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Advances in microfluidics technology offer exciting possibilities in the realm of enzymatic analysis,

DNA analysis, proteomic analysis involving proteins and peptides, immunoassays, implantable

drug delivery devices, and environmental toxicity monitoring. Microfluidics-based biochips are

therefore gaining popularity for clinical diagnostics and other laboratory procedures involving

molecular biology. As more bioassays are executed concurrently on a biochip, system integration and

design complexity are expected to increase dramatically. This paper presents different actuation

mechanisms for microfluidics-based biochips, as well as associated design automation trends and

challenges. The underlying physical principles of eletrokinetics, electrohydrodynamics, and thermo-

capillarity are discussed. Next, the paper presents an overview of an integrated system-level design

methodology that attempts to address key issues in the modeling, simulation, synthesis, testing

and reconfiguration of digital microfluidics-based biochips. The top-down design automation will

facilitate the integration of fluidic components with microelectronic component in next-generation

system-on-chip designs.
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1. INTRODUCTION

Microfluidics-based biochips are soon expected to revolutionize laboratory pro-
cedures involving molecular biology [Burns et al. 1998; Zhang et al. 2002;
Thorsen et al. 2002; Verpoorte and De Rooij 2003]. These composite microsys-
tems, also known as lab-on-a-chip or bio-MEMS, automate highly repetitive
laboratory tasks by replacing cumbersome equipment with miniaturized and
integrated systems, and they enable the handling of small amounts, for exam-
ple, micro- and nanoliters, of fluids. Thus, compared to traditional methods,
they are able to provide ultrasensitive detection at significantly lower cost and
much faster speed.

Advances in microfluidics technology offer exciting possibilities in the realm
of enzymatic analysis (e.g., glucose and lactate assays), DNA analysis (e.g., PCR
and nucleic acid sequence analysis), proteomic analysis [Lion et al. 2003] involv-
ing proteins and peptides, immuno-assays, implantable drug delivery devices
[Grayson et al. 2004], and environmental toxicity monitoring. An emerging ap-
plication area for microfluidics-based biochips is clinical diagnostics, especially
immediate point-of-care diagnosis of diseases [Schulte et al. 2002; Srinivasan
et al. 2004]. Microfluidics-based devices, capable of continuous sampling and
real-time testing of air/water samples for biochemical toxins and other danger-
ous pathogens, can serve as an always-on “bio-smoke alarm” for early warning
[Hull et al. 2003; Venkatesh and Memish 2003].

The first generation of microfluidic biochips contained permanently etched
micro-pumps, micro-valves, and micro-channels, and their operation was based
on the principle of continuous fluid flow [Thorsen et al. 2002; Verpoorte and
De Rooij 2003]. A promising alternative is to manipulate liquids as discrete
droplets [Pollack et al. 2000; Cho et al. 2002]. Following the analogy of micro-
electronics, this approach is referred to as “digital microfluidics”. In contrast
to continuous-flow biochips, digital microfluidics-based biochips offer a scalable
system architecture based on a two-dimensional microfluidic array of identical
basic unit cells. Moreover, because each droplet can be controlled independently,
these systems also have dynamic reconfigurability, whereby groups of unit cells
in a microfluidic array can be reconfigured to change their functionality during
the concurrent execution of a set of bioassays.

As the use of microfluidics-based biochips increases, their complexity is ex-
pected to become significant due to the need for multiple and concurrent assays
on the chip. There is a need to deliver the same level of computer-aided design
(CAD) support to the biochip designer that the semiconductor industry now
takes for granted. These CAD tools will allow designers to harness the new
technology that is rapidly emerging for integrated microfluidics. They will also
provide the means to advance the state-of-the-art from the design of application-
specific biochips to the design of general-purpose, programmable, and minia-
turized analytical systems. Current design practices that rely on back-of-the-
envelope calculations are not only inefficient, but they are also not rigorous
enough to meet mandated system specifications.

The 2003 International Technology Roadmap for Semiconductors (ITRS)
clearly identifies the integration of electrochemical and electro-biological
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techniques as one of the system-level design challenges that will be faced beyond
2009, when feature sizes shrink below 50 nm [ITRS 2003]. Efforts are underway
in the CAD community to identify synergies between biochips and microelec-
tronics CAD. The 2005 Design, Automation, and Test in Europe (DATE) Confer-
ence included a well-attended “Biochips Day” event. The IEEE Transactions on
CAD/ICAS will publish a special issue on biochips in February 2006. A special
session on bioMEMS was organized at the 2004 IEEE/ACM Design Automa-
tion Conference. A full-day workshop on emerging CAD issues for biochips will
be included as part of the technical program for DATE 2006.

Reliability is an important performance parameter for microfluidics-based
biochips that are used in safety-critical applications. These systems need to be
tested adequately not only after fabrication, but also continuously during field
operation. For instance, for detectors monitoring the environment for dangerous
pathogens in critical locations such as airports, field-testing is critical to ensure
low false-positive and false-negative detection rates. The ITRS 2003 document
recognizes the need for new test methods for disruptive device technologies that
underly microelectromechanical systems and sensors, and highlights it as one
of the five difficult test challenges beyond 2009 [ITRS 2003].

The reconfigurability inherent in digital microfluidic biochips can be utilized
to achieve longer system lifetimes through on-line reconfiguration to avoid
operational faults. It can also be used to increase production yield through
production-time reconfiguration to bypass manufacturing faults. The configu-
ration of the microfluidic array must therefore be changed in such a way that
the functionality of the bioassays is not compromised.

In this article, we describe an integrated methodology for modeling, simula-
tion, synthesis, testing and reconfiguration of microfluidic-based biochips. We
show how top-down system-level design automation tools can relieve biochip
users from the burden of manual optimization of assays, time-consuming
hardware design, and costly testing and maintenance procedures. Users will
be able to describe bioassays at a sufficiently high level of abstraction. Device
simulation tools will be used for design validation of individual components
and to characterize component libraries. System simulation and synthesis tools
will map the behavioral description to a microfluidic biochip and generate an
optimized schedule of bioassay operations, the binding of assay operations to
resources, and a layout of the microfluidic biochip. For fabricated microfluidic
biochips, cost-effective testing techniques will be available to detect faulty
unit cells after manufacture and during field operation. Online and offline
reconfiguration techniques, incorporated in these design automation tools,
will be used to easily bypass faults once they are detected. The method-
ology and tools for top-down design will reduce human effort and enable
high-volume production. Equipped with a top-down design environment,
the biochip designer can concentrate on the development of the nano- and
micro-scale bioassays, leaving implementation details to the design automation
tools.

The remainder of the article is organized as follows. Section 2 presents an
overview of microfluidic technologies and CAD tools for microfluidics-based
biochips. Section 3 describes a new automated top-down design flow. Section 4
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presents device simulation methods for microfluidics. In Section 5, we describe
how system simulation can be carried out for microfluidic biochips. Section 6
describes synthesis, testing, and reconfiguration techniques. Finally, Section 7
concludes the article and outlines directions for future research.

2. STATE-OF-THE-ART IN MICROFLUIDIC TECHNOLOGIES AND
COMPUTER-AIDED DESIGN METHODS

In this section, we review currently available microfluidic technologies and the
state-of-the-art in CAD tools for the design of microfluidics-based systems.

2.1 Technology Overview

Early biochips were based on the concept of a DNA microarray, which is a piece
of glass, plastic or silicon substrate on which pieces of DNA have been affixed
in a microscopic array. The affixed DNA segments are known as probes. There
are a number of commercial microarrays available in the marketplace today,
for example, the GeneChip® DNAarray from Affymetrix, the DNA microarray
from Infineon AG, and the NanoChip® microarray from Nanogen [Affymetrix
GeneChip, Infineon, Nanogen]. Similar to a DNA microarray, a protein array is a
miniature array where a multitude of different capture agents, most frequently
monoclonal antibodies, are deposited on a chip surface (glass or silicon); they
are used to determine the presence and/or amount of proteins in biological
samples, for example, blood. A drawback of DNA and protein arrays is that
they are neither reconfigurable nor scalable after manufacture.

The basic idea of microfluidic biochips is to integrate all necessary functions
for biochemical analysis onto one chip using microfluidics technology. These
micro-total-analysis-systems (μTAS) are more versatile and complex than mi-
croarrays. Integrated functions include microfluidic assay operations and detec-
tion, as well as sample pre-treatment and preparation. The first generation of
microfluidic biochips contained permanently etched structures such as pumps,
valves and channels, and relied on continuous liquid flow stream to carry out
specific tasks. This type of biochips hereafter is referred to as continuous-flow
microfluidics or channel-based biochips. On the contrary, digital microfluidics,
the second-generation biochip architecture, relies on discrete liquid particles to
carry out general-purpose analysis.

2.1.1 Continuous-Flow Microfluidics. These technologies are based on the
manipulation of continuous liquid flow through micro-fabricated channels. Ac-
tuation of liquid flow is implemented either by external pressure sources, in-
tegrated mechanical micro-pumps, or by electrokinetic mechanisms [Thorsen
et al. 2002; Verpoorte and De Rooij 2003; Mutlu et al. 2004]. Continuous-flow
systems are adequate for many well-defined and simple biochemical applica-
tions, and for certain tasks such as chemical separation [Wang et al. 2005],
but they are less suitable for tasks requiring a high degree of flexibility or
complicated fluid manipulations [Thorsen et al. 2002; Verpoorte and De Rooij
2003]. These closed-channel systems are inherently difficult to integrate and
scale because the parameters that govern flow field vary along the flow path
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making the fluid flow at any one location dependent on the properties of the en-
tire system. Moreover, unavoidable shear flow and diffusion in microchannels
makes it difficult to eliminate inter-sample contamination and dead volumes.
Permanently etched microstructures also lead to limited reconfigurability and
poor fault tolerance capability. Therefore, the fabrication of complex yet reliable
continuous-flow biochips remains a major technical challenge.

2.1.2 Digital Microfluidics. Alternatives to the above closed-channel
continuous-flow systems include novel open structures, where the liquid is di-
vided into discrete, independently controllable droplets, and these droplets can
be manipulated to move on a substrate [Pollack et al. 2000; Cho et al. 2002;
Jones et al. 2001]. By using discrete unit-volume droplets, a microfluidic func-
tion can be reduced to a set of repeated basic operations, that is, moving one unit
of fluid over one unit of instance. This “digitization” method facilitates the use
of a hierarchical and cell-based approach for microfluidic biochip design. In this
scenario, we envisage that a large-scale integrated digital microfluidic biochip
can be constructed out of repeated instances of well-characterized unit cells in
the same way that complex VLSI circuits may be built upon well-characterized
transistors. Moreover, the constituent microfluidic unit cells, referred to as mi-
crofluidic modules, can be reorganized at different levels of hierarchy to support
biochemical applications of various scales. Defect/fault tolerance is also easily
incorporated in the design due to the inherent dynamic reconfigurability. There-
fore, in contrast to continuous fluid flow, digital microfluidics offers a flexible
and scalable system architecture as well as high defect-tolerance capability.

A number of methods for manipulating microfluidic droplets have been pro-
posed in the literature [Gallardo et al. 1999; Ichimura et al. 2000; Sammarco
and Burns 1999; Wixforth and Scriba 2002; Washizu 1998; Jones et al. 2001]. Of
these, electrical methods to actuate droplets appear to be the most promising
[Pollack et al. 2000; Cho et al. 2002; Washizu 1998; Jones et al. 2001; Vykoukal
et al. 2001]. Dielectrophoresis (DEP) and Electrowetting-on-dielectric (EWOD)
are the two most common electrical methods. DEP relies on the application of
high-frequency AC voltages [Jones et al. 2001; Vykoukal et al. 2001] to modu-
late the dipole distribution in media, which gives rise an electrohydrodynamic
force. EWOD uses DC (or low-frequency AC) voltages to modulate the interfa-
cial tension at the tri-phase contact line where two immiscible fluids meet the
dielectric layer coated over the solid electrode.

A unit cell of an EWOD-based digital microfluidic biochip consists of two
parallel glass plates, as shown in Figure 1(a). The bottom plate contains a
patterned array of individually controllable electrodes, and the top plate is
coated with a continuous ground electrode. A dielectric, for example, parylene C,
coated with a hydrophobic film of Teflon AF, is added to the plates to decrease the
wettability of the surface and to add capacitance between fluids and the control
electrode [Pollack 2001]. The droplet containing biochemical samples and the
filler medium, such as the silicone oil, are sandwiched between the plates; the
droplets travel inside the filler medium. In order to move a droplet, a control
voltage is applied to an electrode adjacent to the droplet, and at the same time,
the electrode just under the droplet is deactivated. The EWOD effect causes the
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Fig. 1. EWOD-driven digital microfluidic biochip used for colorimetric assays. (a) and (b) illus-

trates the on-chip droplet manipulation. (a) shows the basic unit cell and (b) shows the two-

dimensional array architecture. (c) and (d) illustrates the on-chip integration of optical detection.

(c) shows the basic unit cell and (d) shows the two-dimensional array architecture. (e) shows the

micrograph of the fabricated microfluidic array used for multiplexed bioassays.

transportation of the droplet. By varying the electrical potential along a linear
array of electrodes, electrowetting can be used to move nanoliter volume liquid
droplets along this line of electrodes [Pollack 2001]. The velocity of the droplet
can be controlled by adjusting the control voltage (0∼90 V), and droplets can
be moved at speeds of over 20 cm/s [Pollack et al. 2002]. Droplets can also be
transported, in user-defined patterns and under clocked-voltage control, over a
two-dimensional array of electrodes. Videos on various microfluidic operations
are available on the web at www.ee.duke.edu/research/microfluidics.
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The in-vitro measurement of glucose and other metabolites, such as lac-
tate, glutamate and pyruvate, is of great importance in clinical diagnosis of
metabolic disorders. A colorimetric enzyme-kinetic glucose assay has been
recently demonstrated in lab experiments on a digital microfluidic biochip
[Srinivasan et al. 2003a, 2003b, 2004]. This biochip integrates an optical detec-
tion system consisting of an LED and a photodiode; see Figures 1(c) and 1(d)
[Srinivasan et al. 2003a, 2003b, 2004]. In addition, glucose, lactate, glutamate
and pyruvate assays can be combined to form a set of multiplexed bioassays that
are performed concurrently on a microfluidic platform. Figure 1(e) illustrates
a fabricated microfluidic system used for multiplexed bioassays [Srinivasan
et al. 2004]. The concurrent execution of glucose and lactate assays has been
demonstrated on this platform. Assays involving whole blood cells have not yet
been successfully demonstrated by electrowetting [Srinivasan 2005]. Despite
these limitations, advances in design automation tools will allow the design
and fabrication of generic microfluidic platforms to which a set of assays can be
mapped for optimized throughput, resource utilization, and fault tolerance.

There are natural similarities between digital microfluidic arrays and re-
configurable computing systems based on field-programmable gate arrays
(FPGAs). However, the “programmability” of FPGAs is limited by the well-
defined roles of interconnect and logic blocks. Interconnect cannot be used for
storing information and logic blocks cannot be used for routing. In contrast,
the microfluidics architecture that we are developing offers significantly more
programmability. The unit cells can be used not only for storage and functional
operations, but also for transporting fluid droplets.

Reconfiguration techniques for microfluidic arrays are also fundamentally
different from the redundancy-based methods (spare rows/columns) used for
memories, processor arrays, and FPGAs. Due to the absence of programmable
interconnects such as switches between microfluidic cells, a droplet is only able
to move directly to the adjacent cells. This property of fluidic locality implies
that the functionality of a faulty unit cell can only be assumed by its physi-
cally neighboring cells in the array. Fluidic locality limits the reconfiguration
capabilities of the spare rows/columns if they are not adjacent to the faulty cell.

2.2 CAD Trends and Challenges

While design tools for micro-electro-mechanical systems (MEMS) have reached
a certain level of maturity, CAD tools for microfluidic biochips are still in their
infancy. Some design automation techniques have been proposed for DNA probe
arrays [Kahng et al. 2003]; however, microfluidics-based biochips are more ver-
satile and complex than DNA arrays.

To date, most CAD research for microfluidic biochips has been limited to
device-level physical modeling of components [Chatterjee and Alurn 2003;
Shapiro et al. 2003; Zeng and Korsmeyer 2004], where device simulations based
on computational fluid dynamics (CFD) play a central role. Besides home-grown
prototype software, commercially available microfluidic CAD tools are broadly
adapted in device design because they present the path of least resistance to
high-quality complex device simulation solutions. Example commercial CAD
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tools are CoventorWare (http://www.coventor.com/microfluidics), CFD-ACE+
(http://www.cfdrc.com), and FemLab (http://www.comsol.com/). Collectively,
their simulation capability covers both generations of microfluidic biochips and
actuation mechanisms derived from multiple domains of physics. Some simu-
lation examples can be found in Section 4 of this article as well as Zeng and
Korsmeyer [2004].

While state-of-art device simulation capability is quite powerful owing to
the many years of development of CFD, the development of compact model li-
brary and system level synthesis and simulation still needs attention. Even
though research on reduced-order modeling and system synthesis for microflu-
idic systems is an active research area (e.g., Chatterjee and Alurn [2005];
Wang et al. [2005] and Turowski et al. [2001]), commercial CAD tools for
system-level microfluidic simulation are far from mature compared to the de-
vice simulation counterparts. To our knowledge, the Fluidic Architect offered by
Coventor is the only system simulation platform that is commercially available
[ConventorWare].

Short of a compact-model-rich library to support a system-level simulation
at the start of a design, current design methodologies for microfluidics-based
biochips are typically full-custom and bottom-up in nature. Detailed device sim-
ulations are used extensively to design and optimize the component and device,
and to help to create custom compact models for this device. Once the devices
are optimized using detailed physical simulation, they can be used to assem-
ble a complete microfluidics-based biochip. Only at this stage, the system-level
simulations and optimizations can be carried out. Since the system behavior
can only be verified at such a late stage, costly and time-consuming redesign
effort is required if the system does not satisfy design constraints.

Although these full-custom and bottom-up methodologies have been em-
ployed successfully in the past, they are clearly inadequate for the design of
complex microfluidics-based biochips. For this, the top-down design methodol-
ogy and design tools are called for.

3. AUTOMATED TOP-DOWN DESIGN

3.1 Top-Down Design Methodology

The framework of the top-down design methodology for microfluidics-based
biochips is illustrated in Figure 2.

The design starts at the bioassay protocols provided by the biochip users
(e.g., biochemists). A sequencing graph model can be generated to describe this
assay protocol, where the vertex set is in one-to-one correspondence with the
set of assay operations and the edge set represents dependencies between assay
operations. This model can be used to perform behavioral-level simulation to
verify the assay functionality at the high level [Zhang et al. 2002].

Next, a synthesis tool is used to generate detailed implementations from the
sequencing graph model. A microfluidic module library is also provided as an
input of the synthesis procedure. This module library, analogous to a standard
cell library used in cell-based VLSI design, includes different microfluidic func-
tional modules, such as mixers and storage units. Compact models are used to
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Fig. 2. Overview of top-down design methodology.

describe the behavior of individual modules, and are characterized by the mod-
ule’s function (mixing, storing, detection, etc.) and parameters such as width,
length and operation duration through device simulations or laboratory ex-
periments. In addition, some design specifications are also given a priori, for
example, an upper limit on the completion time, an upper limit on the size
of chip footprint, and the set of non-reconfigurable resources such as on-chip
reservoirs/dispensing ports and integrated optical detectors.

The above synthesis flow includes both architectural-level synthesis (e.g.,
scheduling and resource binding) [Su and Chakrabarty 2004] and geometry-
level synthesis (e.g., module placement and routing) [Su and Chakrabarty
2005a]. The output of the synthesis process includes a mapping of assay opera-
tion to on-chip resources, a schedule for the assay operations, and a 2-D biochip
physical design (e.g., the placement of the modules). The synthesis procedure
attempts to find a desirable design point that satisfies the input specifications
and also optimizes some figures of merit, such as performance and area.

In addition, two important design issues must be incorporated into the sys-
tem synthesis procedure. First, design for testability must be considered. A test
plan and a set of test hardware (e.g., test droplet sources/sinks and capacitive
detection circuits) associated with the synthesized assay operation and biochip
physical design must be determined and integrated into the design [Su et al.
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2004a, 2004b]. Second, design for fault-tolerance and manufacturability con-
siderations are important. Microfluidic biochips are fabricated using standard
microfabrication techniques. Due to the underlying mixed technology and mul-
tiple energy domains, they exhibit unique failure mechanisms and defects. A
manufactured microfluidic array may contain several defective components, for
instance, caused by dielectric breakdown and electrode degradation. Test and
reconfiguration techniques can be used to bypass faulty components to tolerate
not only manufacturing defects but also operational faults. Bioassay operations
bound to these faulty resources in the original design can be remapped to other
fault-free resources such that the defective biochip can be used, and thereby
lead to higher yield and lower cost. The system-level synthesis flow must en-
able alterations in the resource binding operation and scheduling accounting
for the strict resource constraints in an already-fabricated biochip.

After synthesis, the 2-D physical design of the biochip (i.e., module place-
ment and routing) can be coupled with detailed physical information from the
module library (associated with some fabrication technology) to obtain a 3-D ge-
ometrical model. This model can be used to perform physical-level simulation
and design verification at a low level. After physical verification, the biochip
design can be sent for manufacturing.

3.2 CAD for Top-Down Design

A complete design automation environment that enables the top-down design
methodology is composed of multiple layers of functional modules [Senturia
1998], including:

(1) Technology CAD (TCAD). This usually includes a two-dimensional layout
creation tool and a process modeling tool. Its major tasks are (i) to create
three-dimensional device geometry from layout and process definition (pro-
cess to geometry) and (ii) to identify optimal processes given desired device
geometry (geometry to process).

(2) Device Simulation Tools. Occasionally, this is also referred to as “FEM
analysis modules”. Three-dimensional device geometry is discretized into
a set of small cells or elements (“meshes”), based on which, a set of
partial differential equations (PDE) that describe the corresponding do-
main physics (e.g., hydrodynamics, mechanics or electrostatics) or cou-
pled multidomains of physics (e.g., electro-kinetics, fluid structure in-
teraction) will be solved numerically. Device simulation usually offers
high-fidelity predictions of the device behavior under the given operating
condition.

(3) Library of Compact Models; Compact Model Construction Mechanism. A
compact model is also referred to as reduced-order model. It consists of
primitive models, macromodels and behavioral models. It describes the
device behavior via a small set of ordinary differential equations and/or
algebraic equations (DAE). Compared to PDE-based device simulation,
a DAE-based compact model offers higher level of abstraction, much
faster simulation, and less geometrical flexibility. Three methods, namely
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Fig. 3. An integrated top-down design automation environment for microfluidic biochips.

analytical methods, automated macromodel extraction, and Krylov-
subspace-based automated model-order reduction, can be used to create
compact models.

(4) System-Level Simulation Tools. This enables assembly of compact models
to form a system schematic. A system schematic illustrates a system rep-
resentation graphically, and describes the system’s dynamic behavior via
DAEs (from compact models) and algebraic equations (from the connections
between compact models). System simulation solves this set of differential
algebraic equations and offers predictions of system behavior and perfor-
mance. Furthermore, it provides guidelines for system optimization.

Figure 3 illustrates the CAD structure and its support for the top-down de-
sign paradigm.

The next three sections are focused on the development of the top-down
design automation tools. Section 4 is focused on device simulation. It starts
with an overview of microfluidic physics, followed by an overview of commonly
adopted numerical methods, and concludes with a list of example applications.
Section 5 emphasizes compact models and system-level simulation. It starts
with an overview of system-level simulation, and is followed by an overview of
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compact model creation mechanisms. The section concludes with examples of
current practices.

Even though most of the examples are drawn from our own work, we will of-
fer references to related studies to provide the readers with a broad perspective.
The examples shown in Sections 4 and 5 are generated by the design automa-
tion CAD package CoventorWare® (Coventor, Inc., Cambridge, Massachusetts,
USA), specifically Bubble-DropSimTM module for device simulation, and Flu-
idic ArchitectTM module for system simulation. FLOW-3D® (Flow Science Inc.,
Santa Fe, New Mexico, USA) is embedded in Bubble-DropSim as its multiphase-
flow hydrodynamics solution engine. Fluidic Architect includes a microfluidic
compact model library developed by Coventor, and the mixed-signal system
simulation tool Saber® (Synopsys, Inc., Mountain View, California, USA).

4. DEVICE SIMULATION

4.1 Overview of Microfluidic Theory

The essence of biochip technology is to utilize streams of fluids (e.g., in channel-
based biochips) or droplets (e.g., in digital microfluidics) as carriers of biochem-
ical samples to carry out predetermined sample manipulation procedures. Mi-
crofluidics, according to fluid mechanics researchers [Stone et al. 2004], is “de-
vices and methods for controlling and manipulating fluid flows with length
scales less than a millimeter”. Owing to the fact that the fundamental oper-
ating principle of biochips is microfluidics and the dominating application of
microfluidics is biochip design and development, microfluidics is regarded as
a moniker inter-changeable with biochip, lab-on-a-chip or micro-total-analysis
systems [Verpoorte and De Rooij 2003]. Next, we discuss several topics in mi-
crofluidic theory to highlight the two characteristics of microfluidics, that is,
(i) microscopic length scale; and (ii) multiphysics hydrodynamics.

4.1.1 Fluid Dynamics. This is the essential component of microfluidics.
The fundamental governing equations are Navier-Stokes equations that are
derived from the conservation of mass, momentum and energy [Batchelor 2000].
When an interface that separates a gas and a liquid, or different types of liquids
is present, an additional hydrodynamic constraint is applied in the form of
an interfacial stress [Leal 1992]. In essence, the tangential component of the
interfacial stress is continuous across the interface, and the discontinuity of its
normal component is balanced by the pressure difference across the interface.
The presence of the interface and the additional interfacial condition is also
referred to as the surface tension effect.

4.1.2 Issues Arising from Miniaturization. The aspect ratio of fluidic com-
ponents in a biochip is usually very large. In the cases of channel-based biochips,
the length of the channel is much larger than the width and the depth. In the
cases of digital microfluidics, the depth is much smaller than the dimensions
of the reaction surface. In other words, large surface-to-volume ratio is a com-
mon characteristic for biochip architectures. The Navier–Stokes momentum
equation states the balance among the momentum component (in the form of
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volumetric integral), the viscous component (in the form of integration over the
surface boundaries of the fluidic components), and the external driving force
(pressure gradient, electric force, etc.). A large surface-to-volume ratio of the
structure results in the dominance of the viscous effect over the momentum
effect. Microfluidic flow is usually a low Reynolds number flow.

The presence of an interface creates a pressure difference across the inter-
face, the magnitude of which is given by the surface tension coefficient multi-
plied by the curvature of the interface. The curvature of a macroscopic inter-
face is usually small therefore such surface-tension-driven pressure difference
is usually negligible compared to other sources. On the contrary, a microscopic
interface possesses a very large curvature resulting a large surface-tension-
driven pressure difference. To better illustrate this, considering an interface
residing in a channel. When the cross-section dimension of the channel is in
the order of a centimeter, the surface-tension-driven pressure difference across
the interface is in the order of 10 Pa. When the channel shrinks such that the
cross-section is in the order of 10 microns, the surface-tension-driven pressure
difference across the interface now is in the order of 10 KPa. The dominance of
the surface tension effect is one of the key consequences of miniaturization.

For most macroscopic flows, it has been (appropriately) assumed that there
is no relative motion between the fluid particle and the solid at the fluid-solid
boundary. This is the no-slip boundary condition. However microfluidic exper-
iments show this no-slip boundary condition does not hold for a microscopic
flow [Choi et al. 2003]. Rather, in microfluidics, a fluid particle at the fluid-solid
boundary moves with a slip velocity relative to the solid surface, and the mag-
nitude of this slip velocity is linearly proportional to the shear strain rate at
the fluid-solid boundary [Navier 1823; Maxwell 1879; Lauga and Stone 2003].

4.1.3 Electrokinetics. The first successful demonstration of biochips was
the separation of chemical samples based on capillary electrophoresis [Manz
et al. 1992; Jacobson et al. 1994; Harrison et al. 1993]. Electrolyte, liquid con-
taining charged chemical samples, is placed in a capillary where an electrical
voltage difference is applied between both ends. With the presence of an elec-
trical field, the charged species move relative to the liquid with different speed
according to their different electromobilities. This is called electrophoresis and
is one of the fundamental principles of on-chip separation analysis. In addi-
tion, the chemical state of the capillary wall is altered by the electrolyte such
that the capillary wall acquires charges and releases the counter-ions to the
liquid. The balance between the electrostatic interactions and the thermal agi-
tation results a charged layer adjacent to the capillary wall. This layer is called
the Debye layer. Outside the Debye layer, the electrolyte is electrically neutral
therefore there exists no net electrical force. However, inside the Debye layer,
a net charge density is present which together with the applied electrical field
tangential to the capillary wall generates a net electrical force. This electrical
force inside the Debye layer generates a bulk flow of the liquid and moves the
electrolyte from one end of the capillary to the other. This is called electroosmo-
sis. Electroosmosis not only provides a pumping mechanism, but the plug flow
velocity profile of the resulting electroosmotic flow (EOF) contributes much less
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distortion to the band shape of the species than the parabolic flow profile of a
pressure-driven flow.

Both electrophoresis and electroosmosis are electrokinetic phenomena. Elec-
trokinetics is hydrodynamics of electrolyte fluids in the presence of an electrical
field.

The electric field may be described by electro-quasi-statics (EQS), and the
governing equation is a truncated version of Maxwell’s equations under the elec-
troquasistatic assumption [Haus and Melcher 1989]. Typically, biochips operate
at a small length scale (order of micrometer) and low frequency (order of MHz),
therefore the electroquasistatic assumption is appropriate. The hydrodynamics
is governed by Navier–Stokes equation augmented with one additional forcing
term fEK, a force density of electrical origin, to the momentum equation. fEK is
given by the net charge densityρe multiplied by the local electrical field inten-
sity E. Considering one type of ion present in the electrolyte, its contribution to
the charge density is given by its concentration multiplied by the ion’s (signed)
valance and the charge on a proton. ρe is calculated by the summation of the
contributions of all species. The transport equation governing the concentra-
tion of the species has three components: advection with fluid flow, diffusion
relative to the fluid flow, and electrophoresis.

The governing equation of electrokinetics has three components: EQS, hydro-
dynamics, and species transport. These three components are coupled to each
other: the presence and migration of charge affect electrical field; the product
of charge and electrical field affects the hydrodynamics; the migration of the
charge is determined by the transport of chemical species, which is function of
both fluid velocity and electrical field [Saville 1977].

The thickness of the Debye layer is usually much smaller than the charac-
teristic length of the biochip, therefore the electroosmotic effect can be approx-
imated by a boundary condition applied at the solid-electrolyte interface. The
liquid particle at the solid surface is assigned to a tangential velocity (“effective
slip velocity”) given by the local electrical field multiplied by a coefficient, the
electroosmotic mobility, which is determined by the balance of fEK, and viscous
shear inside the Debye layer [Karniadakis and Beskok 2001; Probstein 1994].

4.1.4 Electrohydrodynamics. The two leading architectures of digital mi-
crofluidics, that based on dielectrophoresis(DEP) [Jones et al. 2001; Schwartz
et al. 2004], and that based on electrowetting-on-dielectric (EWOD) [Pollack
et al. 2000; Cho et al. 2002; Prins et al. 2001], are applications of electrohy-
drodynamics to biochips [Zeng and Korsmeyer 2004; Jones 2002]. Digital mi-
crofluidics uses discrete fluid particles, droplets, as operands. Minute amounts
of chemical sample are drawn from individual sample reservoirs in the form of
metered droplets (picoliter to nanoliter). These droplets are then delivered to
a reaction chamber where multiple droplets may reside simultaneously. When
droplets containing different chemical samples arrive at the same location, the
droplets merge into one droplet and a chemical reaction can occur. Chemical
reactions can be detected, categorized, and reported. Hierarchical reactions can
be achieved by merging droplets of intermediate reactions. A larger droplet may
be split into smaller ones for parallel manipulation or detection. An individually
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addressable electrode array generates a pre-programmed electrical field, which
exerts electrohydrodynamic forces on fluids to accomplish the aforementioned
operations.

Compared to electrokinetics where the fluid contains electrolytes and the
fluid flow is driven by Coulomb’s Force, electrohydrodynamics can be better un-
derstood from an energy perspective. The presence of the electrical field leads
to the storage of electrostatic energy in media. An EWOD chip places two im-
miscible fluids (e.g., water and air) on top of a solid surface. If the two fluids
possess different electrical properties, the electrical fields (hence, the density
of the stored electrostatic energy) in solid underneath these two fluids are dif-
ferent. The energy disparity right underneath the tri-phase contact line gen-
erates hydrodynamic force, which acts on the tri-phase contact line and moves
the contact line advancing towards the fluid with less permittivity [Adamson
1990; Verheijen and Prins 1999]. DEP originates from the redistribution of the
dipole moment in the medium by an external electrical field. By re-aligning
the direction of the dipole moment and the relative movement of the paired
charges, the electrostatic energy is injected into the medium. A disparity of the
electrostatic energy density gives rise to a hydrodynamic force [Pohl 1978].

Similar to electrokinetics, electrohydrodynamics can also be explained using
coupled physics between electrostatics (EQS) and hydrodynamics. The govern-
ing equations of EQS and hydrodynamics are coupled through an electrohydro-
dynamic force density fEHD, which equals the gradient of the stored electrostatic
energy. fEHD is the additional forcing term for the momentum equation that gov-
erns the hydrodynamics. fEHD drives the fluid flow, and fluid flow modifies the
electrical property distribution in space hence the electrical field, which in turn
alters fEHD [Hans and Melcher 1989; Melcher 1981; Landau and Lifshitz 1960;
Melcher and Taylor 1969].

4.1.5 Thermocapillarity. The temperature dependency of surface tension
causes fluid to move in a liquid/gas/solid system. This thermocapillary effect
has also been adopted as an operating principle for digital microfluidics. An
on-chip temperature gradient can be established and modulated via an array
of embedded microheaters (thermal conduction) or an array of laser sources (ra-
diative heating). A droplet on chip moves towards the colder region [Darhuber
et al. 2003; Valentino et al. 2005; Chen et al. 2004; Nguyen and Huang 2005;
Tseng et al. 2004]. Compared to EWOD, thermocapillarity modulates the in-
terfacial energy density on the fluid–fluid interface, whereas EWOD modulates
the interfacial energy density on the fluid–solid interface.

The governing equations for thermocapillarity include multiphase hydro-
dynamics (where surface tension force along with other hydrodynamic forces
dictates the flow), thermal analysis (where the heat conducts among all three
phases and simultaneously the heat convection occurs with the flow), and the
constitutive equation that describes the temperature dependency of the surface
tension coefficient.

4.1.6 Fluid-Structure Interaction. A pumping mechanism is required by
almost every biochip design [Laser and Santiago 2004]. It may be loosely
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categorized in two families: the dynamic pumping, examples being centrifugal
pumps [Zoval and Madou 2004], pumps based on aforementioned electroosmo-
sis [Zeng et al. 2001], electrohydrodynamics [Jones 1973], and magnetohydro-
dynamics [Homsy et al. 2005]; the displacement pumping, where a movable
structure (diaphragm) is integrated on-chip to push fluids, and the motion of
the structure is controlled piezoelectrically (e.g., one of the earliest micropumps
by Smits [1990]), electrostatically [Xie et al. 2004], or others (e.g., via thermal
bi-morph).

The governing principle of displacement pumping is fluid-structure interac-
tion. The structural dynamics has three components: the driving mechanism,
e.g., piezoelectrics, electrostatics; the elasticity of the diaphragm; and the cou-
pling with the hydrodynamics. On the hydrodynamics side, the no-slip condition
at the fluid-solid interface forces the fluid to move with the diaphragm. On the
structural dynamics side, the hydrodynamic forces (the hydrodynamic pres-
sure and the viscous shear) exerted on the diaphragm determine the transient
displacement of the diaphragm [Pan et al. 2002].

4.2 Overview of Numerical Methods

Microfluidic theory is expressed mathematically in the form of a set of partial
differential equations, and solved numerically via generalized computational
fluid dynamics (CFD), which includes not only numerical methods for Navier–
Stokes equations [Andorson 1995], but also for other domains of physics such as
computational structural mechanics and computational electrostatics. Numeri-
cal methods have three essential components: (i) representation and discretiza-
tion of materials (meshing); (ii) discretization of the governing equations; and
(iii) solution post-processing and visualization.

4.2.1 Discretization of Computational Domain. TCAD creates three-
dimensional geometrical entities according to the layout and process informa-
tion. Each geometrical entity contains one type of material. A computational
domain is an enclosed three-dimensional volume. Geometrical entities inside
the computational domain are considered “important” to the device behavior,
therefore they are analyzed in detail. The geometrical entities outside of the
computational domain are either considered have negligible contribution to de-
vice behavior or their contribution can be adequately represented by constraints
applied to the surface of the computational domain (i.e., boundary condition).
The discretization of a computational domain (meshing) creates a finite-size set
of cells to represent the geometrical property and material property of the com-
putational domain. A cell may be an element in finite element (FEM) or finite
volume (FVM), or a brick formed by neighboring finite difference (FDM) grids.
Mathematically, a cell is described by its nodes, edges, faces and shape func-
tions. The accuracy of the numerical solutions is determined by both the cell
size and cell quality (e.g., aspect ratio). An excellent review for computational
domain discretization techniques was published by Thompson [1984].

When device performance involves movement and/or deformation of a ma-
terial, for instance, diaphragm deflection of a microfluidic pump or droplet
translocation on a digital microfluidics, the surface of a geometrical entity, or the
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boundary of a material, undergoes kinetic, geometrical or topological change.
There are two leading algorithms for accurately tracing the transient evolution
of surfaces, the surface tracking method and the surface capturing method, as-
sociated with discretization of the computational domain. The surface tracking
method [Hirt et al. 1974; Tezduyar et al. 1992a, 1992b] requires the nodes to
be positioned on the surface of a geometrical entity such that the surface of
the geometrical entity can be described explicitly by a set of cell faces. If this
geometrical entity changes its location, geometry or topology, the cells adjacent
to the surface need to be adapted such that the cell faces track the changed
surface and simultaneously maintain good quality. On the contrary, the surface
capturing method [Hirt and Nichols 1981] partitions the computational domain
into a set of cells fixed in space. The cell faces do not have to overlap with the
surface of the geometrical entity, and do not change with the evolution of the
geometrical entity surface. Instead, an additional “color” function is defined on
the cells to describe the distribution of the geometrical entity. The movement of
the geometrical entity is represented by the change of this color function with
time. The movement of the surface is not explicitly tracked by cells, rather, is
captured by the evolution of a color function.

4.2.2 Discretization of the Governing Equations. Governing equations are
discretized based on cells. The physical quantities (both knowns and unknowns)
are defined on cell nodes, cell centers, or both (e.g., staggered grids). The space-
dependent differential or integral operations of the governing equations are
transformed into set of, linear or nonlinear, algebraic operations using Finite
Difference (FDM), Finite Element (FEM), Finite Volume (FVM) or Boundary El-
ement (BEM) methods. Consequently, the governing equations are transformed
into set of ordinary differential equations (ODE) solely depending on time. The
discretization of ODEs using either implicit or explicit scheme eventually leads
to the final product of the discretization of governing equations: an algebraic
system of equations, which are in turn solved by either direct or iterative meth-
ods. Iterative methods are necessary when the problem is nonlinear. Precondi-
tioning and multigrid are the two leading algorithms that can accelerate the
convergence rates for iterative method [Hirsch 1988].

The Finite Difference method is the oldest and most advanced method ap-
plied to solve differential equations numerically. The first application of FDM
is believed to have been developed by Euler in 1768. FDM is based on the proper-
ties of Taylor expansions. The algebraic expressions of derivatives are obtained
directly from the Taylor expansions. FDM requires structured cells such that
all the cell nodes are the intersections of numerical coordinate curves and all
the edges are unit segments of the numerical coordinate curves. The Finite
Element method originated from the structural analysis; it was first formally
elaborated by Turner et al. [1956], and was named by Clough [1960]. FEM
can work with unstructured cells; however, it requires that cells not to overlap
with each other. The distribution of the quantities inside a cell is expressed as a
weighted summation of nodal quantities with the shape function as the weight.
The mathematical base of FEM is functional analysis. FEM requires translat-
ing the governing equations into an integral formulation using a variational

ACM Journal on Emerging Technologies in Computing Systems, Vol. 1, No. 3, October 2005.



Design Automation for Microfluidics-Based Biochips • 203

principle or a weak formulation, also called the method of weighted residu-
als (e.g., Bubnow–Galerkin method). The Finite Volume method became part
of CFD in the early 1970s [McDonald 1971; MacCormack and Paullay 1972].
FVM requires expressing the governing equations in the form of the integral
forms of the conservation laws, and such integral equations are then directly
discretized on cells. FVM works with both structured cells and unstructured
cells. FVM can be considered as a special case of FDM, where the governing
equations are written as differential, conservative form and discretized based
on arbitrary co-coordinates; FVM can also be considered as a special case of
FEM where collocation methods (a variant of a weak formulation) are used.
The mathematical basis for Boundary Element method is the Green’s function
theory [Brebbia 1978]. It can be applied only to boundary value problems where
the governing equations can be transformed into integration over the bound-
aries of the computational domain. BEM can solve a subset of hydrodynamic
problems, where the Reynolds number is either extremely large (potential flow)
or equals to zero (Stokes flow). Many of microfluidic problems find the latter
case, the Stokes flow assumption, appropriate. The numerical implementation
of BEM is similar to FEM, even though FEM works with three-dimensional
cells and BEM works with two-dimensional surface cells.

4.2.3 Solution Post-Processing and Visualization. The solutions of the de-
vice simulation can be used to investigate device physics, validate the exist-
ing behavioral model, and/or serve as the basis to construct new behavioral
model. Therefore, the visualization tool should enable easy access to solutions
via both rendering the field data on device and probing the data at a desired
location/cell. It should be able to work with multiple fields simultaneously to
better expose the potential connections among different fields. In addition, the
post-processing should include a spatial and temporal integration tool-kit that
allows the integration of the field of interest over a desired spatial domain (a
set of cells, faces of a set of cells, or edges of a set of cells) or time. This is partic-
ularly useful when validating an existing behavioral model. Construction of a
new behavioral model based on the device simulation solution will be reviewed
in Section 5.

4.3 Device Simulation Examples

4.3.1 Centrifugal-Driven Channel-Based Micro Total Analysis System.
Figure 4(a) illustrates a compact-disk-(CD)-like microfluidic device. When spin-
ning the disk, the centrifugal force will pump the liquid from the center of the
disk towards the edge of the disk. Microchannel based microfluidic components
(reservoir, channel, valve, reaction chamber, waste collection) are placed on the
disk along the radial direction outwards. Passive capillary valves are used to
gate the liquid flow. A capillary valve is an abrupt opening where the contact
angle can become very large such that the surface tension force acts against the
liquid flow. The control of the fluid flow is achieved by modulating the spinning
velocity thus the centrifugal force. The liquid flow stops at the capillary valve
when the centrifugal force, along with liquid momentum, is not strong enough
to overcome the surface tension force [Zoval and Madou 2004; Duffy et al. 1999].
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Fig. 4. Device simulation example: Centrifugal driven microfluidic compact disk. (a) shows the im-

age of such device fabricated by Tecon Boston (formerly Gamera Bioscience). Courtesy Dr. Gregory

J. Kellogg, [Zeng et al. 2000]. At lower left of (b) shows a slice of detailed micro-fluidic structure

positioning on the rotating plate radically (courtesy Dr. Gregory J. Kellogg). The geometry of the

capillary valve used in simulation is shown in (b) at right. (c) shows a steady-state meniscus shape

when the capillary valve stops the liquid flow successfully. A slice plane is cut through the liquid

body from the meniscus to the reservoir to record the pressure distribution. It shows the surface

tension force suppresses the centrifugal pumping. (d) shows a meniscus shape where the capillary

valve is broken when a higher spinning velocity is applied. (e) shows the maximum capillary barrier

verses geometry of the capillary valve. Simulations are compared against experimental measure-

ment (experimental data courtesy Dr. Gregory J. Kellogg). (f) and (g) show the centrifugal pumping

of the liquid in a serpentine micro-channel. (f) shows the liquid jets at the turn and a bubble is

entrapped. When the spinning velocity is reduced, (g) shows the interface propagates along with

the channel wall and there is no bubble entrapped.

When designing a capillary valve, it is in the designers’ interest to under-
stand the critical burst condition, that is, the largest spinning velocity under
which the surface tension force can prevent the liquid from flowing out of the
valve (“burst”). Such a critical burst condition depends on the geometry of the
abrupt opening and the distance between the valve and the disk center. It also
depends on the material properties such as the surface tension and liquid ki-
netic viscosity. Device simulation is used to quantify the critical burst condition
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[Zeng et al. 2000]. Figure 4(b) shows the geometry of an example capillary valve.
Transient simulations are carried out and a slice plane cuts through the liquid
body and reports liquid pressure to gauge if a steady-state is achieved for cases
where the liquid flow is stopped by surface tension (Figure 4(c)). When the spin-
ning velocity increases the liquid bursts out of the capillary valve, as shown in
Figure 4(d). Figure 4(e) shows simulations sweeping through geometric para-
metric space and report the critical burst condition as function of the valve
geometry characterized by the hydraulic diameter. Such simulation results de-
scribe the capillary valve behavior and can serve as foundation for behavior
model creation. Figure 4(e) also shows good agreement between simulations
and experiments.

The spinning velocity also controls the process of liquid filling in the mi-
crochannel. When the CD spins fast, the centrifugal pumping effect jets the
liquid at the turn and a bubble in entrapped, as shown in Figure 4(f). When the
spinning velocity is reduced, Figure 4(g) shows that the interface propagates
along with the channel wall and the bubble entrapment is avoided.

4.3.2 Liquid Flow in Microchannels. Automated analysis of channel-based
biochips is realized by the control of liquid flow through various microchannels.
Device simulations are used to investigate the device behavior and to optimize
the device design parameters [Erickson 2005]. Figure 5 illustrates several ex-
ample device simulations for problems that are commonly encountered in the
design of channel-based biochips.

T-channels are effective mixing components. One design problem is to find
the optimal geometry (cross-section and length) for the T-channel such that de-
sired flow rates are achieved with given pressure at the three ports. Figure 5(a)
shows an example simulation of flow through a T-channel. Figure 5(b) shows
a transient sequence of capillary filling of a T-channel, obtained from simula-
tion. The T-channel is fabricated via isotropic etching having a D-shaped cross-
section with rounded sidewall. Capillary filling process may entrap bubbles as
shown in figure 4(f). The presence of bubbles introduces unwanted complica-
tion to flow control. Figure 5(c) is a simulation of a bubble removal procedure:
a liquid flow flushes a bubble downstream. Figure 5(d) shows a transient sim-
ulation of sample mixing. Initially introduced into the channel as two adjacent
plugs, two samples diffuse into each other while being carried by the liquid flow
downstream.

4.3.3 Electrified Droplets in Digital Microfluidics. Digital microfluidics
uses discrete fluid particles or droplets as carriers for biochemical agents
to carry out various analytical procedures. Compared to the channel-based
biochips, digital microfluidics is reconfigurable, scalable, and of general pur-
pose. A complex on-chip analysis can be programmed by combining a small set
of basic droplet manipulation instructions, and carried out in a manner simi-
lar to traditional bench-top protocols. The basic instruction set include droplet
generation, or separating a liquid stream into discrete droplets; droplet translo-
cation; droplet fusion, or merging multiple droplets into one; and droplet fission,
or dividing one droplet into smaller ones.
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Fig. 5. Other device simulation examples on channel-based microfluidics. (a) Liquid flow in a T-

channel, from left to right shows pressure field, velocity and a zoom-up view of the T-junction. (b)

A transient sequence of liquid filling in an initially vacant T-channel. (c) A transient sequence of

bubble being flushed downstream. (d) A transient sequence of mixing of two species.
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Fig. 6. Droplet fission on an EWOD-driven lab-on-a-chip. (a) illustrates the device configuration.

All four electrodes embedded in the insulating material are ON electrodes. The square electrodes are

100 μm wide and 100 μm apart. The thickness of the insulating coating is 5 μm. Initially (without

the presence of the electric field) this droplet of 1 μL is of a “pancake” shape maintaining a contact

angle of 117◦. (b)–(f) show the transient process of droplet fission (simulation), corresponding to

times 0, 75, 150, 450 and 600 μsec. Upon application of 70 V to all four electrodes, the reduction

of the contact angle elongates the droplet in the x direction, shrinking the yz-plane cross-section

at the center of the droplet, which eventually breaks the droplet into two parts. Satellite droplets

can also be observed in (f). (g) shows the electric potential distribution (simulation) at time 450 μs

(corresponding to (e)). [Zeng et al. 2004].

Droplet binary fission, that is, one droplet being separated into two equal-
volume smaller ones, is of particular interest to designers. The parallelization
of the on-chip operation, including both multi-stage chemical analysis and de-
tection, relies on a high-precision droplet binary fission to ensure the generated
two droplets carry equal amount of chemical species. In addition, combination
of multiple droplet fusion and droplet fission alternatively can enhance mixing
of chemical species carried by the droplets [Paik et al. 2003].

Droplet binary fission is a phenomenon dictated by hydrodynamic interfacial
instability. The precision of the fission process is very sensitive to the operating
condition, device geometry, and material property. Device simulation can be
used to analyze, for given device and material, the complex interdependency of
the operation precision and the operating condition. Such understanding can
further help to design better devices for a given type of material.

Figure 6 shows the simulation of a transient process of droplet binary fis-
sion on an EWOD-driven digital microfluidics chip [Zeng and Korsmeyer 2004].
Figure 6(a) illustrates the device geometry. The electrodes are aligned along the
X direction, and a droplet initially is centered in between two neighboring elec-
trodes. Upon application of a voltage to all the electrodes, a spatial disparity of
EWOD force is created. The contact angle at the tri-phase contact point closer
to the electrodes (the vicinity of points W and E) is smaller than that at the
tri-phase contact point further from the electrodes (the vicinity of points N and
S). Consequently, as shown in figure 6(b)–(f), the droplet is elongated in the x
direction at both sides (along W–E plane), and simultaneously the Y-Z cross-
section at the center of the droplet (on N–S plane) is reduced. Eventually the
cross-section in the N–S plane reduces to a point and two droplets are created to
conclude the fission process. Figure 6(g) presents the distribution of the electric
potential in this EWOD-driven device.
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Fig. 7. Simulations of on-chip droplet manipulation. (a) Droplet fusion driven by DEP. (b) Droplet

translocation driven by thermal capillarity.

Figure 7 shows simulation of on-chip droplet manipulation by DEP and ther-
mocapillary effect.

5. SYSTEM SIMULATION

5.1 Overview of System Simulation and Reduced-Order Modeling

As discussed in the previous section, device simulation solves a set of partial
differential equations that govern the device physics. Such numerical practice
for a single device usually demands considerable computational resources (e.g.,
CPU, memory). A microfluidic system usually integrates a large number of de-
vices. Consequently, the use of a device simulation approach to evaluate the
performance of a microfluidic system demands a prohibitive amount of com-
putational resources, which effectively makes device simulation unsuitable for
system evaluation. The performance evaluation and optimization of a large-
scale integrated microfluidic system relies on compact-model-based system
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simulation. A system simulation environment has three essential components:
(i) a simulator that can solve a large set of algebraic and/or ordinary differential
equations; (ii) a library of compact models; and (iii) a mechanism for creating
new compact models (model creation).

5.1.1 Hardware Description Language and Simulator. The dynamic prop-
erties of a microfluidic device and system are usually continuous in time,
therefore can be best described by analog signals. In addition, digital events
also occur in a microfluidic operation, for instance, the completion of droplet
binary fission (Figure 6). Popular hardware description languages (HDL) for
analog and mixed signal (AMS) design, simulation and verification, are MAST
[Mantooth and Feigenbaum 1995] and Verilog-A [Fitzpatrick and Miller 1998].
Well-known simulators include SPICE from University of California, Berkeley,
Simulink® from MathWorks, Saber® from Synopsys and Virtuoso® from
Cadence.

5.1.2 Compact Models. A compact model of a device refers to a set of or-
dinary differential or algebraic equations (DAE) that describes the dynamic
properties of this device as functions of time. A compact model is composed of
a symbol, a graphical representation of this compact model where parameters
can be specified to instantiate this compact model, and a template, where these
set of DAEs are programmed in HDL in a parameterized fashion. A system
schematic is a circuit-like graph represention of a system. Compact models are
nodes of the graph representing devices that form this system. The edges among
nodes represent the dynamic dependency, interfacing with the compact models
via cross variables (e.g., hydrodynamic pressure) and through variables (e.g.,
flow rate).

There are three types of compact models, primitive models, macromodels,
and behavioral models. Primitive models refer to the basic elements of a system,
for instance, capacitors, inductors, resistors, transistors and their equivalences
in other energy domains. A macromodel is a specific composition of primitive
models enabling description of a new device.

A behavioral model is the most generic, and thus the most powerful form of a
compact model. It describes the dynamic response of a device via a set of DAEs
derived from the domain physics. Section 5.2 will describe a behavioral model
example and illustrate the derivation procedure.

5.1.3 Reduced-Order Modeling. In real life, the dynamic behavior of a mi-
crofluidic device depends not only on time but also on the three spatial coordi-
nates. The microfluidic dynamics is governed by partial differential equations
with respect to four independent variables (time and space). A compact model
of a microfluidic device solely depends on time. Reduced-order modeling refers
to compact model generation procedures that lump the spatial dependency of a
device behavior.

Analytical methods can be used to derive compact models. Starting from
the physical insights into device behavior, a set of realistic assumptions can
be made, which serve as the basis to simplify the PDE-based governing equa-
tions and reduce them into the form of DAE. This set of DAE-based governing
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equations can be used directly for compact model creation. Section 5.2 shows
an example of this approach.

Device simulation works directly with the PDE-based governing equations.
The space-dependent differential or integral operations of the governing equa-
tions are transformed into a set of (linear or non-linear) algebraic operations
using FDM, FEM, FVM or BEM. Consequently, the PDE-based governing equa-
tions are transformed into a set of ordinary differential equations (ODE) solely
depending on time (Section 4.2). In principle, this set of ODEs can be used di-
rectly to create compact models. The size of this set of ODEs can be estimated by
the number of the numerical cells multiplied by the number of unknowns, which
can easily be tens of thousands to millions. The computational cost associated
with a compact model created by this naı̈ve approach makes such compact mod-
els infeasible in practice. On the other hand, this set of ODEs is created using a
brute-force approach, where there may be wastage, for instance, too many cells
for the desired accuracy, or possible simplification of dependencies among phys-
ical properties based on the desired accuracy. In other words, for many practical
engineering problems and desired accuracy, one can expect to find a different
set of ODEs with much smaller size that can effectively describe the device be-
havior. This new set of ODEs can be used directly for compact model creation.
Model order reduction (MOR), the procedure that automatically generates this
new set of ODEs of much smaller size from the original set of ODEs of ex-
tremely large size directly obtained from the device simulation discretization,
is an active research field. Many MOR algorithms are derived using the Krylov
subspace method. A review of MOR can be found in Rudnyi and Korvink [2002].

A microfluidic device may be described by an RLC circuit. Consider liquid flow
in a long channel, a device usually encountered when constructing a channel-
based microfluidic system. The momentum acceleration can be modeled as an
inductor; the viscous shear from the channel wall can be modeled as resistor;
and the compliance (the relationship between liquid volume and the applied
pressure) can be modeled as a capacitor. Device simulation solutions can be
used to identify the RLC values. For instance, a transient device simulation
of liquid flow in the given channel under a constant pressure difference at
both ends can provide the flow rate as function of time. The inductance can
be calculated from the time derivative of the flow rate divided by the pressure
difference. The procedure of automating the device simulation and RLC value
extraction is called automatic macro-model extraction [Swart et al. 1998]. This
is another way to create compact models.

5.2 Capillary Filling in Microfluidic Channels: An Example of Compact Model
Creation and System Simulation

Capillary filling is commonly encountered in designing channel-based mi-
crofluidics system. Channel-based biochips utilize lengthy microchannels to
deliver liquid solution. Before use, the channels are usually washed via flush-
ing through water or solvent, and then dried by hot air. When used, the inlet
of the biochip is connected with a buffer liquid reservoir. The surface tension
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force will pull the liquid into the micro channels (provided the buffer liquid is
“wetting” to the channel wall). Sometimes a syringe pump may be connected to
the reservoir to apply a slight pressure to help drive the liquid into the micro
channel.

Understanding the capillary filling process is important to biochip design.
Different geometries of liquid flow pathways may result in different capillary
filling behavior such as filling time, and the possibility of entrapment of air
bubbles. Knowledge of the filling process can guide designers in arranging in-
ternal structures of the chip (such as chambers, binding pillars, splits, valves)
to avoid potential filling problems and achieve higher filling speeds. While the
design of an individual channel component can be carried out at the device
simulation level as illustrated in Section 4.3, evaluating the filling process on
the chip scale requires system level simulation and compact models that can
describe filling behavior in a reduced-order fashion.

Consider a very long microchannel of rectangular cross-section partially
filled with liquid. Initially (at time t = 0), the length of the liquid inside the
channel is L0. The microchannel is shallow such that the width is much larger
than the depth D. Therefore, it is reasonable to assume that the dependency
of the microfluidics on the direction of width is negligible and this problem can
be safely reduced to two dimensions in space.

The liquid is of density ρ and dynamic viscous coefficient μ. The contact
property between the liquid and channel wall is defined by surface tension
coefficient σ and contact angle θ . Surface tension force is one of the primary
driving forces when the contact is hydrophilic, that is, θ is smaller than 90o.
A pressure difference of �P (pressure overhead) is applied at the both ends of
the channel to accelerate the filling process. �P = 0 defines a passive capillary-
filling process.

Assuming that, at time t, the liquid length inside the channel reaches L,
and the average filling velocity is u. The average filling velocity is defined by
the liquid flow rate divided by the channel cross-section area. Therefore, the
momentum of the liquid may be expressed as ρDLu. The velocity is assumed
to have a two-dimensional Poiseuille flow profile, therefore the viscous force
can be expressed as −12μLu/D. The pressure force is �PD, and the surface
tension force is σ cos(θ ). The conservation of momentum may be expressed as
the momentum change balanced by the summation of viscous force, pressure
force and surface tension force:

d
dt

(
ρDLu

) = −12μLu
D

+ �PD + σ cos(θ ). (1)

Noting that u = dL/dt, the above equation above can be rewritten as

d2

dt2
L2 + B

d
dt

L2 = A, (2)

where

A = 4σ cos(θ ) + 2�PD
ρD

; B = 12μ

ρD2
. (3)
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Fig. 8. Validation of the compact model derived from Eq. (4). Left shows the transient solu-

tions of the liquid front position and its advance velocity. The device simulation solutions from

Bubble-DropSim are plotted against the compact model solution and show excellent agreement.

Right shows a sequence of the Bubble-DropSim solutions illustrating the transient capillary filling

process.

Suppose that initially (t = 0) the liquid holds column length of L0 and with zero
velocity. The transient solution of this capillary-filling problem can be expressed
as:

L =
[
− A

B2
(1 − exp(−Bt)) + At

B
+ L2

0

]1/2

u = A
2BL

(1 − exp(−Bt)) (4)

Equation (4) can be used directly to construct a compact model that simulates
the capillary filling of a two-dimensional microchannel. Figure 8 shows the
validation study of this compact model using Bubble-DropSim as the validation
tool. The comparison shows an excellent match between the compact model and
the capillary-filling process.

The analytical approach is one of primary methods to generate compact
models for microfluidic devices. Illustrated above is an example of using an
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analytical method to create a compact model for capillary filling in two-
dimensional channel. The same underlying principle and similar procedures
can be used to derive compact models for capillary filling inside more complex
three-dimensional structures such as microrestrictors where the cross-section
varies along the direction of the flow.

Figure 9 shows system simulation of capillary filling of a microfluidic subsys-
tem. This subsystem integrates a liquid sample reservoir, a micropump driven
by a piezoelectric-actuated monomorph diaphragm, a restrictor, a channel, a
capillary gate, and a reaction chamber. This microfluidic subsystem is similar
to the subsystems shown in Figures 4(a) and 4(b) where the capillary gates
are implemented to stop the liquid stream. The CD-like device illustrated in
Figure 4 uses centrifugal force (i.e., modulating the rotating speed) to break
the capillary gate. Figure 9 illustrates via simulation the piezoelectric pump-
ing effect that breaks the capillary gate.

Figure 9(a) shows the two-dimensional layout of this subsystem. This layout
is then etched into glass and a three-dimensional device structure is formed,
shown at the upper right corner of Figure 9(a) with the lid removed. Figure 9(b)
shows the system schematic that is created by synthesizing the compact models.
The labeling indicates the mapping between the compact models in Figure 9(b)
and the devices in Figure 9(a). Initially the liquid resides only in the liquid
sample reservoir. The surface tension force drives the liquid into the restrictor,
and then the channel, and then stops at the capillary gate. Figures 9(c) and
9(d) show the simulation of this passive capillary filling and capillary gating
process. Figure 9(c) shows the liquid length (nondimensionalized) inside various
devices, and shows that only after the device at upper stream is completely
filled, is the device at lower stream started to be filled. The flow rate becomes
zero when the liquid front reaches the capillary gate. Figure 9(d) illustrates the
dynamic contact angle phenomenon at the capillary gate that is responsible for
stopping the liquid flow. The simulation shows that it takes a little more than
2 milliseconds to complete the capillary filling and gating processes.

After the capillary filling and gating are complete, at a desired time (at time
equal to 4 milliseconds in this simulation), a voltage pulse is applied to the
piezoelectric diaphragm and the deflection of the diaphragm generates flow,
shown in Figure 9(e). Figure 9(f) shows that such flow breaks the capillary gate
and the liquid starts to fill the device downstream.

6. SYNTHESIS METHODS

In this section, we provide an overview of the biochip synthesis, test, and re-
configuration techniques that have recently been published in the literature.

6.1 Synthesis and Reconfiguration Techniques

Architectural-level synthesis (i.e., high-level synthesis) was decoupled from
geometry-level synthesis (i.e., physical design) in Su and Chakrabarty [2004,
2005a]. Architectural-level synthesis for microfluidic biochips can be viewed as
the problem of scheduling assay functions and binding them to a given num-
ber of resources so as to maximize parallelism, thereby decreasing response

ACM Journal on Emerging Technologies in Computing Systems, Vol. 1, No. 3, October 2005.



214 • K. Chakrabarty and J. Zeng

Fig. 9. System synthesis and simulation of liquid flow actuation and control of a microfluidic

subsystem. (a) shows the two-dimensional layout of the subsystem. This subsystem is composed of

seven devices. In the order of the labeling, they are liquid reservoir, chamber with a piezoelectric

driven diaphragm mounted underneath, restrictor, channel one, capillary gate, channel two which

links with an air source. A three-dimensional solid model of this subsystem is shown at the upper

right corner. (b) shows the system schematic of this subsystem. The labeling for the synthesized

compact models corresponds to the labeling in (a). (c) and (d) show the simulation of the passive

capillary filling process. The flow rate in (c) shows the capillary gating action. The surface tension

plot in (d) shows the dynamic contact angle effect. (e) and (f) show the simulation of the piezoelectric

actuation and the break-up of the capillary gate. (e) shows the applied electric voltage and the

displaced liquid volume. (f) shows that the capillary gate is broken and liquid starts to flow into

channel two.
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time. On the other hand, geometry-level synthesis addresses the placement
of resources and the routing of droplets to satisfy objectives such as area or
throughput. Defect/fault tolerance can also be included as a critical objective in
the proposed synthesis method.

As in the case of high-level synthesis for integrated circuits, resource binding
in the biochip synthesis flow refers to the mapping from bioassay operations
to available functional resources. Note that there may be several types of re-
sources for any given bioassay operation. For example, a 2×2-array mixer, a
2×3-array mixer and a 2×4-array mixer can be used for a droplet mixing op-
eration, but with different mixing times. In such cases, a resource selection
procedure must be used. On the other hand, resource binding may associate
one functional resource with several assay operations; this necessitates re-
source sharing. Once resource binding is carried out, the time duration for
each bioassay operation can be easily determined. Scheduling determines the
start times and stop times of all assay operations, subject to the precedence
and resource-sharing constraints. An optimal strategy based on integer linear
programming has been developed for scheduling assay operations under re-
source constraints [Su and Chakrabarty 2004]. Since the scheduling problem
is NP-complete, heuristic techniques for large problem instances have also been
developed.

A key problem in the geometry-level synthesis of biochips is the placement of
microfluidic modules such as different types of mixers and storage units. Since
digital microfluidics-based biochips enable dynamic reconfiguration of the mi-
crofluidic array during run-time, they allow the placement of different modules
on the same location during different time intervals. A simulated annealing-
based heuristic approach has been developed to solve the NP-complete place-
ment problem in a computationally efficient manner [Su and Chakrabarty
2005a]. Solutions for the placement problem can provide the designer with
guidelines on the size of the array to be manufactured. If module placement is
carried out for a fabricated array, area minimization frees up more unit cells
for sample collection and preparation.

A synthesis methodology that unifies operation scheduling, resource binding,
and module placement has also been developed [Su and Chakrabarty 2005b];
see Figure 10. Exact placement information, instead of a crude area estimate,
is used to judge the quality of architectural-level synthesis. This method allows
architectural design and physical design decisions to be made simultaneously.
Moreover, fault tolerance can be easily incorporated during synthesis, whereby
resources for assay functions are carefully selected and placed in the array to
bypass defective cells; in this way, the assay functionality is not compromised.
The requirement of real-time responsiveness in environmental sensing and
clinical diagnostics applications motivates the need to minimize total assay
analysis time. In order to increase sampling efficiency, we also attempt to free
up more array area for sample collection and preparation by minimizing the
area of the chip devoted to analysis.

Efficient reconfiguration techniques to bypass faulty unit cells in the mi-
crofluidic array have also been developed. A microfluidic module containing
a faulty unit cell can easily be relocated to another part of the microfluidic
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Fig. 10. An example illustrating unified synthesis.

array by changing the control voltages applied to the corresponding electrodes
[Su and Chakrabarty 2005a]. Defect/fault tolerance can also be achieved by
including redundant elements in the system; these elements can be used to
replace faulty elements through reconfiguration techniques [Su et al. 2005a].
Another method is based on graceful degradation, in which all elements in
the system are treated in a uniform manner, and no element is designated
as a spare [Su and Chakrabarty 2005c]. In the presence of defects, a sub-
system with no faulty element is first determined from the faulty system.
This subsystem provides the desired functionality, but with a gracefully de-
graded level of performance (e.g., longer execution times). Due to the dynamic
reconfigurability of digital microfluidics-based biochips, the microfluidic com-
ponents (e.g., mixers) used during the bioassay can be viewed as reconfig-
urable virtual devices. For example, a 2 × 4 array mixer (implemented using
a rectangular array of control electrodes—two in the X-direction and four in
Y-direction) can easily be reconfigured to a 2 × 3 array mixer or a 2 × 2 array
mixer.

Figure 11 shows the module placement results and the microfluidic array de-
sign for a representative protein assay [Su and Chakrabarty 2005b]. Figure 11
shows the corresponding results when some of the unit cells in the array are
faulty, and reconfiguration is used in a unified manner with synthesis. The
solution obtained for the fault-free array yields a biochip design with a 9 × 9
microfluidic array and the completion time for the protein assay is 363 seconds.
The design for the faulty array allows the protein assay to operate with an
increase of only 6% in the completion time, that is, the completion time is now
385 seconds.
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Fig. 11. (a) A 3-D model illustrating the synthesis results. (b) A digital microfluidic biochip for a

protein assay. (c) A defective array and module placement for the protein assay on this array.

6.2 Testing Techniques and Design-For-Test (DFT)

The testing of MEMS, and bio-MEMS in particular, is still in its infancy. Re-
cently, fault modeling and fault simulation in surface micromachined MEMS
has received attention [ Kolpekwar and Blanton 1997; Deb and Blanton 2000].
Fault modeling, fault simulation, and a DFT methodology for continuous-flow
microfluidic systems have also been proposed [Kerkhoff 1999; Kerkhoff and
Hendriks 2001; Kerkhoff and Acar 2003 ]. Limited work on the testing of “dig-
ital” microfluidic biochips has been reported to date.

Faults in these systems have been classified as being either catastrophic
or parametric [Jee and Ferguson 1993]. Catastrophic (hard) faults lead to a
complete malfunction of the system, while parametric (soft) faults cause a de-
viation in the system performance. A parametric fault is detectable only if this
deviation exceeds the tolerance in system performance.

Catastrophic faults in digital biochips may be caused by a number of physical
defects, for example:

—Dielectric Breakdown. The breakdown of the dielectric at high voltage levels
creates a short between the droplet and the electrode. When this happens, the
droplet undergoes electrolysis, thereby preventing further transportation.

—Short between the Adjacent Electrodes. If a short occurs between two adjacent
electrodes, the two electrodes effectively form one longer electrode. When a
droplet resides on this electrode, it is no longer large enough to overlap the
gap between adjacent electrodes. As a result, the actuation of the droplet can
no longer be achieved.

—Degradation of the Insulator. This degradation effect is unpredictable and
may become apparent gradually during the operation of the microfluidic sys-
tem. A consequence is that droplets often fragment and their motion is pre-
vented because of the unwanted variation of surface tension forces along
their flow path.
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—Open in the Metal connection between the Electrode and the Control Source.
This defect results in a failure in activating the electrode for transport.

Physical defects that cause parametric faults include the following:

—Geometrical Parameter Deviation. The deviation in insulator thickness, elec-
trode length and height between parallel plates may exceed their tolerance
value.

—Change in Viscosity of Droplet and Filler Medium. These can occur during op-
eration due to an unexpected biochemical reaction, or changes in operational
environment, for example, temperature variation.

A unified test methodology for digital microfluidic biochips has been devel-
oped, whereby faults can be detected by controlling and tracking droplet motion
electrically [Su et al. 2003, 2005b]. Test stimuli droplets containing a conduc-
tive fluid (e.g., KCL solution) are dispensed from the droplet source. These
droplets are guided through the unit cells following the test plan towards the
droplet sink, which is connected to an integrated capacitive detection circuit.
Most catastrophic faults result in a complete cessation of droplet transporta-
tion [Su et al. 2003, 2005b]. Therefore, we can determine the fault-free or faulty
status of the system by simply observing the arrival of test stimuli droplets at
selected ports.

An efficient test plan not only ensures that testing does not conflict with the
normal bioassay, but it also guides test stimuli droplets to cover all the unit
cells available for testing. The test planning problem has been formulated in
terms of the graph partitioning and the Hamiltonian path problems [Su et al.
2004a]. This method can be used for field-testing of digital microfluidics-based
systems; as a result, it increases the system reliability during everyday oper-
ation [Su et al. 2004b]. With negligible hardware overhead, this method also
offers an opportunity to implement self-test for microfluidic systems and there-
fore eliminate the need for costly, bulky, and expensive external test equipment.
Furthermore, after detection, droplet flow paths for biomedical assays can be
reconfigured dynamically such that faulty unit cells are bypassed without in-
terrupting the normal operation.

7. CONCLUSIONS

We have provided an overview of presented several different actuation mecha-
nisms for microfluidics-based biochips, as well as associated design automation
trends and challenges in this emerging area. The underlying physical principles
of electrokinetics, electrohydrodynamics, and thermocapillarity have been dis-
cussed. We have presented an integrated system-level design methodology that
attempts to address key issues in the modeling, simulation, synthesis, testing
and reconfiguration of digital microfluidics-based biochips. As microfluidics-
based biochips gain popularity, and more chemical procedures and assays are
executed concurrently on a biochip, system integration and design complexity
are expected to increase dramatically. The top-down design automation flow
presented here will facilitate the integration of fluidic components with micro-
electronic component in next-generation SOCs.
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