Chapter 2
Design Methodology for Flow-Based
Microfluidic Biochips

Abstract This chapter presents an overview of the mVLSI biochips design and
programming methodologies, highlighting the main tasks that have to be performed.
The purpose is to explain how the methods presented in this book are used within
a methodology and to define and illustrate the main tasks. We highlight the differ-
ence between “physical design and testing,” which is concerned with designing a
biochip, and “programming and control,” which considers that the biochip is given,
and addresses the mapping of a biochemical application on the given architecture.
Programming and control is covered by Part II, whereas physical design and testing
are covered in Part III. This chapter also presents the related work for the design
tasks introduced.

In academia, a significant amount of work has been carried out on the individual
microfluidic components [20, 22]. The manufacturing technology, soft lithography,
used for the flow-based biochips has advanced faster than Moore’s law [13]. Although
biochips are becoming more complex everyday, computer-aided design (CAD) tools
for these chips are still in their infancy. Most CAD research has been focused on
device-level physical modeling of components [19, 37].

Significant work on top-down synthesis methodologies for droplet-based biochips
has been proposed [6, 32]. In these chips, the liquid is manipulated as discrete
droplets on an electrode array. The synthesis process, starting from a given bio-
chemical application and a droplet-based biochip architecture model, determines the
resource allocation, binding, scheduling, and placement of the application operations.
However, the architecture of the droplet-based chips differs significantly from the
flow-based chips. In the flow-based biochips, components of different types (e.g.,
mixers, heaters) are physically designed on the chip and connected to each other
using microfluidic channels. Once fabricated, the number and type of the compo-
nents, their placement scheme on the chip, and the routing interconnections cannot
be modified [25]. Droplet-based biochips (as discussed in Sect. 1.1), however, use
the idea of virtual components and are reconfigurable. Because of the architectural
differences, the models and techniques proposed for the digital biochips are not
applicable to their flow-based counterparts.

The industry has gotten around the limited CAD tools problem by limiting the
number of chips that they design and using them for multiple applications (Fluidigm
Corporation has only 4 chip designs [10]). The soft lithography-based fabrication
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Fig. 2.1 VLSI versus mVLSI design cycles

process is, however, cheap and has a fast turnaround time [25]. Section 1.2.2 has
motivated the need for CAD support during the physical design and testing of mVLSI
biochips. Figure 2.1a shows the simplified design flow for the microelectronics VLSI
(Very Large Scale Integration). Each design task is presented as a box. For example,
VLSI design [36] starts from the system specifications which is followed by the
architectural and functional design tasks. Then, the logic design of the chip is done,
after which the circuit and physical design tasks are carried out. The chip is then sent
for fabrication. The VLSI design process is described here in a linear manner for
simplicity. In reality, each design task is followed by a verification step. Based on
the verification result, there are many iterations back and forth in the design flow in
order to meet the system specifications. Motivated by the similarity between VLSI
and mVLSI, we propose the mVLSI design flow shown in Fig.2.1b.

Recent research on mVLSI design methods has started to address design tasks in
this design flow. We will refer to these results when describing the design tasks. A
good overview of the recent developments in mVLSI is presented in [4]. Section2.2
explains the design tasks involved in the biochip physical synthesis and testing,
highlighting also the related work.
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Section 1.2.3 highlights the need for programming languages and tools, as well as
cheap and reliable control solutions. To implement a protocol (the “program” running
on the biochip), the current practice is to manually convert each protocol operation
into control signals for individual components. This is similar to how the first com-
puters were programmed, toggling individually switches. This requires expertise in
microfluidics and in hardware/software engineering (besides biochemistry, for the
protocols), it is very time-consuming and error-prone, and makes it impossible to
optimize the use of expensive agents and hard-to-obtain samples. Computers are
nowadays programmed using high-level languages (HLLs). The objective of HLLs
used in computers, such as Java or C++, is to increase the productivity and quality,
and to tackle complexity. The typical flow is: the programmer writes the desired
functionality in an HLL; the HLL is then translated by a compiler (which also does
optimizations) into assembly code; the assembly code is then translated into machine
code (that the computer understands) using an assembler; throughout, the program-
mer uses simulators and debuggers to understand and test the program. Motivated
by the area of compiler technology, we have proposed in Fig. 2.2 a programming and
control tool flow. The vision is to have an HLL for biochips where a user could write
“MIX a:b IN RATIOS 1:2 for 30s” and have a compiler and the associated software
tools take care of the rest. This would be similar to how computers are programmed
today. Section 2.3 presents the design tasks involved in the programming and control
of mVLSI biochips, including a presentation of the related work.

2.1 Modeling and Simulation

The mVLSI design and programming flows are supported by models. All the tasks,
related to physical design and testing, and related to programming and control, rely
on the use of models. Modeling provides an abstraction of the physical implemen-
tation and illuminates the behavior and relationships of key issues. In this context,
simulation is the modeling of dynamic behavior.

Regarding programming, languages such as BioStream and Aqua, see Sect. 1.2.3,
are a high-abstraction level model of the behavior of the biochemical application. At
a lower abstraction level, researchers have proposed a graph model for biochemical
applications, where each node is an operation, and edges capture the fluid trans-
port, see Fig.2.3a. The mentioned biochemical application models are presented in
Chap. 4. A simulation framework is presented in Sect.6.5.

Regarding physical design, we have proposed a topology graph-based system-
level model of a biochip architecture, which is independent of the underlying biochip
implementation technology (see Fig.2.3b) [28]. The topology graph is also called a
netlist, and it captures the components in the architecture and their interconnections,
at a high-level of abstraction. However, to fabricate a biochip, a more detailed model
is required. We have also proposed a component model, which captures the details of


http://dx.doi.org/10.1007/978-3-319-29599-2_1
http://dx.doi.org/10.1007/978-3-319-29599-2_1
http://dx.doi.org/10.1007/978-3-319-29599-2_4
http://dx.doi.org/10.1007/978-3-319-29599-2_6

2 Design Methodology for Flow-Based Microfluidic Biochips

18

S[00] pue syse) uIsop :[onuod pue Jurwwesdolq g'g “Sig

T00TOOTTT 0€ ‘TXW XIN
0TTOTOTTO | : TIXW AN
TT000T00T | 19|quIassy “IXW AON J3|1dwo)
TOOTTTOTO zdi‘zsu)
TOTOOTOOT Tdi ‘TS ul

diyoolg

98en3ue| 28en3ue|

Ajlquiassy

AisA033J ou JuWigui
u1 uogejuawsa|dwi [enuel :9a9ead uaLin)

:D_uo__._umwﬁ suoponJisul
diyoolq 1aHN diyoolg

s0€
404 T:T SOILVY
NI g-e XIN

asen8ueq
19A27-y8IH

38e101s




2.1 Modeling and Simulation 19
(a) Start (b)
Mix Mix MixMix
@ ) 4) (5)
i i
3) e 3) @ Sie S s, Sy Out,
Mix Heat
4) o)
Filter,
0,
Mix
o @)

End

< c‘_I 1
(0 . Moz B owe

Met 2

Mot
=)
L

L

outz |
i, I

e S Mixer 2
€|

. out1
s — Mixer 3
el | ([ e |

e

Mixer 1

Tadeing

T

Fig. 2.3 Biochip application and architecture example. a Application model. b Biochip architecture
model. ¢ Placement and routing example

the components. The physical design tasks rely on a grid model to decide on the place-
ment of components and the routing of interconnections. For the testing and design for
dependability tasks, we use a fault model proposed in the literature [17]. Researchers
have suggested a “Microfluidic Hardware Description Language” (MHDL) [24] to
capture the biochip architecture throughout the various design tasks. The biochip
architecture models we use in the book are presented in Chap. 3.
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2.2 Physical Design and Testing

Allocation and schematic design. Given the system specifications (e.g., applica-
tion requirements, chip area), the mVLSI design flow starts with the allocation and
schematic design of the required biochip. In this step, the microfluidic components
required for implementing a given biochemical application are allocated from a com-
ponent library, while taking into account the imposed resource constraints. Next,
based on the given application, a chip schematic is designed and the netlist is gen-
erated. For example, to implement the biochemical application from Fig. 2.3a under
the constraints given in Table2.1 columns 1 and 2, we could use an allocation such
as the one captured by the last two columns in Table 2.1. The schematic design cor-
responding to such an application and allocation is presented in Fig.2.3b. Note that
the storage units are needed in order to save the output of a component so that it can
be used at a later stage. The flow path set is also generated in this step. A flow path is
the path starting from the point of fluid sample origin and ending at the fluid sample
destination point, e.g., Heater| to Mixer, in Fig.2.3b. Source-sink paths associated
with each flow path are also defined, e.g., for the flow path Heater, to Mixer, in
Fig.2.3b, the source-sink path is (Ing, S10, Heatery, S11, Ss, Mixer;, S, Out,). Rout-
ing constraints are also extracted at this stage. Two flow paths, whose corresponding
source-sink paths have a common vertex are mutually exclusive and need to be listed
as routing constraints, e.g., 7 and F, in Fig.2.3b are mutually exclusive since they
share common vertices (e.g., Ss) in their source-sink paths.

Placement and routing. The allocation and schematic design is followed by the
physical synthesis of the flow layer, i.e., placement of components and routing of
flow channels while following the design rules. In this step, the allocated components
are placed on a chip layout area and the interconnections between components are
routed as channels on the chip such that the application completion time is mini-
mized. The placement and routing phases are governed by design rules imposed by
the fabrication process. During placement, the components are treated as fixed size
blocks, represented by rectangles, each having a fixed length and width. The place-
ment is done in such a way that all design rules are satisfied and no two components
overlap on the chip. For mVLSI-based biochips, the placement and routing phases

Table 2.1 Allocated Components

Function Constraints Allocated units Notations

Input port 5 5 Iny ... Ins

Output port 5 5 Out; ... Outs
Mixer 3 3 Mixery ... Mixers
Heater 2 1 Heatery

Filter 1 1 Filtery

Metering units 3 3 Met ... Met3
Storage units 4 4 Storage,
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can be divided into two stages, one for each logical layer in the chip: the flow layer
and the control layer.

Flow Layer. This stage involves determining the placement of microfluidic com-
ponents and the fluidic inlet and outlet ports on the chip layout area, and then routing
the interconnecting channels as microfluidic flow channels. In VLSI chips, the inter-
section of nets is considered a short-circuit and is thus not permitted. However, net
intersection is possible in the biochip flow layer. A switch, composed of four valves
controlling the channel intersection, is placed at the location of the intersection so
that both channels can be used, at different points in time, without unintended fluid
mixing. Considering that only one layer is available for routing all flow channel nets,
the possibility of net intersection helps in achieving 100 % routability. However, net
intersections cause routing constraints, resulting in longer application completion
times. Figure2.3c shows a placement and routing scheme for the flow layer of the
biochip architecture shown in Fig.2.3b. Researchers have proposed placement algo-
rithms [23, 28, 34, 41] for the flow layer, routing approaches for the flow layer [14,
21, 28], as well as integrated approaches for the placement and routing [28, 34]. After
the flow channels have been routed, the channel lengths and therefore the routing
latencies for the fluids that traverse these channels can be calculated.

Control Layer. In this stage, the placement of the control valves and the control
ports is decided, and then the valves are connected to the control ports through
control channel routing. The positions of the valves that are used inside a microfluidic
component can be obtained directly from the component library. The positions of
the valves that need to be placed on the flow channels are inferred from the flow
routing information (e.g., valves need to be placed at all flow channel intersections).
Contrary to the flow channels, control channels are not allowed to intersect. After the
placement is complete, the next step is to connect the valves to the ports using control
channels. The control channels can be routed over/under any flow channel/component
without forming a valve. The crossing of the control channel over a flow channel
forms a valve only if the control channel has a larger width. The flow path channel
lengths (used to calculate the routing latencies) and any additional routing constraints
(imposed because of net intersections in the flow layer) can now be extracted from
the layout and captured in the biochip architecture model. Researchers have started
to address control channel routing [14, 16].

On-chip control synthesis. The pressure to the microvalves is delivered through
oft-chip control pins, which connect the pressure sources, via the control channels, to
the microvalves. The pressure is turned on and off via off-chip, expensive, and bulky
solenoid valves, which are in turn controlled by a computer. The number of con-
trols is limited. For example, an mVLSI biochip control system from Microfluidics
Innovation, LLC, has 36 control pins, interfaced to the biochip through a mani-
fold. Although recent research has proposed top-down physical synthesis methods
and tools, and programming languages and compilation techniques to automatically
derive the control signals for the valve actuations (see Sect. 2.3), researchers have so
far assumed that the number of ports used to drive the valves (control pins) is unlim-
ited, which has resulted in very expensive, bulky, and energy consuming off-chip
control and infeasible control routes in the biochip control layer.
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So far, all the biochip control has been performed “off chip,” i.e., done by
controlling the off-chip solenoid valves attached to the control pins. This has created
a situation where instead of having a “lab-on-a-chip” we actually have a “chip-
in-a-lab,” connected to off-chip systems through a maze of tubing. This off-chip
control is expensive, bulky, and power hungry, and hence is an obstacle to the use of
biochips in personal diagnostics, emerging economies, etc. As a solution to this prob-
lem, researchers have started to propose on-chip control using pneumatics, and have
proposed pneumatic transistors, multiplexers, memory latches, logic gates, shift-
registers, adders, and even clocks and finite-state machines [8, 12, 30]. The vision
is to move all the off-chip control on-chip, removing the dependence on external
control completely.

Let us discuss on-chip multiplexers in more detail. Microfluidic multiplexers [25]
have previously been used to minimize the control pin count. Consider that there are
N flow channels on the chip requiring N valves to close them. If every valve gets
a separate pin and therefore a separate pressure source, N pressure sources will be
required. However, if it is known that only one of the N flow channels needs to be
open at a time (all others need to be closed), then a microfluidic multiplexer can
be used. Such a multiplexer will require only 2log,N control pins for controlling N
such flow channels [1], e.g., 3 pins will be sufficient to control 8 such flow channels
as shown in Fig.2.4. Valves are created only where a wide control channel (red)
intersects with a flow channel (blue). Narrow intersections do not create valves. In
Fig.2.4, control channels with status 1 have the associated valves closed and the
ones with status 0 have the associated valves open. For the case shown, the valves
are activated such that flow channel 3 is open and all others are closed.

In order to perform the multiplexer-based optimization, the user is asked to man-
ually specify which flows on the chip will be used and if they will be used in parallel
or not [1]. Once the flows have been specified, the multiplexer is used for shar-
ing the control pins between flow channels that satisfy the above criteria. Manual
flow specification requires the user to have complete understanding of the chip as
well as the application requirements. The manual input provided by the user can
also easily result in under or overconstrained specifications, resulting in inefficient

Fig. 2.4 Microfluidic 012 3 456 7
multiplexer; From Thorsen,

T., Maerkl, S.J., Quake, S.R.:
Microfluidic large-scale
integration. Science
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minimization. Moreover, the multiplexers-based minimization is only applicable if
the criteria of “only one out of N flow channels needs to be open at a time” is fulfilled.

Testing and design for dependability. Physical defects can be introduced while
manufacturing mVLSI biochips [17]. Figure 1.3 shows an example biochip schematic
and a block defect that manifested in the flow channel during the fabrication. More
such defects are presented in Fig.11.1. These fabrication defects can be costly
because of the reduced manufacturing yield, the need to redo lengthy experiments,
using expensive reagents and often hard-to-obtain samples, and can be safety-critical,
e.g., in the case of a cancer misdiagnosis. Additionally, with increase in complexity of
these biochips (as mentioned, commercial mVLSI biochips are available which use
more than 25,000 microvalves), the fabrication constraints become tighter, thereby
increasing the chance of defect occurrence.

As mentioned, the current practice is to manually screen biochips for defects under
expensive microscopes, using cameras, scanning, and vision analysis software. This
technique is labor-intensive, has poor fault-coverage, and can lead to over-testing.
Recent work has addressed the automated testing of mVLSI biochips by converting
their structure into alogic circuit model composed of Boolean gates, using air pressure
as test signals [5, 17, 33], and using standard test pattern generation techniques. In
addition, the problem of fault tolerance in mVLSI biochips has also been addressed
recently [9, 31].

2.3 Programming and Control

Compiling high-level languages. Figure2.2 presents our proposed programming
and control tool flow. The biochemist end-user can specify the biochemical proto-
col using a graphical user interface (GUI). The visual representation has a textual
description equivalent, which is a high-level protocol language, or HLL. Researchers
have proposed HLLs for describing biochemical protocols, such as the Aqua lan-
guage [3] and BioStream [40]. A controller, attached to the programmable biochip,
controls the valves to implement the biochemical application captured by the HLL.
The opening and closing of valves is done according to a valve actuation sequence,
the machine language in Fig.2.2, which is what the controller understands. To run
the biochemical application, its description in the HLL has to be translated to this
machine language. This is the task of the compiler and assembler. The compiler
has to know the supported biochip instructions, in order to produce an assembly
language, which is an intermediate language specific to the particular biochip (at a
higher abstraction level than the machine language, but lower abstraction than the
HLL). The assembler has to know the details of the biochip implementation, which
could, for example, be captured using an MDHL [24].

The assembler and compiler work on an internal representation model for the bio-
chemical application. Chapter 4 presents both an HLL considered and the application
sequencing graph model we use in the book as an internal representation. The first
step in the compilation process is to generate this application graph from an HLL.
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This issue has been addressed in [2, 18, 40] for continuous-flow biochips and in [11]
for droplet-based biochips. During the generation of the application graph model we
have to solve the “mixing problem,” i.e., how to generate a mixing tree to perform
an arbitrary mixing ratio, as specified in the high-level language, considering 1:1
mixing operations, typically available on the biochips [40].

Binding, scheduling, and fluid routing. The compilation task has to solve next
the binding, scheduling, and fluid routing problems, which are collectively called
the “application mapping” problem. Currently, researchers manually map the appli-
cations to the valves of the chip using a custom interface (analogous to exposure of
gate-level details) [39]. The manual process is quite tedious and needs to be repeated
every time a change is made either to the chip architecture or the biochemical appli-
cation. For larger chips and applications, the process can easily result in inefficient
application mappings. Researchers have proposed significant work on application
mapping for droplet-based biochips [6]. However, due to the differences between
the two technologies, as discussed earlier, these techniques are not applicable to the
flow-based chips.

The biochemical application has to be mapped onto the synthesized architecture
such that the application completion time is minimized and the dependency, resource,
and routing constraints are satisfied. The binding for the operations can be determined
when generating the schematic, or can be modified in the scheduling step. The binding
of the edges and the scheduling for both the operations and the edges is generated
now. Figure2.5b shows the schedule for the case when the application in Fig.2.3a
is scheduled on the architecture in Fig.2.3b. The schedule is represented as a Gantt
chart, where we represent the operations and fluid routing phases as rectangles, with
their lengths corresponding to their execution duration.

Researchers have started to propose approaches to the application mapping for
flow-based biochips [7, 26, 27, 41]. In the context of application mapping, fluid
routing has a significant impact on the quality of the solution. However, initial work
on scheduling has ignored fluid routing [27]. In the case of Stanford valves, to be
able to transport a fluid inside a flow channel, we need to apply pressure through
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an input port (or via an on-chip micropump) connected to the channel. To allow
fluid movement, the channel also needs to be connected to an output port. This
complicates the fluid routing problem, because for every fluid transport operation
we need to identify corresponding input and output ports. To simplify this routing
task, all the research so far [7, 26] has assumed that each on-chip component is
connected to implicit input and output ports, which is unrealistic.

In addition, some biochemical applications contain fluids that may adsorb on the
substrate on which they are transported. Consequently, the purity of other fluids
on the biochip may be affected by the contaminated areas, and this could lead to
an erroneous outcome. The solution is to use strategies for contamination avoidance
and “washing” of contaminated regions. The problem of washing has been addressed
separately from the scheduling and fluid routing problems [15] in which they wash
the chip after the assay has completed, preparing it for a second experiment.

Control synthesis. Based on the schedule, the control information (which valves
to open and close at what time and for how long) can now be extracted. Optimization
schemes can be used to minimize the chip pin-count in the control layer, reducing
the macro-assembly around the chip. This is followed by the control layer routing
and then the chip design is ready to be sent for fabrication. Recent research has
addressed the control-pin minimization problem both before [29] and during [35]
the scheduling task. The control pin-count minimization problem has been reduced
to the graph-coloring problem (which is NP-hard) [1], and a solution was presented
in [29].

The pressure signals to the microvalves are delivered via a control box. Professor
Quake’s group at Stanford University [38] has developed a USB-based valve control
system to drive the valves in the chip, from a computer using LabView or Matlab.
Microfluidic Innovations has a control box which receives the HLL Aqua as input [3].
A cheap and scalable solution based on an Arduino control board has also been
developed [42].
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