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a b s t r a c t

A major limitation of many microfluidic platforms is their inability to perform large scale, real time,
sensing, routing, or scheduling of the materials moving through them. This paper seeks to address the
first of these deficiencies by introducing a multiplexed sensing architecture capable of monitoring the
movement of liquid droplets in large microfluidic networks. We describe the design and fabrication of the
sensor array, as well as its integration and testing in microfluidic networks. Individual sensors consisting of
small electrical components (resistors, capacitors, or conduction gaps) are addressed using a multiplexing
eywords:
ultiplexing
icrofluidic sensing

lectrical sensors
ensor arrays

approach that allows an array of m × n sensors to be supported by only m + n + 1 electrical contacts, as
compared to the 2 × m × n contacts traditionally necessary. For example, a multiplexed 10 × 10 array
of sensors can be operated with 21 contacts, as opposed to the 200 contacts needed in a traditional
configuration. The multiplexing relies on the fact that each sensing element is connected to two electrical
leads, and each electrical lead is connected to multiple sensing elements. Here we show the principle
using a 4 × 4 multiplexed arrays of resistive and capacitive sensors to monitor the passage of discrete

croflu
liquid plugs through a mi

. Introduction

As microfluidic devices continue to decrease in size and increase
n complexity, the ability to monitor the passage of material through
hem becomes ever more important. In recent years, microfluidic
ystems have been used in many chemical and biological applica-
ions, including: DNA analysis [1], capillary electrophoresis [2], cell
ytometry [3], high throughput screening for combinatorial chem-
stry [4], fuel cells [5], combining multiple biological assays onto

single chip [6], and the generation of multistream segmented
ow regimes [7]. However, as impressive as these microchemi-
al systems are, during operation one typically has little to no
xact information about the position and speed of material moving
hrough them. This inability to monitor and control the position of
iscrete liquid elements becomes a significant issue when scaling
p from microfluidic configurations with only a few channels to
onfigurations comprised of extensive channel networks designed
or the high throughput processing of multiple droplets flowing
ithin a carrier stream. For microfluidic devices to continue to

volve, better real time routing and scheduling methods are needed.

uch a control system will depend on the ability to detect the posi-
ion of material throughout a microfluidic network using an array of
ppropriate sensors [8]. Ideally, the sensors used should be easy to
abricate and integrate with current microfluidic devices, require
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a small footprint of space within the device, and consume only a
small amount of power.

Numerous reports and reviews have appeared in the literature
on various types of sensing in microfluidic devices. Optical detec-
tion techniques based on fluorescence [9,10], absorbance [9,10],
luminescence [11], and waveguides [12,13] are the most prevalent.
Others have used some form of electrochemical detection during
electrophoretic separations, including amperometry [14–18], con-
ductimetry [19–22], and potentiometry [22–24]. Still others have
used electrical sensors such as resistors [25–28], capacitors [29–33],
and conduction gaps [34–39] for the detection of specific chemi-
cal species or biological cells, or the measurement of certain fluid
properties (e.g. concentration, temperature, or flow rate). These
electrical sensing principles can also easily be applied to the detec-
tion of a discrete liquid element (e.g. in plug [40–42] or slug [43]
flow regimes) at a specified position within a microfluidic network,
which is the goal of this study [44].

In this work, we integrate arrays of multiplexed electrical sen-
sors into microfluidic networks. Whereas most optical sensing
methods rely on an external light source and detector, electrical
sensors can be incorporated directly within a microfluidic device
because of their inherent minimal thickness. Additionally, they
are easy to fabricate by standard photolithographic techniques,

and require only a small amount of power for operation. For the
purposes of liquid droplet detection, a small constant current or
potential is applied across a sensing element (either a resistor,
capacitor, or conduction gap) patterned in a microchannel, and the
corresponding output signal is continually monitored. A change in

http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:kenis@illinois.edu
dx.doi.org/10.1016/j.snb.2008.12.010
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Fig. 2. Step-by-step fabrication procedure of a typical substrate with a 4 × 4 array
of multiplexed resistive sensors. (a) Array of 80 nm thick nickel resistive sensors
patterned by lift-off; (b) the first set of leads (vertical; no. 1–4) as well as the common
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he output signal indicates a change in a physical property (thermal
onductivity, dielectric constant, or electrical conductivity, depend-
ng on the sensor type) of the liquid surrounding the sensor, thereby
etecting when a liquid element arrives at or passes a certain point.

Scaling these individual sensors up into large arrays spanning
n entire microfluidic network is logistically complex. As the num-
er of sensors increases, the number of electrical leads necessary
o connect the sensors with external monitoring equipment will
lso increase. This rapid growth renders the design, fabrication and,
mplementation of the sensor array exceedingly difficult. The cre-
tion of a large array of sensors that also minimizes the number of
lectrical leads necessary is therefore desirable. Previous work on
reating arrays of similar sensors has resulted in either small arrays
hat are difficult to scale up [45–47], or complicated fabrication
rocedures [8]. Others have extensively characterized individual
lectrical sensors for microfluidic droplet position detection, yet
ave not reported on the possibility of scaling those sensors up

nto arrays [44]. Here we describe a fully scalable and planar sensor
onfiguration that employs a multiplexing approach allowing an
rray of m × n sensors to be controlled by only m + n + 1 electrical
eads, as opposed to the usual 2 × m × n, corresponding to 2 leads
er sensor. We will discuss the design, fabrication and testing of
esistive, capacitive, and conductive sensors in single channels, as
ell as 4 × 4 multiplexed arrays of resistive and capacitive sensors
ithin microfluidic networks.

. Electrical sensing principles for microfluidics

.1. Resistive sensing

The resistive sensors discussed here are thin-film serpentine
esistors, similar to traditional resistive heaters used as flow and
emperature sensors [25,48–51]. When a small constant potential is
pplied, the resistor quickly heats up to some constant temperature
n proportion to its temperature coefficient of resistance (TCR) and
he thermal conductivity of the surrounding liquid. When liquids of
arying thermal conductivity flow over the resistor, the tempera-
ure of the resistor fluctuates correspondingly, resulting in changes
o the overall resistance of the resistor, and thus to the output cur-
ent. Therefore, a change in the liquid contacting the resistor is
etected when the current through the resistor changes.
.2. Capacitive sensing

The capacitive sensors used in this study consisted of two copla-
ar gold electrodes separated by a small gap [32], instead of the

ig. 1. Schematic illustrating the multiplexing detection principle, here in a 4 × 4 array
onduction gap) is connected to two separate input leads (red and yellow) and one com
nique combination of the responses from leads 1–4 and leads A–D pinpoints the locati

nterpretation of the references to color in this figure legend, the reader is referred to the
lead (com), all 100-nm Au, patterned by lift-off; (c) insulating layer of 4-�m SU-
8 photoresist, selectively patterned on top of the underlying first set of leads; (d)
second set of leads (horizontal; no. A–D), 300-nm Au, patterned by lift-off.

more common parallel plate capacitor geometry [33]. A coplanar
geometry was used because it allows for a simpler microfabrication
procedure than a parallel plate structure. Previous experimental
and theoretical work has shown that the maximum capacitive sig-
nal in the coplanar configuration is obtained when the electrode
gap spacing is minimized, and the exposed electrode width is com-
parable to the height of the channel surrounding them [32,52].

Most of these capacitive sensing elements are operated in an
AC mode. A difference in capacitance is measured upon a change
in liquid composition between the electrodes. In contrast, we will
operate our coplanar capacitive sensors in a constant potential mode,
measuring a short induced current upon a change in liquid composi-
tion. A small constant potential is applied across the gap between
the electrodes and the current is monitored as a function of time.

Equal and opposite charges build up on the ends of the electrodes
and no change in current is detected until a liquid with a different
dielectric constant passes over the sensor. The change in dielec-
tric constant manifests itself a change in the charge distribution on

of sensing elements (blue dots). Each sensing element (a resistor, a capacitor, or a
mon output lead (black). Each lead is connected to multiple sensing elements. A

on at which a sensing event, e.g. a change in liquid composition, takes place. (For
web version of the article.)
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ig. 3. Optical micrograph of a substrate with a multiplexed 4 × 4 array of resistive s
he leads it is connected to. The horizontal leads cross over the vertical leads with a

he ends of the electrodes, leading to a sudden and sharp induced
urrent spike.

Capacitive sensing based on an induced current is much simpler
han AC-based capacitance detection methods. Whereas AC-based
etection seeks to directly monitor exceedingly small fluctuations

n the capacitance of a sensor (on the order of femto-Farads), the
nduced current method used here relies on relatively large changes
n the current through the system (on the order of nano-Amperes).
he small signals produced using AC methods generally require
he use of complicated experimental setups, electrical shielding,
nd precise temperature control. AC capacitance bridges that can
utomatically overcome some of these problems and directly mon-
tor changes in capacitance in real time are commercially available,
ut they are very expensive compared to the relatively simple low-
oltage power supply used here [31,33].
.3. Conductive sensing

As in the capacitive case, the conductive sensors used here con-
isted of two coplanar gold leads separated by a small gap, similar to
rior work [36,37]. A small constant current is applied between the

ig. 4. Optical micrograph of a substrate with a multiplexed 4 × 4 array of capacitive sens
nd the leads it is connected to. The vertical and horizontal leads overlap, but are separ
nsulates the exposed leads from the liquid flowing through the microfluidic network pla
s. The enlarged view to the right shows an individual resistive sensing element, and
trically insulating layer of SU-8 in between them.

leads while the potential drop across the gap is monitored. When
the fluid filling the gap is nonconductive, the system acts like an
open circuit and the measured potential drop is infinite. When a
conductive liquid fills the gap, the circuit is closed and a poten-
tial drop that is proportional to the conductivity of the liquid is
detected. Liquids of different conductivity can thus also be easily
distinguished.

3. Design, fabrication, and characterization of multiplexed
arrays of electrical sensors

3.1. Design of multiplexed arrays of electrical sensors

The multiplexing principle implemented here relies on the fact
that each sensing element is connected to two electrical leads, and
each lead is connected to multiple sensors (Fig. 1). A given array

of m × n sensors is comprised of (i) m vertical leads that are pat-
terned first, (ii) n horizontal leads that are patterned second, and
(iii) one output lead that is common to all the sensors. A thin insu-
lating polymer layer prevents the overlapping leads from making
direct electrical contact. Each sensor in the array is connected to a

ors. The enlarged view to the right shows an individual capacitive sensing element,
ated from each other by an electrically insulating SU-8 layer. A second SU-8 layer
ced on top.
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Fig. 5. Plug flow detection traces for individual electrical sensors: (a) a linear series
of three individual resistive sensors spaced 4 mm apart in a microfluidic channel
sequentially detecting alternating 5-�L plugs of water and FC-40. The three vertical
dashed lines indicate the passage of the first water droplet over the first, second, and
third sensors, at t = 6.5, 11.5, and 17.0 s, respectively. Each increase and decrease in
current represents the passage of one plug of water and one plug of FC-40, respec-
tively, over a resistor. The lag between peaks corresponds to the time a plug takes to
travel from one sensor to the next, here flowing at a rate of approximately 0.1 cm/s.
The slopes of the of water segments of the plot are much sharper than those of the FC-
40 because water (�water = 0.6 W/m K) has a much high thermal conductivity that the
FC-40 (�FC-40 = 0.06 W/m K), and therefore causes a much faster temperature change;
(b) a single capacitive sensor detecting 5-�L water and ethanol plugs separated by
air. Each new liquid plug causes a sharp induced current spike in proportion to the
dielectric constant of the liquid, before leveling off to a nominal value depending on
the conductivity of the liquid; (c) a single conductive sensor detecting 5-�L water
and ethanol plugs separated by air. When a conductive liquid covers the sensing
element, the circuit is closed and a potential drop proportional to the conductivity
of the liquid is observed.
tuators B 136 (2009) 350–358 353

unique combination of one vertical lead and one horizontal lead,
along with a connection to the common output. In this configu-
ration, when a change in liquid occurs at a certain sensor (m,n), a
change in the monitored output value is displayed in the trace of
both lead m and lead n at the same time. This allows one to pin-
point exactly where a liquid element is in a microfluidic system
with only m + n + 1 leads, as opposed to the conventional case of
having two separate leads for each sensing element, which would
require 2 × m × n total leads. An array of 10 × 10 sensors, for exam-
ple, would require 200 leads in a non-multiplexed configuration,
whereas the multiplexed design proposed here requires only 21
leads for the same array, a reduction by a factor of nearly 5. Note
that this reduction in complexity factor scales nonlinearly: For a
100 × 100 array, the corresponding numbers are 20,000 versus 201,
an almost 100-fold reduction.

A fundamental difference between the multiplexed resistive sys-
tem and a multiplexed capacitive system is that, in the resistive case,
both of the leads for a given sensor element are connected to the
same resistor. In the capacitive case, both leads cannot be connected
to the same sensor gap, because that would short-circuit the array.
Therefore, in order to achieve a multiplexed capacitive system, two
completely separate leads are needed, each forming their own gap
with the single common output, and resulting in two gaps for a
single sensing element.

3.2. Fabrication of resistive sensor arrays

The microfluidic devices containing a multiplexed resistive sen-
sor array consist of two components, a flexible thin-film polyimide
(Kapton 500 HN, DuPont, Wilmington, DE) substrate that supports
the sensor array, and a poly(dimethylsiloxane) (PDMS) mold that
defines the microfluidic channels. Use of a polyimide film with
a very low thermal conductivity (�Kapton = 0.12 W/m K) promotes
heat transfer from the resistor to the surrounding liquid, thereby
increasing the sensitivity of the sensors to subtle differences in the
TCR of various liquids [26,28,53]. Other techniques exist to insu-
late resistive sensors without the use of a plastic substrate (such
as removing some of the substrate materials directly beneath the
resistor) [26,54,55], however, these processes require several addi-
tional fabrication steps and typically result in physically weaker
sensors.

We patterned the sensors and leads using three standard lift-
off procedures (Fig. 2). First, the individual resistors were defined
in 0.5-�m thick positive photoresist (Shipley S1805, Rohm & Haas,
Philadelphia, PA) and then 80 nm of Ni was deposited by electron-
beam evaporation (Temescal FC-1800, BOC Edwards, West Sussex,
UK) to form the resistors (Fig. 2a). The excess photoresist and metal
was removed by lift-off through sonication in an acetone bath.
Nickel was chosen as the metal for the resistors because of its rela-
tive chemical inertness, relatively low intrinsic electrical resistivity,
and relatively high TCR. This combination of electrical and ther-
mal properties produces the largest possible change in current for
a given change in temperature among the metals commonly used in
microfabrication (i.e. Au, Cr, Ag, Ti, and Pt). Next, the first set of leads
and the common ground were defined, also by lift-off. These leads
consisted of a 35-Å thick Ti adhesion layer, followed by 100 nm of
Au, and finally an additional 75-Å thick layer of Ti used to render
the electrode lead surface more hydrophilic for future processing
steps (Fig. 2b).

Before the final lift-off step, a 4-�m thick layer of insulating
polymer resin (SU-8 5 negative photoresist, Microchem, Newton,

MA) was patterned over the areas of the first set of leads that
would intersect with the second set of leads, to electrically insulate
the two sets from each other (Fig. 2c). This thickness is a tradeoff
between avoiding short circuiting through defects in the insulat-
ing layer, and ensuring electrical continuity of the second set of
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eads deposited on this uneven electrical substrate. The second set
f leads (Fig. 2d) was much thicker than the first set (35-Å Ti, 300-
m Au), facilitated by the use of a thicker resist layer to define the

eads (10 �m, Shipley SJR-5740, Rohm & Haas). Also, metal depo-
ition for this final step was done by sputtering (ATC 2000, AJA
nt., North Scituate, MA) instead of by evaporation deposition. The

ore isotropic sputter deposition process ensures continuity of
he metal film over the insulating layer. Fig. 3 shows a completed

ultiplexed resistive sensing substrate before being attached to a
DMS microfluidic mold, which is not pictured in order to aid in
he visualization of the sensor array. The network consisted of a
-junction upstream from the sensor array used to generate liquid
roplets, leading to a single channel passing over the sensors to be
ested.

.3. Fabrication of capacitive and conductive sensor arrays

The capacitive and conductive sensing arrays were fabricated
sing essentially identical procedures to those used for the resistive
ensors. The sensor elements, first set of leads, and common ground
ere comprised of evaporated 35-Å Ti, 100-nm Au, and 75-Å Ti pat-

erned by lift-off on a glass slide. An insulating SU-8 layer was then
atterned as described above, followed by the sputter deposition
f the second set of leads (35-Å Ti, 300-nm Au). Finally, a second 4-
m thick SU-8 insulating layer was patterned over portions of the
xposed leads to prevent interference with liquid passing over them
uring testing. Fig. 4 shows a completed multiplexed capacitive or
onductive sensing substrate.

.4. Characterization of multiplexed sensor arrays

PDMS molds (Sylgard 184, Dow Corning, Midland, MI) contain-
ng microfluidic networks were prepared via replica molding, as
reviously reported [56]. The PDMS mold and the substrate were
hen aligned and brought into reversible contact using a custom-
uilt four-axis micro-aligner. To prevent leakage during testing,
he substrate and mold were clamped together between two clear
olycarbonate slabs. Fluid was introduced to the device through a
.022 in. ID polyethylene tube attached to a syringe. The tubing was

nserted into inlet holes in the PDMS that had been punched before
he mold was placed on the substrate. The flow rate of the injected
uid was controlled with a syringe pump (model 11, Harvard Appa-
atus, Holliston, MA).

The performance of the resistive and capacitive sensor arrays
as tested by connecting them to a custom-built power supply via
standard 34-pin socket connector. The power supply, controlled
y a computer program (LabVIEW 8, National Instruments, Austin,
X), enabled the application of a constant potential between 1 and
00 mV to up to eight different electrical channels, along with the
ecording of the resulting current through each individual circuit.

hile each channel had its own electrical lead from the power sup-
ly, all eight channels were connected to the same common output
lectrode to both reduce the number of external electrical contacts
ecessary for a given sensor array, and to simplify the electronics
ithin the power supply. The system was specifically designed to
etect slowly fluctuating current differences on the order of 1 nano-
mpere atop a micro-Ampere baseline current in all eight channels
imultaneously.

Data for devices with conductive sensors (which require a con-
tant current power source) was collected using a potentiostat

Autolab PGSTAT30, Eco Chemie, Utrecht, The Netherlands), which
llowed only a single individual sensor to be tested at a time. How-
ver, with an appropriate multichannel constant current power
upply, the performance of arrays of multiplexed conductive sen-
ors could in principle also be tested.
tuators B 136 (2009) 350–358

4. Results and discussion

4.1. Performance of individual electrical sensors

4.1.1. Resistive sensors
Fig. 5a depicts data for a device containing a linear series of

three resistive sensors spaced 4 mm apart in a 250-�m wide by
100-�m high microchannel. Alternating 5-�L plugs of deionized
water in a low thermal conductivity fluorinated solvent (Fluorinert
FC-40, 3 M, St. Paul, MN) were flown at a rate of 0.1 mL/h over the
resistors, and the current across each was monitored for a constant
applied potential of 30 mV. The water plugs were introduced to the
FC-40 carrier stream at a T-junction in the microfluidic network
upstream from the sensors. Surface tension at the liquid–liquid
interface between these two immiscible fluids creates a 2-phase
segmented flow: a train of droplets of one fluid (here water) sur-
rounded by the second fluid (fluorinated organic solvent, FC-40)
[41,42]. Each water plug activates each sensor sequentially, hence
the lag in the current peaks between sensors 1, 2, and 3. The lag
corresponds to the time a plug takes to travel the short distance
from one sensor to the next, thereby illustrating the high degree of
time resolution attainable using the resistive sensors. The data indi-
cates that the plugs are flowing at approximately 0.1 cm/s, which is
in good agreement with plug velocities estimated from the syringe
pump flow rate. Each increase and decrease in current represents
the passage of one plug of water and one plug of FC-40, respectively,
over a resistor. The difference in thermal conductivity between
water and FC-40 (�water = 0.6 W/m K, �FC-40 = 0.06 W/m K) leads to
the slight upward trend observed in the overall current traces. The
heat transfer from the resistor to the water is larger and faster than
to the FC-40, resulting in a small net increase in current for each
water/FC-40 iteration.

Fig. 5a also demonstrates the resistive sensors’ ability to dif-
ferentiate between different liquid types, not simply between
liquids and air. The sensors are effectively measuring changes
in the thermal conductivity of the surrounding liquid, which
appear as shifts in the slope of the current versus time graph.
The larger difference in thermal conductivity from one liquid
to another, the larger the change in slope will be. The resis-
tors can therefore be used to distinguish between varying classes
of liquids that have significant differences in thermal conduc-
tivity (�air = 0.024 W/m K, �oils ≈ 0.1 W/m K, �alcohols ≈ 0.2 W/m K,
�aqueous solutions ≈ 0.6 W/m K), yet are less useful for sensing more
discrete differences between similar liquids (i.e. ethanol vs.
methanol or salt solutions of varying concentrations).

A key characteristic of a droplet position detection system is
the sampling rate at which it can detect. The recovery time of a
sensor response signal from its detection value to its baseline will
determine how fast a droplet can be moving and still be detected,
and also how close together droplets in series can be and still be
distinguished form one another. Of the three types of sensors dis-
cussed here, the resistive sensors have the slowest response time
because their detection mode is based on a relatively slow thermal
change in the resistor, whereas the capacitive and conductive sen-
sors rely on much quicker redistribution of electrical charges. From
the data presented here, the resistive sensors have a characteristic
response of approximately 10 nA/s to the water plugs, and approx-
imately 1 nA/s to the FC-40, rates which are on par with calculated
expected values for conductive heat transfer from an insulted heat
source. The fluctuation in the data due to noise is on the order of
5 nA, meaning that to detect a water droplet here, the plug must be

moving slow enough to be in contact with the resistor for at least
1 s, and the droplets must be spaced at least 5 s apart. For resis-
tive sensor detection, the droplet must actually contact the sensor
in order to generate a large enough signal for detection. Therefore,
the smallest size droplet the resistive sensors could still detect in



and Actuators B 136 (2009) 350–358 355

t
d
b
0
fl
i

4

s
o
a
s
a
r
t
r
m
t
g
r
c
d
s
a
h
t
e
s

t
a
a
a
u
r
d
t
c
s
t
a
s
r
f
a
t

4

m
w
2
i
o
c
g
c
e
c
a
s
s
t
d
p

Fig. 6. Detection traces for multiplexed resistive sensing of a 1-�L plug of water
passing over sensors 1C, 2C, and 3C in a (1–4) × (A–D) array of sensing elements.
Each pair of changes in current that occur at the same time pinpoints the location
of the water plug flowing over the specific sensor defined by those two leads. The
current for lead C keeps increasing in a stepwise pattern because the amount of time
M.C. Cole, P.J.A. Kenis / Sensors

he channels used here is on the order of ∼100 nL, to ensure that the
roplet still contacts the channel walls. Droplets of this size will still
e easily detected at typical microfluidic flow rates in the range of
.01–1 mL/h, as long as they are spaced by 5 or more seconds at the
ow rate used. Resistive sensors will not be suitable for scenarios

n which rapidly moving trains of droplets need to be detected.

.1.2. Capacitive sensors
Fig. 5b demonstrates the induced current principle of a con-

tant potential, coplanar capacitive sensor. Alternating 5-�L plugs
f water, air, and ethanol (εwater = 80, εair = 1, εethanol = 24) were
llowed to flow at 0.1 mL/h over a single 25-�m gap capacitive
ensor in a 250-�m wide by 100-�m high microchannel under an
pplied potential of 1 V. That the specific values of the induced cur-
ents are not identical for both water peaks is a result of the highly
ransient nature of this induced current behavior, coupled with the
esolution limit of the data acquisition system (10 Hz). However, the
agnitudes of the signals, and therefore also the specific dielec-

ric constants of the droplets, are not critically important. Since the
oal is to easily detect whether or not a droplet is present, the occur-
ence of a signal is all that matters. A liquid droplet with a dielectric
onstant different from that of the carrier fluid will always yield a
istinct induced current spike when it passes over a capacitive sen-
or, yet the magnitudes of the signals from varying liquid species
re difficult to distinguish in the present detection configuration. A
igher sampling rate would enable more precise measurement of
he induced current, thus potentially allowing for droplets of differ-
nt composition being distinguished, provided they are of the same
ize.

The response time for the capacitive sensors is much faster than
hat of the resistive sensors. The capacitive data was sampled at

rate of 10 Hz, and each induced current spike was defined by
single data point, meaning that droplets need only be spaced

pproximately 0.2 s apart to still be distinguished from each other
sing these sensors. Detection equipment with a faster sampling
ate would allow for even finer droplet spacing. Also, the droplets
o not necessarily have to contact the sensor surface in the capaci-
ive case, since all that is being measured is the change in dielectric
onstant over the channel cross-section perpendicular to the sen-
or. This allows for much smaller droplets to be detected than in
he resistive case, on the order of ∼100 pL. The capability to detect
high frequency of very small droplets means that the capacitive

ensors theoretically can also handle much faster flow rates than
esistive sensors (>10 mL/h). Flow rates this high are not practical
or most common microfluidic applications, but could potentially
llow the capacitive sensors to be used in other areas, such as high
hroughput particle counters and sorters.

.1.3. Conductive sensors
Fig. 5c shows a typical response of a conductive sensor in a

icrochannel. Alternating 5-�L plugs of water, air, and ethanol
ere passed over a single 20-�m gap conductive sensor in a
50-�m wide by 100-�m high microchannel at 0.1 mL/h, with an

mposed constant current of 1 �A. These sensors are essentially
n–off switches. When the liquid between the electrodes is non-
onductive, the circuit is open. When a conductive liquid fills the
ap, the circuit is closed and a potential drop proportional to the
onductivity of the liquid is observed. The erratic shape of the
thanol detection peaks is a result of the liquid’s extremely low
onductivity. The flow of charge through the circuit is so low, that
t some points during the detection of an ethanol plug, the mea-

ured potential drop becomes nearly undefined, hence the erratic
hape of the curves. The conductive sensors are of course unable
o detect nonconducting liquids, yet are very sensitive to subtle
ifferences between conductive species. The large, sharp, steady
eaks produced by the conductive sensors mean that liquid droplets
between the trailing edge of the droplet leaving one sensor and the leading edge of
the droplet passing over the subsequent sensor is very short and does not allow
for the sensor to return to its baseline temperature. The signal threshold value was
�I = 10 nA.

with wide-ranging conductivity differences thus can easily be dis-
tinguished from one another, and preliminary experiments have
shown that even electrolyte plugs of small concentration differ-
ences (�C < 1 M) may be differentiated.

Like the capacitive sensors, the conductive sensors have a much
quicker response time than the resistive sensors, because the con-
ductive sensors rely on a rapid change in electrical current rather
than a much slower adjustment of a thermal gradient. The sampling
rate here was again 10 Hz, corresponding to a droplet-to-droplet
spacing of 0.2 s, provided that this time is longer than the residence
time of the trailing edge of the leading droplet on the conductive
sensor. However, because the droplets being detected must touch
the conductive sensor to complete the circuit, the minimum droplet
size for the channels used here will be larger than for the capaci-
tive sensors and on par with the resistive sensors, on the order of
∼100 nL for the channel dimensions used here.

4.2. Performance of multiplexed resistive sensor arrays

The device shown in Fig. 3 was used to test the multiplexed resis-
tive sensor arrays. A 1-�L water plug was flown through a 250-�m
wide by 100-�m high channel over sensors 1C, 2C, and 3C at a flow
rate of 2 mL/h (∼0.1 cm/s) while a potential of 75 mV was applied to
each electrode and the current through each was monitored (Fig. 6).
Each concurrent set of peaks indicate that the water plug is flow-
ing over the specific sensor pinpointed by those two electrodes.
Fig. 6 clearly shows the system’s ability to use electrical sensors to
accurately track a discrete plug of liquid throughout a complex two-
dimensional microfluidic network while using a minimal number
of external electrical connections. The slight drift observed in the
current traces of the activated sensors is a result of the large differ-
ence in thermal conductivity between water and air. The resistors
cool down much faster in the presence of water than heat up in
air, and therefore the current traces for the affected electrodes do
not immediately return to their baseline values after the plug has
completely passed over them.
A reduction in the overall sensitivity of the resistive sensors in
these circuit arrays compared to individual resistive sensor circuits
is a consequence of the massively parallel nature of the multiplexing
design. To compensate for this, the resistors must be designed to
maximize their detection capability. The change in current, �I, for a
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Fig. 7. Detection traces for multiplexed capacitive sensing of a 1-�L plug of water
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iven resistive sensor due to a thermally induced resistance change
s related to resistance by

I ∼ R1 − R2

R1R2
(1)

here R1 is the initial resistance of the resistor under the constant
pplied potential V, and R2 is the resistance when a liquid droplet is
n contact with the resistor. Eq. (1) implies that to increase the mea-
ured current change, the initial resistance of each sensor should
e lowered. This is somewhat counterintuitive because one might
xpect that if the initial resistance were increased, so too would
he initial temperature of the resistor. That in turn would lead to
he conclusion that the larger temperature difference between the
esistor and liquid will result in larger changes in resistance, and
herefore in larger changes in current as well. However, in this sys-
em, the temperature change itself is not important, whereas the
mount of heat, q, that is removed from the resistor by the liquid,
s. This amount of heat is equal to the power, P, dissipated by the
esistor, as given in the following equation:

= P = I2R (2)

Here, the amount of heat absorbed is indeed proportional to the
esistance, but is quadratically dependent on the current passing
hrough the system, which would be decreased by increasing the
nitial resistance, according to Ohm’s Law. Therefore, any advantage
ained by increasing the initial resistance of a resistive sensor will
e overshadowed by the negative effect of the reduced current, thus
uggesting that the best design for a resistive sensor is one with a
ounterintuitive low initial resistance. The only qualifier to this is
hat the resistance should be high enough so that the heat produced
y the resistor is sufficiently larger than the heat generated by the
lectrical leads. This can be achieved by fabricating the electrodes
ut of a highly conductive metal, such as gold, and by patterning
hem to be as thick and wide as possible. For the devices used here,
he width of each individual electrode was 1.65 mm. The serpen-
ine resistors had an overall pathlength of 1.2 mm, a cross-sectional
idth of 30 �m, and a horizontal and vertical pitch of 5 and 3 mm,

espectively.
The size requirements for the resistors and electrodes used here

o limit the extent to which the resistive sensors may be densely
atterned. Since having resistors with a relatively low initial resis-
ance is desirable, trying to make them as small as microfabrication
echnology allows is not beneficial. However, the serpentine design
oes minimize the resistor pattern footprint as much as possible.
he limiting factor in the size reduction of the array though, is the
idth of the electrical leads needed to maintain a sufficiently low

ontact resistance connection between the power supply and the
ctual sensors. The resistors are negligible in size compared to the
eads. Based upon previous characterization experiments, we esti-

ate that the widths of the leads may be reduced by approximately
5–50% and still allow for acceptable detection peaks, resulting in
sensor density on the order of 1 sensor/mm2, although three or

our sensors could potentially be placed within 1 mm2, provided
he area in proximity of such a sensor array would be available for
eads.

When a liquid plug is detected in the multiplexed resistive sens-
ng system, two large peaks pinpointing the position of the plug
re prevalent, yet several small decreases in current also appear, a
emnant of the interconnectedness of the system. The detection
eaks are distinguished from the noise by selecting a threshold

alue that must be reached before a peak is considered a detection
nstance. Based upon calibration experiments for this setup where

e sought to determine the minimum signal droplets of varying
ize and composition would yield, the threshold value was set to be
I = 10 nA.
passing over sensors 1C, 2C, 3B, and 4B in a (1–4) × (A–D) array of sensing elements.
Each pair of positive and negative current spikes occurring simultaneously repre-
sents the water plug passing over the sensor denoted by those particular electrodes.
The signal threshold value was �I = 5 nA.

Detecting multiple liquid plugs simultaneously could in prin-
ciple be accomplished by creating an array of sensors where each
one has a unique size and shape. These geometric differences will
result in differences in the magnitudes of the detection peaks for
each sensor. This would allow concurrent detection incidences at,
for example, sensors 2B and 3C to be distinguished from sensors 2C
and 3B.

4.3. Performance of multiplexed capacitive sensor arrays

To test the capacitive multiplexing system, a 1-�L water plug
was flown through a 250-�m wide by 100-�m high channel over
sensors 1C, 2C, 3B, and 4B at a flow rate of 1.5 mL/h (∼0.1 cm/s) while
a constant potential of 100 mV was applied to each electrode (Fig. 7).
The data was taken at a rate of 10 Hz and the noise was filtered using
a 5-point unweighted moving average [57]. Calibrations performed
similar to those in the resistive case resulted in a signal threshold
value for these capacitive sensors of �I = 5 nA. Each pair of positive
and negative current spikes occurring at the same time represents
the liquid plug passing over the sensor denoted by those particu-
lar electrodes, again illustrating the multiplexing system’s ability
to track a droplet through a microfluidic network using a minimal
number of electrical connections. The positive/negative trend arises
from the multiple electrode gaps needed to create the multiplexed
capacitive sensor array. The positive current spike always comes
from the vertical electrode of the pair, and the negative spike from
the horizontal electrode. The two leads interact not only with the
common electrode, but also with each other. Therefore, the initial
positive charge on the vertical electrode results in a negative charge
on the horizontal one.

The placement and orientation of the two sensor gaps is crit-
ical. In order to maintain the effectiveness of the multiplexing
arrangement, the gaps should be positioned so that a small plug
of liquid may activate both sensing circuits at essentially the same
time. Additionally, the sensors’ electrical leads must be sufficiently
isolated from each other so that they themselves do not act as a
capacitor and interfere with the rest of the sensing process. For the
devices used here, the electrical leads (150 �m) were much nar-
rower than the sensors (1 mm), thereby minimizing any unwanted

effects leads in close proximity of each other may have caused. The
gap between each lead and the common output was 50 �m, and
the sensors had a pitch of 5 mm in both the horizontal and verti-
cal directions. As a final design point, the regions of the electrical
leads closest to the sensing elements were designed to inter-
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ect the overlaying microfluidic channels as minimally as possible,
nd were selectively covered with an electrically insulating SU-8
lm.

These relatively large capacitive sensors could be scaled down
o accommodate much smaller channels and much denser arrays,
s long as a high enough sensor width to electrical lead width
atio were maintained (here we used 20:3). The sensing element
s simply a small gap separating two coplanar electrodes, and, as
pposed to the resistive case, minimizing this sensing element
ctually improves the resulting detection signals. Using standard
icrofabrication technology, sensor gaps and electrical leads could

asily be made to be less than 10 �m wide, allowing for the width
f the overlying channels to be correspondingly reduced in size.
hese optimizations could therefore theoretically lead to coplanar
apacitive (and conductive) sensor arrays with sensor densities on
he order of 25 sensors/mm2.

. Conclusions

This paper described the design, fabrication, and characteriza-
ion of a novel multiplexing arrangement that allows for large arrays
f electrical sensors integrated with microfluidic networks to be
perated by a small number of external electrical leads. This is a
ery simple solution to a significant problem in microscale sens-
ng, and is an important step towards the overall goal of completely
utomated microfluidic control architectures. While all three elec-
rical sensors are capable of tracking the position of a discrete liquid
lement in microfluidic devices, each sensor has specific advan-
ages and disadvantages which render them suitable for different
pplications.

The most obvious constraint on any of the sensors is that con-
uctivity sensors can only be used to detect electrically conductive

iquids. However, within the realm of conductive liquids, conduc-
ive sensing has the strongest signals, the largest signal-to-noise
atios, and is the most sensitive to different liquids, when com-
ared to resistive and capacitive sensing, as evidenced by the very

arge, sharp, and consistent detection peaks seen in Fig. 5c.
From a practical standpoint, coplanar capacitive and conductive

ensors are easier to fabricate than resistive ones. Resistive sensors
equire an additional lift-off step to first pattern the resistors, and
se a flexible polyimide sheet as a substrate, which further compli-
ates the microfabrication process. Also, capacitive and conductive
ensors can theoretically be scaled down to much smaller length
cales than their resistive counterparts. The sensing element in the
apacitive and conductive cases is merely a small gap between two
oplanar electrodes. This is in contrast to the intricate serpentine
attern used for resistors, which only becomes more difficult to
reate when critical length scales approach the sub-micron regime.

Resistive sensors have an advantage, however, in distinguishing
etween different liquids when one or more of them is noncon-
uctive. In such situations, conductive sensors strictly cannot be
sed, and capacitive sensors are generally less sensitive to different

iquid species than are resistive sensors. Fig. 5a shows that resis-
ive sensors can easily differentiate between alternating plugs of
ater and nonconducting FC-40, whereas the differences in peaks
etween water and ethanol for capacitive sensors, shown in Fig. 5b,
re less pronounced. Conversely, capacitive sensors are more useful
or detecting small slugs of a given liquid suspended in a larger car-
ier stream, when the droplet of interest actually does not contact
he sensor surface. Here, the changes in dielectric constant span-

ing the cross-section of the channel will have much more of an
ffect on the induced current signal than will changes in thermal
onductivity affect a far away resistive sensor.

In sum, for microfluidic systems dealing with only electrically
onductive liquids, conductive sensors are the most powerful,

[

[
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because of their large signal strength and relative ease of fabri-
cation. When nonconductive liquids are present, resistive sensors
have been shown to be more sensitive than capacitive sensors
during plug flow regimes. However, capacitive sensors may be
required for systems operating at length scales below which resis-
tive sensors cannot be easily fabricated, or for when slug flow is
used, for example in cases where surface contamination by the liq-
uid transported as a slug (surrounded by carrier liquid) is to be
avoided.
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