bifurcation. Each channel is equipped with an interdigital sensor
which is shown in Fig. 6(b) (denoted as triangles Fig. 13). Detection
signals are displayed in real-time on separate plots. For each plot,
two sliders are used for x- and y-axes. Sliders are adjusted manually
by the operator to measure the saturation time (x-axis) and signal
height (y-axis). A screen capture of the Labview interface during the
experiments was recorded as a movie (refer to Supplementary file).
As seen from the movie, all three sensors measure the same droplet
length. The outlet pressures are kept at atmosphere pressure, so
that two identical output branches have the same flow rates which
are equal to the half of the inlet flow rate. This can be seen by the
droplet speed measurements of the sensors. Sensor-1 is measur-
ing a speed of 1.68 mmy/s whereas sensor-2 and sensor-3 measure
droplet speeds of 0.8 mm/s and 0.86 mm/s, respectively. For higher
precision, the saturation time and signal height measurements can
be automated through Labview.

When placing multiple sensors on a single device, care should be
taken to reduce cross-coupling. To minimize the cross-talk between
each sensor, the sensor trace width should be kept small and far
away from each other. In this study, we have decreased the sensor
trace width to 50 wm to decrease stray electric field lines. As well,
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Fig. 13. Snapshot of Labview interface used to monitor droplet size and detection for a single T-junction network. Sensors are shown as triangles. Microdroplets are formed
using a T-junction generator and the spacing is regulated with an additional continuous phase (oil) inlet. The Ca# of the system is kept low so that droplets move to the upper
or lower branch at the T-junction without splitting (see Supplementary file for the screen captured movie of real-time detection).

external circuitry including connection wires should be shielded to
reduce noise. The AD7746 ensures decoupling from its two internal
channels. Adding an additional IC, which operates with the same
frequency increases cross-coupling between the sensors. This prob-
lem can be solved by changing the excitation frequency on the
second sensor from 32 kHz to 16 kHz. When the two ICs are set to
different frequencies, they can automatically filter out the parasitic
coupling signals with their internal circuitry. If the chip real-estate
is populated with more sensors, ground traces can also be used to
minimize the coupling [37].

5. Conclusion

We presented a scalable, inexpensive system for microdroplet
detection in microfluidic devices which will widen the applicabil-
ity of droplet based microfluidic devices. In this detection system,
commercial capacitance sensors alleviate the need for detection cir-
cuitry design. Coplanar electrodes are used to form the sensor. An
analytical model is presented to predict the detection signal consid-
ering the effects of the passivation layer and serve as a guideline for
experimental design and experiments. For water-in-oil droplets,
the capacitance change for each droplet is on the order of fF which
is within the detection limit of most commercial capacitance sen-
sors. Detection of droplet size and speed is demonstrated using
interdigital electrodes. Different configurations of sensors as well
as detection limit and scalability are presented.
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