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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
[S]]. 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]],
[9l]; an example of a fabricated chip is shown in Fig.[l| 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 pym 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], [1L1], [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 x 60 MEDA biochip. In Table m, Aminl Amazl 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 + Agvg) x 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 [[ 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[l] 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:

o 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.

o 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 [[T] introduces the MEDA architecture. Section [IT]] presents

TABLE I: Statistics on microelectrode charging for three bioassays.

Bioassay Amin | Amaz [Aavg | S |S/(S + Agug) X 100%
Multiplexed In-Vitro 0 128 | 1169 1196 049
Analysis
ChIP 0 131 | 5.72 |314 98%
Gene Expression | |04 | 655 |351 98%
Analysis

a new MC design that allows selective sensing. Section [[V]
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 V1| 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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Fig. 3: An illustration of the scan-chain structure in MEDA.

T4 are switched on while transistor T3 is switched off, the
bottom plate is connected to VDD (3.3 V) and the voltage of
the bottom plate increases to 3.3 V. Next, the control circuit set
ACT_b = 0, and transistors T1, T3 and T4 are switched on
while transistor T2 is switched off. As a result, the bottom
plate is now connected to ground, and the voltage of the
bottom plate decreases due to discharging. By applying a rising
edge of MC-CLK at a preset time, a value of “0” or “1” will be
store in the DFF. If a droplet is present between the top plate
and bottom plate, the discharge rate is slower, and a value of
“1” is stored; otherwise, the DFF stores a value of “0”.

The actuation status of an MC is determined by the value
stored in the DFF: a value of “1” indicates MC actuation;
otherwise, the MC is de-activated. In the following discussion,
we refer to the actuation value for each MC as the MC-
actuation value. After MC sensing, the result is written to the
DFF indicating whether a droplet is present. In the following
discussion, we refer to the capacitance measured for each MC
as the MC-sensed value.

B. Scan-chain Design

To set the MC-actuation value to each MC and read out the
MC-sensed values, all the MCs in today’s MEDA platform
are connected using a single scan-chain structure, i.e., the
output of one MC is connected to the input of the next MC
(see Fig. [9]. Using this scan chain, a sequence of bits
is shifted into the scan chain such that the value in each
DFF can be programmed. We refer to the sequence of bits as
an actuation pattern. Likewise, after MC-sensing operation,
the 0/1 MC-sensed values are stored in each DFF. The MC-
sensed values are obtained by shifting out a sequence of bits,
which is referred to as a sensed pattern.

C. MEDA Working Principle

To carry out a bioassay (i.e., a bio-chemical experiment)
on a MEDA biochip, a synthesis tool is used to generate a
schedule of fluidic operations, module placement, and droplet
routes for the bioassay [26]. Next, these three results are
mapped to a sequence of actuation patterns. The actuation
patterns are sequentially shifted to the MC array through the
scan-chain structure. When the actuation pattern is applied to
the microelectrodes, an induced force is created, which drags

the droplet toward the activated microelectrodes based on the
principle of EWOD [25]]. After an actuation pattern is activated
on the MC array, all the MCs are set to the sensing mode. The
sensing results of all the MCs are scanned out as feedback to
validate the effectiveness of the fluidic operation [9], [27].
The process of shifting an actuation pattern, activating MCs,
droplet sensing, and shifting the sensing results is referred to
as an operational cycle, and the operational cycle is repeated
until the completion of the bioassay.

D. Motivation: Increasing MEDA Lifetime

Microelectrode degradation is inevitable if microelectrodes
are excessively actuated during bioassay execution [18]], [19].
Therefore, previous work has focused on reducing excessive
electrode charging for droplet actuation. The work in [18]] pre-
sented a module-placement method that can prevent excessive
use of certain electrodes. Recently, the work in [19] presented
a block-aware synthesis method based on IEEE Std. 1687
network design. This method first divides the microelectrodes
into several blocks and then uniformly utilizes these blocks
throughout bioassay execution. Although the experimental
results in Table [[] show that droplet-sensing operations are
the predominant contributor to microelectrode degradation,
these methods, however, neglect the microelectrode charging
associated with droplet sensing.

For today’s MEDA biochips, we can manipulate fluids in a
fine-grained manner because we can control the actuation sta-
tus of each MC individually by writing an MC-actuation value
to each DFF [28], [29]. However, during droplet sensing, all
the MCs must simultaneously carry out the sensing operation.
It is often the case that, during the execution of a bioassay,
droplets occupy only a small fraction of MCs in the array. If
all MCs are used to sense the location of droplets in each step
of bioassay execution, the lifetime of a MEDA biochip will
be significantly reduced because frequent charging of an MC
induces charge trapping and microelectrode degradation [17].

For example, in Fig. [I] all the 1800 MCs are charged and
discharged in the droplet-sensing operation every clock cycle.
However, as can be seen in the figure, the droplet occupies
only 40 MCs, and if we perform droplet sensing only on the
corresponding MCs, we can reduce the number of MCs that
are used for droplet sensing by 97%. In the next section, we
introduce a new MC design such that we are able to selectively
turn on/off the MC-sensing function for each MC.

III. MC DESIGN FOR SELECTIVE SENSING

In this section, we propose a new MC design such that we
can enable/disable the droplet-sensing operation for each MC,
i.e., the new MC can support selective sensing for MEDA.

A. New MC Design

Recall that by controlling the DFF in Fig. P2l we can
enable/disable the MC for droplet actuation. The schematic of
the new MC is shown in Fig. 4] Compared with the original
MC design shown in Fig. 2| we add a three-input OR gate
and a control signal F2G (i.e., Force-to-Ground) to the MC
circuit. This signal is used to force the microelectrode voltage
to ground after the sensing operation is completed.

Supposed an MC is in the sensing mode, where the control
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Fig. 5: Simulation results when droplet-sensing operation is disabled.

signal ACT changes from 1 to 0, and the control signal
F2G = 0. Therefore, transistors T2 and T4 are switched
on. To measure the capacitance of the microelectrode, we
need to first charge the microelectrode and then discharge the
microelectrode, i.e., T1 needs to be switched on and then T3
needs to be switched on. The value stored in DFF determines
the output of the three-input OR gate and thus whether T1 will
be switched on. When the DFF stores “0”, T1 will be switched
off, and T3 will be switched on. Therefore, microelectrode
charging for sensing can be avoided.

On the other hand, when the DFF stores “1”, the output
of the three-input OR gate is determined by the output of the
logical NOR of ACT and ACT _b, which is the same as in the
conventional MC design. Therefore, the sensing operation can
now be carried out. After the sensing operation is completed,
the MC — CLK signal is fed to the MC such that “1” is
stored in the DFF when a droplet is present; otherwise, “0”
is stored in the DFF. Finally, F2G is set to 1 to ensure that
T3 is on and the microelectrode is not charged because of the
new value stored in the DFF.

B. Design Validation using HSPICE Simulation

We evaluated the MC design of Fig. [ using HSPICE and
a 350 nm library from a foundry that matches the fabricated
prototypes. The simulation results (see Fig. [5] and Fig. [6) as
well as the new working principle are described as follows.

1) Droplet-sensing disabled. In this operation (illustrated
in Fig. B, a “0” value is first shifted in to the MC using the
scan-chain, and the ‘0’ value of OUT indicates that droplet-
sensing operation is disabled. Therefore, for the sensing-
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Fig. 6: Simulation results for the droplet-sensing operation: (a) with
a droplet, and (b) without a droplet.

mode period, the bottom plate is always connected to ground.
Because of the global signal F'2G, the bottom plate is always
connected to ground even though the value of OUT changes
for the second rising edge of MC — CLK.

2) Droplet-sensing enabled (with a droplet). In this
operation (illustrated in Fig. @a)), a “1” value is first shifted
in to the MC using the scan-chain, and the ‘1’ value of OUT
indicates that droplet-sensing operation is enabled. As a result,
when ACT _b = 1, the bottom plate is connected to VDD (3.3
V), and the voltage of net BOT is rising because of capacitor
charging. Note that the presence of a droplet increases the
dielectric constant, and the capacitor requires longer time to
charge. When a second rising edge of M C' —CLK is applied,
the sensing output SENS is still in a high voltage level.
Therefore, an MC-sensed value of “1” is store in the DFF,
which indicates that a droplet is present.

3) Droplet-sensing enabled (without a droplet). In this
operation (illustrated in Fig. @b)), a “1” value is first shifted
in to the MC using the scan-chain, and the “1” value of OUT
indicates that droplet-sensing operation is enabled. As a result,
when ACT _b = 1, the bottom plate is connected to VDD (3.3
V), and the voltage of net BOT is rising because of capacitor
charging. Without a droplet present, the dielectric constant is
smaller and it takes less time to charge the capacitor. When
a second rising edge of MC — CLK is applied, the sensing



output SENS is at a low voltage level. Therefore, an MC-
sensed value of “0” is store in the DFF, which indicates that
no droplet is present.

IV. SELECTIVE DROPLET SENSING

The new MC described in Section [ enables MEDA
to perform selective sensing during bioassay execution. We
next present a selective-sensing method that can reduce the
use of MCs for sensing. Because droplets are dynamically
moved on the MEDA biochip during bioassay execution, our
selective-sensing method first dynamically chooses MCs that
are associated with the fluidic operations. Our method selects
these MCs at each operational cycle according to the pre-
determined synthesis results, i.e., actuation patterns. Assuming
that T" operational cycles are required for bioassay execution,
we define the t" operational cycle as the time step ¢, where
1 <t <T. A time step therefore refers to a clock cycle.

A. Determining Sensing Regions During Bioassay Execution

As discussed in Section[I] the time required to execute each
fluidic operation of a bioassay is determined by the synthesis
tool before bioassay execution. We analyze all the fluidic oper-
ations, namely droplet dispensing, droplet discarding, droplet
transportation, droplet merging, and droplet splitting, cycle by
cycle and identify which microelectrodes need to be used in
each time step.

Introducing/Discarding Droplets to/from MEDA

1) Droplet-dispensing operation. Droplets are introduced
to the MEDA biochip by dispensing modules [30], [31]]. Note
that the locations of dispensing modules are pre-determined
and droplet-dispensing operations are accurate (e.g., it has
been demonstrated experimentally that volumetric variations
are negligible). Therefore, the MCs that are used for droplet
dispensing are always fixed. We define the set of MCs used
for a droplet-dispensing operation at time ¢ as DDj.

2) Discarding-a-droplet operation. Similar to the dis-
pensing operation, waste fluids are generated during bioassay
execution. These droplets are collected in a waste reservoir.
Therefore, the MCs used for discarding a droplet are always
fixed. We define the set of MCs that are used for a discarding-
a-droplet operation at time ¢t as DI;.

Droplet Manipulation on MEDA

After a droplet is dispensed, the location of the droplet
can be monitored using sensing operations. Therefore, for the
operations described below, we assume that the location of a
droplet has been identified using the sensing results obtained
at the previous time step. The set of the MCs over which
droplets are present at time ¢ is denoted as D L.

3) Droplet-transportation operation. An example is
shown in Fig. [/(a), in which an actuation pattern is applied
to move a droplet to the right. In most cases, the droplet can
be successfully moved to the desired location. However, it has
been shown that due to subtle variations and imperfections in
biochips [16], the induced EWOD-force may not be strong
enough to move the droplet to the desired location. In this
case, the droplet is ‘stuck’ at the original location.

The red bounding box in Fig. [/(a) shows the location
range for the droplet after the actuation pattern is applied. We
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Fig. 7: Sensing regions (in red rectangles) for (a) droplet transporta-
tion, (b) droplet merging, and (c) droplet splitting.

TABLE II: Comparison between all the fluidic operations.

Set of MCs for selective sensing
DDy
DI,
DT, = DL, U A,
DM, = DL, U A,
DSy = DL U A,

Operation Type

Dispensing

Discarding-a-droplet

Transportation

Merging

Splitting

conclude that to obtain the droplet location after we apply an
actuation pattern, we need to sense only the MCs that appear
within the bounding box.

We define the set of MCs that are used by the actuation
pattern at time ¢ as A;. We define the set of MCs that are
used for transportation operations at time ¢ as DT;. It can be
easily seen that DT; = DL; U Ay.

4) Droplet-merging operation. An example of this oper-
ation is shown in Fig. [7(b), in which an actuation pattern is
applied to merge two droplets. Similar to droplet transporta-
tion, this operation may fail due to on-chip variations and
imperfections [16]. The red bounding box in Fig. [7(b) shows
the location range for the droplet after we apply the actuation
pattern. We conclude that, to obtain the droplet location after
we apply an actuation pattern, we need to sense only the MCs
that appear within the bounding box. We define the set of MCs
that are used for droplet-merging operations at time ¢ as D M;.
It can be easily seen that DM, = DL; U A;.

5) Droplet-splitting operation. An example of this oper-
ation is shown in Fig. c), in which an actuation pattern is
applied to split a droplet into two halves. Similar to droplet
transportation and droplet merging, this operation may fail
due to biochip imperfections [12]]. The red bounding box
in Fig. |ZKC) shows the location range, i.e., the set of MCs over
which the resultant droplets might reside. Therefore, to obtain
the droplet location after we apply an actuation pattern, we
need to sense only the MCs that appear in the bounding box.
We define the set of MCs that are used for droplet-splitting
operations at time ¢ as DS, where DS; = DL, U A,.

The comparison between all the fluidic operations is pre-
sented in Table [l By analyzing all the fluidic operations and
the associated sensing regions, we define the set of MCs that
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need to be sensed at time step t as SR;, where

Example: Fig.[§]shows that a droplet-transportation operation
and a droplet-merging operation are carried out at time ¢. A
droplet d, is being moved to the right, and two droplets, d,,
and d., are being merged. Fig. [8[a) shows their positions,
and Fig. [§(b) shows the corresponding actuation patterns for
the two fluidic operations. According to Operation (3) and
Operation (4), the associated sensing sets, D'T; and D M, can
be derived; see Fig. [§[c). Note that because only these two
types of operations are carried out at time ¢, DD; = (), DI; =
@, and DS, = . Therefore, the set of MCs that are used for
sensing at time ¢ can be derived as SR; = DTy U DM;.

B. Selective Sensing using Diagonal Groups

In the first step of our selective-sensing method, we utilize
only a fraction of all the MCs during bioassay execution, i.e,
using the MCs in SR;. In the second step, our method can
further reduce the usage of the MCs in SR;. Intuitively, the
key idea is that we do not need to select all the MCs within
SR; to acquire the droplet location. However, the selected
MCs in this step need to provide the same information about
the droplet location that we would get by sensing all the MCs.

Consider an example in Fig. [0} where a droplet is present
on a MEDA biochip. Note that we consider an ideal situation
where droplets have square shapes, but this is only for the sake
of illustration. We show in Section [V}A that the proposed
method can be used for realistic experiments on MEDA
biochips. In Fig. Ekb), 25% of the MCs are selected for sensing.
However, two possible droplet locations can provide the same
sensing results. As a result, this selection of MCs cannot
inform us the actual droplet location. In Fig. [Ofc), a different
set of MCs (but still 25% of the total number of MCs) is
selected for sensing. In this case, we are able to locate the
droplet accurately using the sensing results. Therefore, it is
important to select the MCs that provide the most information
for selective sensing.

To prolong the biochip lifetime, it is critical to distribute
the sensing operations evenly among the different MCs in the
array. If MCs are not carefully chosen for selective sensing,
as discussed in Section [[I}D, it is possible that some MCs will
be actuated more frequently, leading to rapid microelectrode
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Fig. 9: Two selections of 25% of the MCs in an array for droplet
sensing. The selected MCs are colored yellow and brown. (a) A
droplet is present on a MEDA biochip. (b) A selection of MCs that
cannot precisely identify the actual droplet location. The sensing
results show that there are two possible droplet locations. (c) A
selection of MCs that identifies the exact droplet location.

degradation and lifetime reduction. In the second step of our
selective-sensing method, our two goals are: 1) select MCs
that provide the most information, and 2) evenly distribute the
sensing operations to the MCs. We achieve these two goals
by selecting MCs in a specific diagonal pattern.

Consider an N x M array of MCs, where the MC at row ¢
and column j is denoted as mc; ;, 1 <74 < N,and 1 < j <
M. Here, we define a diagonal line DL(C) as a set of MCs
such that the difference between the row and column indices
is a constant integer C, i.e., DL(C) = {mc¢; ; |i—j=C}.
For an N x M biochip, there are N + M — 1 diagonal lines:
DL(—-M + 1), DL(—M +2), ..., and DL(N — 1).

Next, these N + M — 1 diagonal lines are assigned
to a given number (Ng) of groups, and the indices
of these groups are from 1 to Ng. The k™ group is
Gr = {DL(C)|(C mod Ng)+1=Ek}. An example of
MC-grouping is shown in Fig. [I0] where N = 5, M = 10.
The array consists of a total of 14 diagonal lines. If we are
given Ng = 4, we divide these diagonal lines into four groups.
Consider two cells: mc;,1 and mco 1. According to the above
group-assignment rule, mcy; is assigned to G because it is
in DL(0) and (0 mod 4)+1 = 1. Similarly, mc, ; is assigned
to G because it is in DL(1) and (1 mod 4) + 1 = 2. Since
each group forms a diagonal spatial pattern, we refer to it as
a diagonal group.

Next, we show how to use the diagonal groups to precisely
detect the locations of droplets. Because MEDA biochips
(including the sensing circuits) are thoroughly tested before
bioassay execution, e.g., using the structural test method
presented in [32], we assume that the sensing results of an
MC are accurate. The MC returns “1” if a droplet is present;
otherwise, it returns “0”. While droplets can evaporate over
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Fig. 10: An illustration of 14 diagonal lines in a 5 x 10 MEDA. The
14 diagonal lines are partitioned into four diagonal groups.
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Fig. 11: Illustration of the terminology used in the lemmas.

time [33]], silicone oil is used in MEDA biochips as a filler
medium to prevent droplet evaporation [9]. Note that it takes
less than five minutes for complex bio-protocols, such as
multiplex in-vitro analysis, to be executed on MEDA biochips.
The work in [33]] showed that the diameter of a droplet is
reduced by less than 1.2% after five minutes if silicone oil is
used, i.e., droplet evaporation on MEDA biochips is negligible.
Therefore, we assume that after a droplet is generated (either
by dispensing, splitting, or merging), the droplet volume does
not change until it is merged, split, or discarded from the
MEDA biochip. Because the gap between the top plate and
the MEDA array is fixed, the footprint (area) of a droplet
over the MC array is also constant. Finally, due to the EWOD
actuation mechanism, we assume that the droplet is in the
shape of rectangles on the MC array.

We lead up to our key theorem by providing two lemmas.
These lemmas reveal the relationships between the diagonal
groups and droplets. We first introduce some notation used
in the lemmas. Let ng and mg, be the width and the length,
respectively, of the rectangular footprint of droplet d. On the
MEDA platform, the work in [12] showed that there is a
minimum-sized droplet that can be dispensed and manipulated.
We define the smallest droplet that can be manipulated to be of
SIZ€ Mynin X Mmin. The quantity n,,;, has been experimentally
demonstrated to be 2 for a specific generation of MEDA
biochips [12]. For other MEDA biochips, it can likewise be
determined through experimental calibration. We define mc; ;
to be adjacent to mc, , if and only if |i — x|+ |j —y| = 1.
We also define mc; ; to be on the edge of a droplet d if mc; ;
is under d but one of its adjacent MCs is not under d. An
illustrative example of the above notation is shown in Fig.

Lemma 1. A droplet d of size ng X mq can be present over
at most ng + mgq — 1 diagonal groups.

Proof: The proof is straightforward because we can count the
MCs that are on one of the vertical edges and one of the
horizontal edges of droplet d. There are ngy MCs that are
located on the vertical edge. Similarly, mgy MCs are located
on the horizontal edge. Note that one MC is double counted
at the corner of the two edges. Therefore, a droplet can be
present over at most ng + my — 1 diagonal groups. ]

Lemma 2. A diagonal group can precisely locate the droplet
if and only if MCs in the diagonal group are located on the
four edges of the droplet.

Proof: (=) We present a proof by contradiction. Consider the
two cases when MCs of a diagonal group are not located on
the four edges of the droplet. 1) The droplet is not present
over any MC of the diagonal group. In this case, the sensing
result does not reveal the droplet location. 2) The MCs in the
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Fig. 12: Tllustration of an n X n droplet with diagonal lines.

diagonal group can only be located on the two edges of the
droplet. In this case, there are two possible locations for the
droplet. The droplet can be present over one of the two sides
of the diagonal group. As a result, we cannot unambiguously
identify the droplet location.

(<) The proof is straightforward. If microelectrodes in a
diagonal group pinpoint the four edges of a droplet, we can
easily infer the droplet location. [ ]

According to Lemma [I] an n x n droplet is present over a
total of 2n — 1 diagonal lines. As shown in Fig.[T2] we denote
the diagonal lines as DL(—n+1), DL(—n+2), ..., DL(n—1),
respectively. The quantity Ng actually determines the distance
between two neighboring diagonal lines in the same group,
e.g., DL(0), DL(N¢) and DL(—Ng) are in the same diagonal
group. According to Lemma [2] in order to precisely detect
the location of a droplet, MCs in a diagonal group need to
be on the four edges of the droplet, i.e., the diagonal lines
in a diagonal group need to “go across” the four edges of
the droplet. For a small value of N, the interval between
diagonal lines corresponding to the same diagonal group is
small, and there are multiple diagonal lines in a diagonal group
that “go across” the four edges. However, when the value of
Ng increases, the number of diagonal lines in a diagonal group
that “go across” the edges decreases. The goal here is to find
the maximum value of N (i.e., the interval of diagonal lines)
such that diagonal lines in a diagonal group “go across” the
edges of the droplet.

Theorem 1. Consider an N x M MEDA biochip in which there
are N + M — 1 diagonal lines of MCs. Suppose we assign
these diagonal lines of MCs into N¢ diagonal groups, and the
minimum droplet size is Nyin X Nmin. Then we can precisely
locate any droplet on a MEDA biochip if 1 < Ng < Nupin.

Proof: Assume that DLL(n — 1) is used to locate a droplet of
size n X n. The next neighboring diagonal line (in the same
diagonal group) needs to be any one of DL(n—2), DL(n—3),
..., and DIL(—n + 1). As a result, the set of available values
for Ng can be expressed as S(n—1) = {i | 1 <14 < 2n —2}.
Similarly, to locate the droplet using DL(n — 2), the next
neighboring diagonal line needs to be any one of DL(n—3), ...,
and DL(—n+1). Therefore, S(n—2) = {i | 1 <1i < 2n — 3}.
The set of available values for Ng corresponding to a diagonal
line DL(C) is: S(C) ={i |1 <i < C+n—1}. In order to
precisely detect the droplet of size n X n, the set of values for



Given: Update DL, using SR;;
The size of the MEDA biochip N XM, t=t+1;
a sequence of T actuation patterns, and T

the minimum droplet size Ny, XN pin.

| k= (t modNy)+1;
. R Compute SR, based on operations;
Divide the set of MCs into SS. = G, O SR.:
Ng sets (G to Gy .); ek .
G 10 YNg /> Enable sensing for MCs in SS,

Yes

[ Return T sets (SS; to SS7) }

t=1;
Initialize T sets (SS; to SS7);

Fig. 13: The overall flow for the selective-sensing method.

N¢ can be expressed as:

S=S(n-1)NS(n—2)N...NS(1)

=S(1)={i|1<i<n} @

As a result, for an n X n droplet, if Ng € S, we are able to
precisely detect the droplet location; the maximum value for
N¢ is n. To locate all sizes of droplets, we need to be able to
locate the minimum-sized droplet (N, X Mmin). Therefore,
1 < Ng < nmin- n
C. Steps Associated with Selective Sensing

We assume that we are provided with the following infor-
mation: 1) the size of the MEDA N x M; 2) a sequence of
actuation patterns (A; to Ar) for a specific bioassay, generated
by a synthesis tool; 3) the minimum Size 7N, X Nmin Of a
droplet that can be used in bioassay execution. Our method
consists of two steps:

Step 1: The selective-sensing method first generates sensing
regions where droplets may be located in each operational
cycle as described in Section [[VIA. Therefore, we can obtain
SR, using Equation ([I]), where 1 <t <T.

Step 2: We partition the N x M MCs into Ng groups,
where Ng = Nunin, as described in Section [[V}B. Recall that
the set of MCs that are assigned to the k™ group is referred to
as G,.. Assume that the bioassay requires a total of 7" actuation
patterns. At time ¢, only the MCs in Gy, are used for sensing,
where 1 < ¢ < T and k = (¢t mod N¢) + 1. Therefore, the
set of MCs that need to perform droplet sensing at time ¢ is
denoted by SS;, where SS; = SR; N Gk. The overall flow
for selective sensing is shown in Fig.

V. EXPERIMENTAL RESULTS

We first validate the proposed selective-sensing method
using experimental data obtained from fabricated MEDA
biochips. We then evaluate the effectiveness of the proposed
method using three real-life biochemical protocols.

A. Validation Using Experimental Data

As described in Section [[TI, when a droplet is being sensed,
there is no EWOD force applied to the droplet. Therefore,
the shape of a droplet is nearly a sphere because of the
cohesive forces originated from the surface layer [34]. While
some microelectrodes are fully covered by the droplet, some
microelectrodes are partially covered by the droplet. The
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Fig. 14: Droplet location is computed using an image-processing tool.
The droplet is identified and highlighted in green. The biochip array
is identified and highlighted in red.

EWOD technology requires such partial overlap to enable
droplet movement. In Section[[V} B, we assume that the droplet
has a rectangular shape as a simplification because we are
only interested in the x-y directions and we are not studying
any forces in the vertical dimension. The microelectrodes
within the rectangle area are fully covered by the droplet. The
simplified rectangular shape is a conservative choice from the
localization perspective and justified by the fact that we are
only modeling forces that move droplets in the x- and y- di-
rections. No diagonal forces or diagonal movements are being
considered. Theorem 1| shows that we can precisely locate a
droplet (in the form of a rectangle) using selective sensing with
a few diagonal groups. Because the actual droplet footprint (a
circle) is larger than the rectangle, we can also precisely locate
the droplet using the same number of diagonal groups. In this
subsection, we show that fluidic-operation snapshots obtained
from fabricated MEDA biochips corroborate this assessment.

We executed fluidic operations on a fabricated MEDA
biochip with droplets whose diameter is n microelectrodes
(6 < n < 14). The videos of droplet operations were captured
by a CCD camera, and we analyzed the videos using image-
processing techniques. The software package OpenCV [35]
was used to identify droplet locations. The droplet location is
defined as a set of microelectrodes that are completely covered
by the droplet. An example of droplet localization is shown
in Fig. [T4] A total of 410 fluidic operations were captured,
and the droplet locations and the associated actuation patterns
were stored as the data set.

We next propose a metric to evaluate whether a diagonal
group (G;) can accurately locate the droplet positions for all
the fluidic operations in the data set. A fluidic operation in
the data set contains three parts: 1) the droplet location before
actuation, 2) the actuation pattern, and 3) the droplet location
after actuation. We derive the sensing regions corresponding to
a fluidic operation (SR;) based on the droplet location before
actuation and the actuation pattern (as described in Section
A). Using the selective-sensing method, we can obtain the
MCs used for sensing. Recall that the set of MCs that are used
for sensing is defined as 5SSy = G NSR;. Using SS;, we can
obtain the sensing result corresponding to the actual droplet
location after actuation. The resulting droplet location (set of
microelectrodes) is referred to as Rgoigen. We then enumerate
all the other possible droplet locations and use S.S; to see if
the sensing result is the same as Ryiden. The sensing result
of a possible droplet location (also set of microelectrodes) is
referred to as R,. Let ¢ be the number of cases for which
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Fig. 15: Illustration of the notation used in diagonal-group evaluation.
(a) A droplet is present on a MEDA biochip. The sensing result
suggests that there are two possible droplet locations. (b) The actual
droplet location with the corresponding Rgoiden- (¢) Another possible
droplet location with the corresponding R,,.

R, = Rgoigen- If Gj provides the precise location of a
droplet, ¢ = 1; otherwise, ¢ > 1. The metric acc = 1/c¢ is
defined to evaluate whether G, can accurately locate droplet
positions. Consider the example shown in Fig. [I5] where two
possible droplet locations can result in the same sensing result.
Therefore, ¢ = 2, and acc = 1/2.

We evaluated the proposed method by varying the selective
percentage p over the 410 fluidic operations in the data set,
where p = f,,/f4. The denominator f; is the total number
of diagonal groups (see Section [[V}B), and the numerator
frn is the number of diagonal groups that we use for droplet
sensing. For a given percentage p, we enumerated all the (f Z )
combinations, ran all these combinations on the 410 fluidic
operations, and obtain the average acc for a total of (]{:) x 410
experiments. The results as well as the variance bars are shown
in Fig. Our results show that when p > i, acec = 1.0.
Therefore, we can obtain precise droplet locations using only
25% of the MCs, i.e., we can choose Ng = 4 for realistic
fluidic operations.

B. Evaluation on Bioassay Protocols

We simulated the execution of three real-life biochemical
protocols on a 30 x 60 MEDA biochip: multiplexed in-vitro
diagnosis [20], gene-expression analysis [21], and chromatin
immunoprecipitation (ChIP) [22]. During bioassay execution,
we employed the proposed selective-sensing method and
recorded the number of times each microelectrode is sensed.
For the bioassay execution, we consider droplets of typical
size with a diameter of six microelectrodes. We implemented
the simulator using Python on a workstation with a 2.5 GHz
Xeon processor and 2 GB memory.

As recent work in [[19] has shown that the number of
sensing operations can be reduced during bioassay execution,
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Fig. 16: Evaluation of selective sensing.

TABLE III: The number of sensing operations during bioassay exe-
cution. Comparison between the baseline method, [[19], and selective
sensing.

l Methods H Baseline [ 119] [Proposed Method‘
Bioassay || Min. | Avg. |Max. |Min.| Avg. [Max.|Min. | Avg. | Max.
Multiplexed
WHPIEXed] | 106 | 196 | 196 | 41 [14439] 196 | 0 |2.87] 26
In-Vitro
ChIP || 314 | 314 | 314 | 64 |132.67| 226 | 0 |1.45] 28
G
M 11351 | 351|351 | 75 [12522] 194 | 0 |169] 21
Expression

we show the effectiveness of our method by comparing our
results with [19]] as well as a baseline that senses all the mi-
croelectrodes in every cycle. In this section, we first show that
the number of sensing operations can be considerably reduced
using the selective-sensing method. Next, we show that the
lifetime of MEDA biochips can be sustantially extended using
selective sensing.

1) Number of Sensing Operations Per Microelectrode

The results obtained for the number of sensing operations
per microelectrode are shown in Table In the baseline
sensing approach, each microelectrode needs to be sensed
more than 100 times during bioassay execution. Although
the work in [19] can reduce the number of sensing by
dynamically enabling a few of the sub-daisychains in MEDA
during bioassay execution, each microelectrode still needs to
be sensed more than 100 times during bioassay execution.
However, using the proposed method, each microelectrode
only needs to be sensed less than three times on average. The
number of sensing operations per microelectrode for selective
sensing is only 0.7% of that for the baseline.

Fig.|17|shows the number of sensing operations for each mi-
croelectrode for different bioassays; we compare the proposed
method with [19]. Fig. a) shows that when [19]] is used,
some microelectrodes can still be charged nearly 200 times.
On the other hand, using selective sensing, the number of
charging operations is 6x less for all the microelectrodes. It is
noticeable that many microelectrodes are not used for sensing
because droplets are not present over these microelectrodes
during bioassay execution.

2) Impact on the Lifetime of MEDA Biochips

We next show that the biochip lifetime can be prolonged
using selective sensing. Experimental results on the electrode
lifetime in terms of the number of electrode charging are
presented in [17)]. Based on this study, we consider several
scenarios when the microelectrodes in a MEDA biochip can
only be charged hundreds of times before they completely
break down. From the simulation results, we conclude that
if the method described in [19] is used, the most-utilized
microelectrode can be charged 196, 262, and 194 times for
multiplex in-vitro analysis, ChIP, and gene-expression analy-
sis, respectively. However, when selective sensing is involved,
the most-utilized microelectrode was only charged 26, 28, and
21 times for these three bioassays, respectively. We computed
the number of bioassay executions for which a MEDA biochip
can be used under various worst-case scenarios corresponding
to upper limits on the number of times a microelectrode can be
charged. The results are shown in Fig. [I8] We see that if [19]
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Fig. 17: The number of sensing operations of each microelectrode after bioassay execution. The x-y plane represents the MEDA biochip,
and the z-axis represents the number of sensing operations. (a) Results obtained using the method described in [[19]]. (b) Results obtained

using selective sensing.

B Multiplex In-Vitro (Selective Sensing)
B ChIP (Selective Sensing)
B Gene Expression (Selective Sensing)

B Multiplex In-Vitro (Using [20])
ChIP (Using [20])
B Gene Expression (Using [20])
50

40

20

Number of Bioassay Executions

200 400 600 800 1000

Microelectrode Charging Limits

Fig. 18: The lifetime of a MEDA biochip for bioassay execution.

is used, the MEDA biochip can be used for less than nine
bioassay executions. In the scenario when the microelectrodes
can be charged only 200 times, the MEDA biochip will fail
before the bioassay execution is completed. However, when
selective sensing is used, we can execute several bioassays on
the MEDA biochip before the microelectrodes are degraded.
For example, even if the microelectrodes can be charged only
200 times, we can still execute a long bioassay, such as
ChIP, seven times on a MEDA biochip. Our results show that
selective sensing prolongs the lifetime of a MEDA biochip.

VI. DISCUSSION

In this section, we first examine the overhead associated
with selective sensing on a 30 x 60 MEDA biochip. Next, we
discuss the cross-contamination concern in MEDA biochips.

A. Timing Overhead

In the original MEDA biochip, an operational cycle consists
of four procedures: 1) the shift of an actuation pattern, 2)
microelectrode actuation, 3) sensing operation, and 4) the shift
of the sensing result. The scan-chain operates on a 1 MHz
clock [9]. Therefore, it takes 1800 x 1073 = 1.8 ms to carry
out Procedure (1) and Procedure (4). For MEDA biochips, the
droplet operations typically take longer time (750 ms) than
that needed by CMOS circuits [8]]. The sensing operation takes
250 ms [9]. Fig.[I9a) shows the schedule of two consecutive
operational cycles. An operational cycle requires a total of
1003.6 ms to finish all the four procedures.

For the proposed selective-sensing method, the operational
cycle is longer because we need to scan in an additional
sensing pattern before the sensing procedure. The scanning
of a sensing pattern also takes 1.8 ms. The new operational
cycle is shown in Fig. [T9(b). The new overall operational
cycle takes 1005.4 ms. The timing overhead of selective
sensing is therefore 1.8/1003.6 x 100% 0.18%, which
is negligible. A biochemical protocol typically consists of
hundreds of operational cycles, e.g., 351 cycles for gene-
expression analysis. For gene-expression analysis, it takes
352.3 s to execute the bioassay on a conventional MEDA
biochip. Using selective sensing, the bioassay now needs an
additional 6.3 s. However, the timing overhead is not of a
concern even for time-critical immunoassay applications, such
as biowarfare detection [36] or point-of-care diagnostics [37],
because these bioassays need to be carried out in the time
scale of minutes instead of seconds [38].

B. Area Overhead

The original MC contains 36 CMOS transistors and an
EDMOS [9]. In the new MC design, the additional gates,
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a NOT and a 3-input OR, require 10 CMOS transistors.
Therefore, the new MC is approximately 46/36 = 1.28 times
larger than the original MC. However, the increased logic
footprint is acceptable because it does not affect the fluidic
operations on MEDA biochips and neither does it increase the
chip footprint. The original MC in [28]] was designed in a
layout area of 50x50 pm. The proposed new MC requires an
area of (50 x 1.28) x (50 x 1.28) a 64x64 pm?. According to
[39], the radius of the smallest droplet that can be dispensed
and moved on MEDA biochips is 70 um. The area of the new
MC is therefore still less than the smallest area occupied by
a droplet. As a result, all MEDA-enabled operations can be
performed on an array composed of the new MCs.

C. Cross-Contamination

Cross-contamination between fluids is a cause of concern
for microfluidic biochips. However, this problem can be tack-
led using a film of inert silicone oil [33]. Electrowetting in
oil, instead of in air, is the most-common actuation technique
utilized in today’s microfluidic biochips [2], [3]. We therefore
assume in this paper that cross-contamination does not cause
outcome degradation for bioassays. We consider bioassays
of longer durations (with hundreds of operational cycles) in
this paper. These assays are more likely to be affected by
microelectrode degradation. As shown in Section [V} electrode
degradation may happen before a complex bioassay (e.g.,
ChIP) is successfully carried out on a MEDA biochip because
it requires hundred times of charging in a microelectrode.
Therefore, contamination between two bioassays is not of a
concern in our work.

VII. CONCLUSION AND FUTURE WORK

We have shown that droplet-sensing operations are the pre-
dominant contributor to microelectrode degradation in MEDA
biochips. Therefore, in order to prolong the lifetime of MEDA
biochips, we have presented a selective-sensing method such
that only a small fraction of microelectrodes are utilized for
droplet sensing during bioassay execution. Simulation results
have shown that the total number of droplet-sensing operations
is reduced to only 0.7% of the number of such operations
required in today’s MEDA platform, and the proposed method
can prolong the lifespan of a MEDA biochip by as much
as 11x.

The proposed selective-sensing method has been imple-
mented based on a new MC design. This design is the first
attempt to dynamically enable/disable droplet-sensing opera-
tions in MEDA biochips. The new microelectrode cell design
and the selective-sensing strategy is likely to result in further
optimization based on real-time feedback and probability
models. These optimized designs and biochip control strategies
will lead to more reductions in the number of droplet-sensing
operations and further extend the lifespan of MEDA biochips.
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