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ABSTRACT

Flow-based microfluidic biochips have progressed significantly in
the past decade. Thanks to innovations in multilayer soft lithogra-
phy (MSL) fabrication technology, the integration of thousands of
microvalves along with large-scale networks of microchannels on
a chip has been enabled. This progress has even been compared
to the evolution of VLSI circuits following Moore’s Law. In
flow-based microfluidic biochips, microvalves are critical compo-
nents to control the fluidic transportation for complex operations.
To activate the open/close states of a microvalve, off-chip control
pins are required. Due to the tremendous increase of the number
of microvalves, a software-programmable microfluidic platform
has been proposed to reduce the number of off-chip control pins,
which integrates a microfluidic multiplexer on a separate control
layer to control the array of microvalves. The multiplexer needs to
be switched when the states of microvalves are changed between
every two adjacent time slots. High switching frequency will
make the multiplexer vulnerable and decrease the chip’s reliability.
We observe that different switching orders of microvalves lead to
different switching frequencies of a multiplexer. Based on this
observation, this paper proposes the first Hamming-distance-based
switching order optimization method for microvalves to enhance
the reliability of the multiplexer. Experimental results show that
our method can significantly reduce the switching frequency of
multiplexer, and the solution is very close to the theoretical optimal
lower bound.

1. INTRODUCTION

Nowadays, with the aid of flow-based microfluidic biochips,
automated laboratory procedures have emerged to revolutionize the
biology and biochemistry experimental process [1-3]. The major
advantages of microfluidic biochips over traditional laboratory
analysis platforms include (1) greatly saving the assay cost by
reducing expensive samples/reagents to nano-liter or pico-liter
volume, (2) seamlessly integrating the automatic control logic
for reduced human intervention and labor cost, (3) significantly
increasing the sensitivity and accuracy of the biochemical as-
say, (4) potentially facilitating the portability characteristics for
point-of-care diagnostic devices, and (5) naturally enabling the
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ultra-small chamber for single-cell culture and analysis require-
ments. As an example, microfluidic biochips have been developed
for DNA synthesizing [4], cancer detection and HIV/AIDS diagno-
sis [5,6].

Control Channel

(a) 3D view. (b) Top and side views.

Figure 1: Schematic of flow-based biochip [7].

Figure 1 from [7] shows the schematic of a flow-based microfiu-
idic biochip based on the multilayer soft lithography technology,
where the microfluidic functional units are fabricated by elastomer
material (polydimethylsiloxane, PDMS) [8]. Figure 1(a) presents
the 3D view of a demonstrative chamber for cell culture, and
Figure 1(b) shows the corresponding top and side views of the same
chamber. A typical biochip includes two PDMS layers on top of the
glass substrate: (1) the flow layer for fluid transportation, where the
flow channels are fabricated, and (2) the control layer with control
channels for implementing the controlling logic. Both control
and flow channels are connected to input/output ports, which are
punched holes through the PDMS material. A microvalve (referred
to as valve hereafter) is located between control and flow channels
at their intersection region. To switch the valve, external pressure
source is connected through the control pin (also called a control
port). Then hydraulic or pneumatic pressure (~10 psi) is conducted
through the control channel to the valve, squeezing the elastomer
down into the flow channel to stop the flow. When the external
pressure is released, the elastomer of the valve restores back, and
the fluid transportation resumes due to the external pressure from
the flow port. By controlling the actuation sequences on valves in a
programmed way, fluidic operations are executed automatically [9].

Valve is a critical functional unit in flow-based biochips, which
is a basic building block to form complex fluid-handling functional
units (also called components), such as mixers, switches, and
multiplexers [9, 10]. Figure 2 shows a biochip example with a
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Figure 2: Microvalves for different microfluidic functional
operations.
mixer, where valves are used for different functional operations
[3,10, 11]. In this figure, samples/reagents are dispensed from the
two input ports F; and F>. For mixing two fluids, the following
major steps are needed: (1) Fluidic input from Fj to the lower half
mixer; (2) Fluidic input from F; to the upper half mixer; (3) Seal
the mixer and start the mixing operation. (4) Transport mixed fluids
in lower half mixer into output port; (5) Transport mixed fluids in
upper half mixer into waste port.
1. Fluidic input from F] to the lower half mixer.
e Open valves: a, c, e, j.
e Close valves: b, d, i, k.
e Don’t-care valves: f, g, h, n, [, m.
2. Fluidic input from F; to the upper half mixer.
e Open valves: b, ¢, d, f, g, h, i.
e Close valves: a, e, J, k.
e Don’t-care valves: [, m.
3. Seal the mixer and start the mixing operation.
e Open valves: d, e, i, j.
e Close valves: ¢, k.
e Don’t-care valves: a, b, [, m.
e Switching valves: f, g, h
4. Transport mixed fluids in lower half mixer into output port.
e Open valves: b, ¢, e, j, k, m.
e Close valves: a, d, i, [.
e Don’t-care valves: f, g, h
5. Transport mixed fluids in upper half mixer into waste port.
e Open valves: a,c,d, f, g h, i, k, 1.
e Close valves: b, e, j,m

In Figure 2, the mixer consists of a micropump, which is a
combination of three valves f, g, and 4. By actuating the three
valves in a peristaltic sequence at a high frequency (~100 Hz),
the fluids are forced to circulate around and mix together [11].
In flow-based microfluidic biochips, air in flow channels can be
pushed through a closed valve, but fluids cannot bypass a closed
valve. For example, when loading the fluidic input from Fj to the
lower half part of the mixer, valve k can be closed with correct
functionality. A typical flow-based biochip may integrate hundreds
or even thousands of valves, which requires automated design
methods to achieve correct functionality and reduced turnaround
time.

Valves are controlled by control pins and they are connected
to each other through control channels. The mapping method
from valves to control pins is called addressing. The mapping
method is typically direct addressing, where one valve maps to
one control pin. However, this method will lead to dramatically
increased off-chip control pins. As shown in Figure 2, a mixer
needs 13 control pins to finish the mix operation. Thus, hundreds
of mixers on a chip can easily make the number of off-chip
control pins unaffordable and cause design failure due to the
increased control layer complexity. To solve this problem, an
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Figure 3: Software-programmable microfluidic platform [14].
additional layer on the top of control layer is introduced to control
valves in a software-programmable way [12]. In [13], some
extra components are added intending for designing very large
scale integration (VLSI) microfluidics in a user-reconfigurable way.
[14] has proposed a software-programmable microfluidic platform
using time division multiplexer to reduce the number of control
pins as shown in Figure 3. The main idea is to use multiplexer
to control the valves, which significantly reduces the number of
necessary off-chip control pins. As shown in Figure 3, (a) presents
the photograph of the software-programmable microfluidic device
(PMD) outlining its constitutive modules. A control-channel net-
work (blue) sits at the center of a core valve array (red) controlled
by a 7-bit microfludic multiplexer (green) and a master core input.
The micrograph of the central control-channel network is presented
in (b). Individually addressable valves surround each network node
providing full control over their connectivity. Routing channels
access valves through microfluidic vias from a separate layer above.
The micrograph of a network node is given in (c). Each node
constitutes a 300 pl vessel and consists of several core valves.
In this architecture, multiplexer is a major component, which
determines the chip’s functionality and reliability.

The concept of actuation sequence in flow-based microfluidic
biochips is very similar with the definition of actuation sequence in
DMEFB [16]. A little different is that the actuation sequences control
the open/close of valves in flow-based microfluidic biochips, but
they control the high/low voltage of electrodes in DMFB. Given
the actuation sequences of valves at current time step and next
time step, we need a switching order to make the different states of
valves switched in a given order. Furthermore, different switching
orders result in different switching frequencies of multiplexer.
A high switching frequency makes the multiplexer vulnerable
and reduces the chip’s reliability. Thus, this paper proposes a
Hamming-distance-based switching order optimization method to
decrease the switching frequency of multiplexer in flow-based
microfluidic biochips. Major contributions of this paper are sum-
marized as follows.

e We observe for the first time the switching order optimiza-
tion problem, which is critical for enhancing the reliability
of multiplexer in software-programmable microfluidic plat-
form.

e The first switching order optimization method is proposed
for multiplexer in flow-based microfluidic biochips.

e The total switching frequency of multiplexer is greatly re-
duced, which significantly improves the reliability of multi-
plexer and enhances the lifetime of chips.
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Figure 4: Switching of multiplexer.
e The proposed Hamming-distance-based method obtains the
solution very close to the optimal lower bound.

The remainder of the paper is organized as follows. Section 2
presents a background on time division multiplexer and the prob-
lem formulation. An overview of the proposed method is given
in Section 3. The proposed Hamming-distance-based algorithm
is described in Section 4. Section 5 presents and discusses the
experimental results. Finally, conclusion is drawn in Section 6.

2. PROBLEM FORMULATION

As shown in Figure 4, valves are used to control fluidic trans-
portation, and control-valves are used to open/close a valve. We
use “0” and “1” to denote the close and open states of a valve.
Time division is the major idea in [14], which indicates that time
units for valves and control valves are different. Here we give the
definitions of the two time units as follows:

e Time slice: The time unit for control-valve switching in
multiplexer.

o Time slot: The time unit for valve switching in control layer.
A time slot includes many time slices.

The multiplexer can use three bits my, my, and m3 to activate
control-valves in Figure 4. As shown in Figure 4(a), by assigning
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my to m3 “000”, valve v; is opened and other valves are closed.
Assume that the actuation sequence of valves from v; to vg at
current time step is “10000000”, and the actuation sequence at
next time step is “00001001”. vs and vg need to change state
from close to open, and v; needs to change state from open to
close (see Figure 4(b) and 4(c)). Please note that each actuation
sequence of multiplexer (m,my,m3) can only open one valve at
a time, and the other valves are all closed. Thus, we only need
to switch valves from close to open. If the switching order of
valves is <vg,vs>, the actuation sequence of multiplexer from m
to m3 need to be changed as “000”, “1117, “001”. The switching
times of control-valves in the multiplexer is 3 from “000” to “111”,
and 2 from “111” to “001”. Thus the total switching times of the
control-valves in the multiplexer is 5. However, if the switching
order of valves is <vs,vg>, the actuation sequence of multiplexer
needs to be changed as “000”, “001”, “111”. The switching times
of control-valves in the multiplexer is 1 from “000” to “001” and
2 from “001” to “111”. In this way, the switching times of the
control-valves in the multiplexer can be decreased from 5 to 3.
Figure 5 illustrates the two different solutions mentioned above
for switching the multiplexer. During the process we only need
to focus on the valves from close state to open state, because each
actuation sequence of multiplexer can open only one valve in a time
slice. Although there are two valves need to be changed in a time
slot, time division strategy can be applied to switch the states of
valves in an specific order. According to the definitions above, the
control valves of the multiplexer can switch one time in a time slice.
Please note that a time slot can include many time slices. Thus, the
switch of valves could be finished in two time slices in Figure 5.
In summary, this paper presents a switching order optimization
method addressing the following problem:
Given: The number of valves n, and the actuation sequences of
valves C' = {C},C5,C%, ...,C},, } from the beginning time step Tjegin
to the end time step T4 (¢ € [Tbegi,,, Te,,d] ).
Find: Switching order S = {My,,,.,...,Mr,, M7, ,...Mr,,, } of mul-
tiplexer from Tpeqip 10 Topq, Where each time slot (7;, T;1 1) includes
many time slices.
Objective: Minimize the cost of total switching times of the
control-valves in the multiplexer.
Subject to: All of the different control signals in C' from current
time step ¢ to next time step 7 + 1 must be switched.

3. OVERALL DESIGN FLOW

Figure 6 presents the design flow of our method. The input of
the flow includes actuation sequences of valves from the beginning
of an assay to the end of an assay. Then, we compare the two
adjacent actuation sequences from current time step 7; to next time
step 7;+1, and find the different control signals to be switched.
Next, our method determines the switching order of valves from
T; to Ti11 using Hamming-distance-based strategy. The next step
is to calculate and record the switching frequency of multiplexer
in current time slot (7;,7;). Then, the method moves to next time
step and deals with the following two adjacent actuation sequences
in the same way. The flow completes when the current time step
reaches to the end of the assay (7,4). Finally, the switching order
and switching frequency of control valves in the multiplexer are
reported.

Although the number of valves on a chip may be hundreds, we do
not need to activate all of them in a time slot. It is determined by the
assay and the synthesis and scheduling results. Actually, only a part
of valves need to be controlled in each time slot (7;,7;+1). Thus,
the states of other valves can be open or close, and this kind of state
is called don’t-care state. For actuation sequences of valves, we use
“1” to denote open state, “0” for close state and “X” for don’t-care
state.



Actuation Sequences of Valves

6C-3

Actuation Sequences of Multiplexer Switching Times of Multiplexer

Time Solution_A Solution_B Solution_A Solution_B Solution_A  Solution_B
Current Time Step 7?) 10000000 10000000 000 000 0 0
= Time slice to L lii
% 00001000 00000001 001 111 1 3
g Time slice Z, ii
z 00000001 00001000 111 001 2 2
Next Time Step Tl 00001001 00001001 111 001 0 0
Total: 3 Total: 5

Figure 5: Different solutions for switching of a multiplexer.
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Figure 6: Overall design flow of our method.
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Input: The number of valves n, and actuation sequences of valves from the
beginning to the end of an assay.

Output: Switching order of multiplexer from the beginning to the end, and total

switching frequency.

Let C' = {C},C,C3, ...,C;, } be the actuation sequence of valves at time slot 7;

Let Teqin be the beginning time of an assay and 7,4 be the end time of an assay,

and 1 € [Tyegin, Tona 5

Let S=(Mz, ., ,M;; M,

negin 0 Tonds

My,

.q | D€ the switching order of multiplexer from

i1

Let Res be the total switching times from Tpegin t0 Tona;
Let Frequency be the total switching frequency from Tgin t0 Tonas
for 1 = Tyegin t0 Tena do
fori=11t0 ndo
c=Cl
if ¢ == “X” then
if ' == 0and C!*' == 0 then
[ ¢=0;
elseif (/"' == 1 and C!"' == 1 then
L c=1;
else
L c=Ch
Find the different states of valves between C’ and C'*!;
Set Current to be the first different index of changed valve;
while switching is not finished do
Find the index of changed valve with nearest Hamming-distance with
Current;
Set Next to be the above index;
Set Tmp to be the number of valves to change state from 7 to 1+ 1;
Switch the multiplexer according to the change from C,,,.,,,,, 10 Clyoy
Set M, to be the above switching solution of multiplexer;
Current = Next;
| Res=Res+Tmp;
| =1 +1;
. Res .
Frequency Tend ~Tbegin *

Algorithm 1: Hamming-distance-based switching order opti-
mization algorithm.
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Figure 8: Number of switching times among optimal lower
bound, our method, and simple method for c1.



4. HAMMING-DISTANCE-BASED
VALVE-SWITCHING STRATEGY

According to the definition in [15], the Hamming distance
between two strings of equal length is the number of positions at
which the corresponding symbols are different. In another way, it
measures the minimum number of substitutions required to change
one string into the other, or the minimum number of errors needed
to transform one string into the other. For example, the Hamming
distance between "001001" and "101101" is 2. Algorithm 1 gives
the details of our algorithm.

In Algorithm 1, we first deal with the "X" (don’t-care) states in
actuation sequences of valves from input. For each time step ¢,
the method compares the states of valves between time step # — 1
and 7+ 1. The "X" state at time step ¢ is assigned according to the
comparison results to reduce the switching times of valves. Then,
for each time loop, the different states of valves between C' and
C'*! are found afterwards and recorded. Next, the switching order
of changed valves are determined according to their Hamming
distances. The time step moves forward one step until the assay
is finished.

Now we analyze the time complexity of Algorithm 1. The time
loop executes for (T,;q — Thegin) times. For each time loop, the loop
for actuation sequences preprocessing and switching operations
both take maximum n times. The computation of minimum
Hamming-distance takes O(n) time, where n is the number of
valves. Therefore, the overall time complexity of our algorithm

is 0((Tend - Tbegin) X nz)-

S. EXPERIMENTAL RESULTS

We have implemented the proposed Hamming-distance-based
method for flow-based microfluidic biochips in C++ and tested it
on a 2.60GHz 32-core Intel Xeon Linux workstation with 132GB
memory. Only a single thread is used. We have synthesized
60 benchmarks to evaluate the performance of our method. For
benchmarks bl (c1) to b10 (c10), the number of valves is 1024 and
the total number of time slots is 100. For benchmarks b11 (c11)
to b20 (c20), the number of valves is 2048 and the total number
of time slots is 100. For benchmarks b21 (c21) to b30 (c30), the
number of valves is 2048 and the total number of time slots is 200.
Furthermore, benchmarks b1 to b30 include "X" (don’t-care) states,
and benchmarks cl to ¢30 do not include "X" states. To validate
the effectiveness of the proposed method, we have implemented a
simple baseline method, where the decision of switching order is
based on the order of valve’s relative position. Here we use total
switching times to denote switching frequency because the total
time slots are the same. For valves in control layer, each change
of states results in at least one switching time of control-valves in
the multiplexer. Thus, the optimal lower bound is the total number
of changed states of valves from the beginning time step to the end
time step.

Figure 7 to 10 present the comparison results among optimal
lower bound, our method, and the simple method above. Exper-
imental results show that the solution of our method is very close
to the optimal lower bound, and there is a significant improvement
compared with the simple method. Figure 7 and 8 show the
number of switching times of control valves in each time slot
among optimal lower bound, our method, and simple method for
benchmarks bl and cl. The figures show that our method can
obtain the close-to-optimal solution for each time slot. Figure 11
gives the runtime of the two methods, and it shows that the
overhead is acceptable.

6. CONCLUSION
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Based on the software-programmable microfluidic platform pro-
posed by [14], the number of off-chip control pins in flow-based
microfluidic biochips can be reduced dramatically. In this platform,
time division multiplexer is the key component, which determines
the functionality and reliability of a chip. However, the high
switching frequency of multiplexer makes it vulnerable. To solve
this problem, decreasing the switching times of control-valves in
the multiplexer should be a major concern in the design flow.
In this work, we present a switching order optimization method
for control-valves in the multiplexer of flow-based microfluidic
biochips. In this method, the Hamming-distance-based strategy is
applied and the switching times of control-valves is optimized to
enhance the reliability of the multiplexer. Experimental evaluations
show that our method is effective and efficient.
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(1) Comparison among optimal lower bound, our method and simple method (including "X" state)
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m Optimal lower bound ~ M Our method M Simple method

Figure 9: Comparison among optimal lower bound, our method, and simple method for b1 to b30.

(2) Comparison among optimal lower bound, our method and simple method (no "X" state)
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W Optimal lower bound ~ M Our method  ® Simple method

Figure 10: Comparison among optimal lower bound, our method, and simple method for c1 to ¢30.
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Figure 11: Comparison of running time between our method and simple method for all benchmarks.
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