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Extending the Lifetime of MEDA Biochips by
Selective Sensing on Microelectrodes
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Abstract—A digital microfluidic biochip (DMFB) enables
miniaturization of immunoassays, point-of-care clinical diag-
nostics, and DNA sequencing. A recent generation of DMFBs
uses a micro-electrode-dot-array (MEDA) architecture, which
provides fine-grained control of droplets and real-time droplet
sensing using CMOS technology. However, microelectrodes in a
MEDA biochip degrade when they are charged and discharged
frequently during bioassay execution. In this paper, we first
make the key observation that the droplet-sensing operations
contribute up to 94% of all microelectrode actuation in MEDA.
Consequently, to reduce the number of droplet-sensing opera-
tions, we present a new microelectrode cell (MC) design as well
as a selective-sensing method such that only a small fraction
of microelectrodes perform droplet sensing during bioassay
execution. The selection of microelectrodes that need to perform
the droplet sensing is based on an analysis of experimental data.
A comprehensive set of simulation results show that the total
number of droplet-sensing operations is reduced to only 0.7%,
which prolongs the lifespan of a MEDA biochip by 11x without
any impact on bioassay time-to-response.

I. INTRODUCTION

Digital microfluidic biochips (DMFBs) are used for
biomolecular recognition, point-of-care diagnostics, and air
monitoring applications [1], [2], [3]. DMFBs manipulate fluids
as discrete droplets of picoliter volume using the principle
of electro-wetting-on-dielectric (EWOD) [4]. Because of their
precise control over microfluidic operations, DMFBs offer sev-
eral key advantages, including simple instrumentation, flexible
device geometry, and easy coupling with other technologies
[5]. This technology has been commercialized in recent years
for diagnostics and immunoassays [6], [7].

A micro-electrode-dot-array (MEDA) biochip has been pro-
posed in recent years to further advance DMFB technology [8],
[9]; an example of a fabricated chip is shown in Fig. 1. Similar
to traditional DMFBs, MEDA biochips manipulate discrete
fluids using EWOD. However, unlike traditional DMFBs,
MEDA biochips offer fine-grained fluidic control and real-
time droplet sensing [9]. The MEDA biochip consists of a
large number of microelectrodes that are arranged in a regular
pattern, and these microelectrodes are much smaller than the
electrodes in traditional DMFBs. Multiple microelectrodes
are dynamically grouped together to form a fluidic module
(i.e., splitter or mixer). MEDA biochips have been fabricated
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using TSMC 0.35 µm CMOS technology [9]. A 30 V power
supply is used to activate microelectrodes, and 3.3 V is used
as the power supply for the digital circuit that controls the
microelectrodes [9].

In MEDA biochips, a real-time capacitive-sensing circuit is
integrated with each microelectrode, and this is used to detect
the location and size of a droplet. In every operational cycle,
the sensing circuit discharges and charges the microelectrode,
and measures the charging time. The charging time is used to
detect whether a droplet is present over the microelectrode.
To obtain the positions of on-chip droplets, the sensing results
of all the microelectrodes are shifted out from a scan-chain
design of the sensing circuits. In addition, the dynamic sens-
ing capability allows high-level synthesis for real-time error
recovery [10], [11], [12].

Prior work has identified a number of failure mechanisms
for digital microfluidic biochips [13]. A number of these
failure mechanisms are related to manufacturing defects; there-
fore, post-fabrication testing can be used to screen bad chips.
However, defects such as microelectrode degradation can
occur throughout the lifetime of the system. Because a MEDA
biochip manipulates discrete fluids using the EWOD principle,
microelectrodes in the biochip are continuously charged and
discharged during bioassay execution. According to results
presented in [14], [15], charge trapping in the dielectric
layer and degradation of the insulator can result in electrode
degradation during bioassay execution. Even if a biochip is
immediately tested after production, electrode degradation can
happen during the lifetime of the biochip. This is the most-
common failure mechanism in the field and the shortest path to
failure [16], [17]. If an electrode is degraded during bioassay
execution, fluidic operations associated with this degraded
electrode will fail, resulting in bioassay failure. To ensure re-
liable bioassay execution in digital microfluidic systems, prior
work has focused on reducing excessive electrode charging for
droplet actuation during bioassay execution [18], [19].

However, prior work does not address one of the key reasons
underlying microelectrode degradation. According to the data
collected for bioprotocols running on MEDA biochips, we
find that droplet-sensing operations dominate the total number
of charging cycles per microelectrode. Table I shows the
number of microelectrode-charging cycles for three bioassays,
namely multiplexed in-vitro diagnosis [20], gene-expression
analysis [21], and chromatin immunoprecipitation (ChIP) [22],
on a 30 × 60 MEDA biochip. In Table I, Amin/Amax/Aavg

is the minimum/maximum/average number of times a mi-
croelectrode is charged due to droplet actuation, and S is
the number of droplet-sensing operations performed in each
microelectrode. The value of S/(S + Aavg) × 100% indi-
cates proportional contribution of droplet-sensing operations
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Fig. 1: Droplet on a MEDA biochip during a laboratory experiment.

to microelectrode charging. Table I shows that droplet-sensing
operations contribute at least 94% of the total number of times
a microelectrode is charged/discharged. Therefore, in order to
prolong the lifetime of microelectrodes, it is critical to reduce
the total number of droplet-sensing operations.

The work in [17] presented an analysis and experimental
results on the electrode lifetime in terms of the number of
electrode being charged/discharged in EWOD devices. When
the dielectric layer underneath an electrode is thin, either
motivated by the need to reduce the actuation voltage or due to
fabrication imperfections, the electrode can only be charged up
to 200 times before it is completely degraded. Complex bio-
chemical applications, such as chromatin immunoprecipitation
(ChIP), typically require hundreds of operational cycles when
they are mapped to MEDA biochips. As shown in Table I, in
today’s MEDA biochips, a microelectrode needs to charged
and discharged more than 300 times when a single bioassay
is executed. As a result, a microelectrode is likely to degrade
(with a failure in bioassay execution) because of the excessive
charging associated with droplet actuation and droplet sensing.
In fact, similar biochip degradation concerns are likely to
have forced Illumina—one of the earliest adopters of DMFB
technology—to halt sales of its NeoPrep platform. In a letter
to customers, Illumina cited reliability issues in house and far
worse ones in the field [23].

Consequently, to increase the lifetime of MEDA biochips, it
is critical to eliminate unnecessary droplet-sensing operations
during bioassay execution. In this paper, we show how this
objective can be achieved by carrying out droplet sensing
in only a small fraction of the microelectrodes, without any
adverse on bioassay executions. We refer to this approach
as selective sensing.

The key contributions of this paper are as follows:
� We develop a new microelectrode-cell (MC) design that

allows us to enable/disable droplet-sensing operation for
each MC on the MEDA.

� We propose a selective-sensing strategy—only a few MCs
are utilized to determine droplet locations.

� We show on real-life bioassay protocols that selective
sensing significantly reduces the number of times a
microelectrode needs to be charged/discharged during
bioassay execution. Simulation results also show that the
maximum number of times a microelectrode needs to be
charged/discharged is considerably reduced. As a result,
the biochip lifetime is increased by 11x with no impact
on bioassay time-to-results.

The remainder of this paper is organized as follows. Sec-
tion II introduces the MEDA architecture. Section III presents

TABLE I: Statistics on microelectrode charging for three bioassays.

Bioassay Amin Amax Aavg S S/(S + Aavg)� 100%

Multiplexed In-Vitro
Analysis

0 128 11.69 196 94%

ChIP 0 131 5.72 314 98%

Gene Expression
Analysis

0 104 6.55 351 98%

a new MC design that allows selective sensing. Section IV
describes the selective-sensing method for sensing. Section V
illustrates the effectiveness of the proposed method on several
commonly used complex bioassays. Section VI discusses
the overhead associated with the proposed method. Finally,
Section VII concludes the paper.

II. BACKGROUND

In this section, we first describe the basic unit of MEDA,
i.e., the MC. Next, we explain the scan-chain architecture
that connects these basic units together. We also describe
how MEDA performs droplet operation using the scan-chain
of microelectrode cells. Finally, we show that the droplet-
sensing operation in MEDA is inefficient due to the sensing
mechanism incorporated in the MC design.
A. Microelectrode Cell

The schematic of an MC is shown in Fig. 2. A typical MC
includes four parts: a microelectrode, a D flip-flop (DFF), an
actuation circuit, and a sensing circuit. Operations that can be
performed on an MC include the following:

1) MC actuation. To perform droplet operations on MEDA,
the biochip needs to activate a group of MCs to form a
micro-component (e.g., splitter or mixer). In this operation,
the controller sets ACT = 1, IN = 1, and a high voltage
(e.g., 25 V) to the top plate [24]. If a rising edge of MC-
CLK is applied to the DFF, pin Q is set to logic “1”, and
transistors T3 and T4 are switched on, while transistors T1
and T2 are switched off. In this case, the bottom plate is
directly connected to ground (0 V). Because the surrounding
microelectrodes are not connected to ground, the potential
difference between this microelectrode and the surrounding
microelectrodes generates an EWOD force that moves the
droplet towards to the activated MC [25].

2) MC sensing. MC sensing is used to detect droplet loca-
tions by measuring the capacitance between the top plate and
bottom plate. In this operation, the controller sets ACT = 0,
ACT b = 1, and SEL = 1; the controller also connects the top
plate to ground. When this happens, transistors T1, T2, and
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Fig. 2: Schematic of an MC in MEDA biochips.
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