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Abstract

Flow-based microfluidic biochips constitute an emerging technology for the automa-

tion of biochemical procedures. Recent advances in fabrication techniques have en-

abled the development of these devices. Increasing integration levels provide biochips

with tremendous potential; a large number of bioassays, i.e., protocols for biochem-

istry, can be processed independently, simultaneously, and automatically on a coin-

sized microfluidic platform. However, the increases in integration level introduce new

challenges in the design optimization and the testing of these devices, which impede

their further adoption and deployment.

This thesis is focused on enhancing the automated design and use of flow-based

microfluidic biochips and on developing a set of solutions to facilitate the full exploita-

tion of design complexities that are possible with current fabrication techniques. Four

key research challenges are addressed in the thesis; these include design automation,

wash optimization, testing, and defect diagnosis.

Despite the increase in the number of on-chip valves, designers are still using

full-custom methodologies involving many manual steps to implement these chips.

Since these chips can easily have thousands of valves, manual design procedure can

be time-consuming and error-prone, and it can result in inefficient designs. This

thesis presents the first problem formulation for automated control-layer design in

flow-based microfluidic biochips and describes a systematic approach for solving this

problem. Our goal is to find an efficient routing solution for control-layer design with
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a minimum number of control pins.

The problem of contamination removal in flow-based microfluidic biochips must

also be addressed. Applications in biochemistry require high precision to avoid er-

roneous assay outcomes, and they are vulnerable to contamination between two

fluidic flows with different biochemistries. This thesis proposes the first approach for

automated wash optimization for contamination removal in flow-based microfluidic

biochips. The proposed approach ensures effective cleaning and targets the gen-

eration of wash pathways to clean all contaminated microchannels with minimum

execution time under physical constraints.

Another practical problem addressed in this thesis is the lack of test techniques

for screening defective biochips before they are used for biochemical analysis. This

thesis presents an efficient approach for automated testing of flow-based microfluidic

biochips. The test technique is based on a behavioral abstraction of physical defects

in microchannels and valves. The flow paths and flow control in the microfluidic

device are modeled as a logic circuit composed of Boolean gates, which allows test

generation to be carried out using standard automatic test-pattern generation tools.

Based on the analysis of untestable faults in the logic-circuit model, we present a

design-for-testability technique that can achieve 100% fault coverage.

Finally, this thesis presents a technique for the automated diagnosis of leakage

and blockage defects. The proposed method targets the identification of defect types

and their locations based on test outcomes. It reduces the number of possible defect

sites significantly while identifying their exact locations.

In summary, this thesis has led to a set of optimization and testing methods for

flow-based microfluidic biochips. The results of this research are expected to not

only shorten the product development cycle, but also accelerate the adoption and

further development of this emerging technology by facilitating the full exploitation

of design complexities that are possible with current fabrication techniques.
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Introduction

Microfluidics deals with the precise transportation of fluids (liquids or gases) in small

amounts, e.g., microliters, nanoliters or even picoliters [12]. It is advancing at a

rapid pace and researchers have demonstrated numerous practical applications over

the past decade. As our ability to fabricate structures at the micro-and nanoscale

level has progressed, microfluidics-based biochips, also known as lab-on-a-chip, have

developed rapidly to enable the study of cellular processes at a scale compatible with

cell size. These breakthroughs are revealing new information about the operational

responses of cells, including how they respond to physical and chemical cues from

their immediate environment.

Owning to their higher sensitivity, smaller size, and lower cost, microfluidics-

based biochips recently have been developed for various bioassays, such as the di-

agnosis of diseases [13], real-time DNA sequencing [14] and antigen detection [15].

These highly integrated microsystems are capable of manipulating and analyzing pi-

coliter volumes of samples and reagents to realize various operations according to a

customized assay plan provided by users. Moreover, developments in many of these

applications have often been facilitated by the technological advancements in optical
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and other detection technologies, thereby enabling the users to obtain measured data

with unprecedented accuracy, precision, and sensitivity [16,17].

Microfluidics-based biochips constitute a multidisciplinary field that involves en-

gineering, biotechnology, micro-fabrication, etc. In 1980, Terry et al. first reported

a chip in which a gas-chromatography column was fabricated on a silicon wafer. In

1990, Manz demonstrated the first practical microfluidic biochip, referred to as “Mi-

cro total analysis system” (µTAS) [18], which can integrate and automate the whole

range of chemical analysis process steps using microfluidic components, primarily

based on IC-like microfabrication processes and materials. More than 35,000 papers

have thus far published on the topic of microfluidics, as shown in Fig. 1.1, and the

publication count is rising steadily [1]. In addition, over 1,500 patents referring to

microfluidics have been issued only in the US [19]. Advances in academic research

have been followed by a success in the commercial marketplace. In 2011, Fluidigm,

a biotech company that focuses on flow-based microfluidic biochips, launched its

initial public offering at NASDAQ, which represented a significant milestone in the

maturation of the microfluidic industry. According to a report released by Research

and Markets in June 2013, the global biochip market will grow from $1.4 billion in

2013 to $5.7 billion by 2018 [20]. In July 2013, Advanced Liquid Logic, a biotech

company focused on digital microfluidics technology, was acquired by Illumina, Inc.

(NASDAQ:ILMN) for $95 million [21].

Microfluidic devices offer many advantages over conventional biochemical devices

and analyzers [22]. The inherent advantages of scaling down include increased speed,

efficiency, a reduction in the demand for sample and reagents, and the potential for

multiplexing and parallelization. These benefits are detailed below.

• The low volume of expensive reagents and hard-to-obtain samples manipulated

in these devices can significantly reduce the costs associated with experiments.
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Figure 1.1: Number of articles on the topic of microfluidics, categorized by year of
publication. The graph shows substantial growth over the past 10 years [1].

• The precise control of reactions control of reactions and ultra-sensitive detection

on microfluidic devices can enhance the accuracy of experiments.

• The time required for chemical reactions to occur at the nanoliter scale can be

greatly reduced due to the high surface-to-volume ratios.

• Since microfluidic platforms have the capability of integrating several fast and

efficient operations on the same chip, high throughput can be achieved for

experiments.

There are several types of microfluidic biochip platforms, each having its own

advantages and limitations [23]. Based on the methods used to manipulate the liquid

on the chip, biochips can be generally separated into two categories: digital (droplet-

based) microfluidic biochips and continuous (flow-based) microfluidic biochips. An

example layout for the former is shown in Fig. 1.2(a); an example layout for the
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(a)

(b)

Figure 1.2: Example layouts of two types of microfluidic biochips: (a) digital
(droplet-based) biochips [2]; (b) continuous (flow-based) biochips [3].

latter is shown Fig. 1.2(b).

In droplet-based microfluidic biochips, all molecular processes and biochemical

reactions are carried out using as discrete droplets with picoliter volumes on an

array of discrete unit cells [24]. The control of droplets is based on electrowetting-

on-dielectric (EWOD) [25]. The principle of EWOD is that an applied electric field at

a droplet will increase the contact angle and contact area of the droplet and therefore

tend to pull it down onto electrode. If a voltage is applied on the adjacent electrodes,
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Figure 1.3: Schematic cross-section of a unit cell on the biochip [4]. High voltage
applied to a adjacent electrode will move the droplet.

unbalanced electric field and contact angle will be created and the droplet will be

forced to move to the activated electrode (Fig. 1.3). Hence, fluid-handling operations,

such as dilution of samples and reagents, mixing, incubation and transportation

of droplets, can be implemented on the digital microfluidic platform by applying

appropriate voltages to the electrodes [4]. The sequence of actuation voltages is pre-

determined (i.e., before the implementation of fluid-handling operations), and they

are stored in a microcontroller or in computer memory. Under clock control, the

microcontroller transfers preloaded actuation data to the biochip [26].

In this thesis, we focus on the alternative category of flow-based biochips. The

following subsections explain the basic concepts of flow-based microfluidics and the

associated research challenges.

1.1 Overview of Flow-Based Microfluidic Biochips

Flow-based microfluidics refers to a technology that utilizes micro-scale channels to

manipulate fluid and suspended objects in a controlled manner at the nanoliter scale.

Such devices are designed and fabricated using the same techniques that are used in

microelectronic circuits [8, 27]. Flow-based microfluidics technology has developed

rapidly over the past decade and has progressed from basic devices, for example, a
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channel [28], a valve [6], and a pump [6], to large-scale two-dimensional integration

of components [8,27,29]. Since the early 2000s, innovations in fabrication techniques

have enabled the integration of thousands of microvalves and large-scale networks of

microchannels in a chip [29]. In fact, the term microfluidic VLSI (mVLSI) has also

been coined recently to emphasize the increase in complexity [8, 29].

1.1.1 Structure and Fabrication

A basic microfluidic device is composed of two elastomer layers, and each layer has

its own channel networks (Fig. 1.4). A flexible membrane, working as a micro-valve,

is formed at the overlapping area between channels of the two layers. Biochemical

fluids are carried in one layer (flow layer), and the other layer provides the pressure to

deflect membrane valves into the flow channels and block fluidic flow (control layer).

The control layer can be placed both above or below the flow layer, creating “push-

down” or “push-up” valves, respectively. Channels in both layers are connected to

an external pressure pump, which generates the pressure to drive liquid flows and

push membrane valves [30]. The connections to the external ports (fluidic ports and

pressure sources) are made by punching holes in the chip (gaining access to the flow

and control layer by creating flow pins and control pins) and placing external tubings

(connected to the external fluidic reservoirs through pumps or pressure sources) into

the punch holes [8]. Fig. 1.2(b) showed the layout of a typical flow-based microfluidic

biochip. The channels in red are in the control layer, while the channels in green are

in the flow layer. All input ports of control channels and flow channels are connected

to the off-chip pumps.

This double-layer structure is fabricated by a technique called multilayer soft

lithography [6, 27, 31]; see Fig. 1.5. Microfluidic network patterns are printed on

silicon wafers by lithography. Two patterned wafers are made. They are used as

molds for the control layer and flow layer, separately. Next, PDMS mixture is spun on
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Figure 1.4: A schematic of a two-layer flow-based biochip [5].

Figure 1.5: Illustration of the fabrication process for flow-based microfluidic
biochips [6].

the wafer mold to form a thin layer. After hard baking at 80 ˝C, the PDMS material

changes to an elastomer with identical patterns of molds. Holes can be punched at

this time to access the control and flow channels. After the control layer and flow

layer are fabricated, they are removed from their molds and aligned together. The

last step is to bake both layers for bonding, and a bulk with complicated two-layer

channel networks forms [28].

1.1.2 Components

The basic building block of an electronic VLSI device is a transistor. Many distinct

functional components such as memory, comparators, counters, multiplexers, and so
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Figure 1.6: Optical micrographs of different valve and component configura-
tions [6]; control lines are oriented vertically. (a) Simple on-off valve with 200-µm
control line and 100-µm flow line (“200 ˆ 100”). (b) 30 ˆ 50 on-off valve. (c) Peri-
staltic pump. Only three of the four control lines shown were used for actuation.
(d) Switching valve. Typically, only the innermost two control lines were used for
actuation. All scale bars are 200 µm.

on, can be built by combining transistors and application-specific or generic tasks

can be performed by integrating different components on a chip. Each component

in electronic VLSI is well characterized, and a given input produces a reliable and

repeatable output. In this way, components can be treated essentially as black boxes

when designing VLSI circuits with a limited number of user-defined parameters (e.g.,

number of inputs for a multiplexer, step resolution for a counter, threshold voltage

for a comparator, etc.).

The basic building block of a flow-based microfluidic biochip is a valve. Optical

micrographs of different valve configurations are shown in Fig. 1.6(a)-(b). A compo-

nent is composed of a combination of valves (Fig. 1.6(c)-(d)). The mVLSI technology
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Figure 1.7: Illustration of switches in flow-based microfluidic biochips [5].

allows the integration of multiple components of varying complexity in a seamless

fashion in order to create a highly complex design, without requiring the knowledge

of detailed properties of the manipulated liquids [8]. We next illustrate the four most

basic and common components for flow-based microfluidic biochips.

Switch

One example of valves combining to form a component is that of a switch. As

shown in Fig. 1.7, a switch may consist of one valve (restricting/allowing flow in a

channel) or may consist of more than one valve (Fig. 1.6(d)). Multiple valve-based

switches are present at the channel junctions and are used to control the path of

the fluids entering the switch from different sides. Connections to the external ports

(fluidic ports and pressure sources) are made by punching holes in the chip, i.e.,

gaining access to the flow and control layer by creating flow pins and control pins,

and placing external tubings (connected to the external fluidic reservoirs through

pumps or pressure sources) into the punch holes. All input ports are connected to

the off-chip pumps.
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Figure 1.8: Illustration of a peristaltic pump in flow-based microfluidic biochips [6].

Peristaltic Pump

A linear array of valves actuated in sequence can be used to create a pump [8].

Peristaltic pumping occurs when three membrane valves, shown in Fig. 1.8, are

actuated in the pattern 101, 100, 110, 010, 011, 001, where 0 and 1 represent open

and closed valves, respectively. Optical micrographs of a typical peristaltic pump

was shown in Fig. 1.6(c). A maximum pumping rate of 2 cm{s´1 was reported at

100 Hz [32]. In this case, the control channels were filled with air, and the valve

actuation frequency was limited only by the maximum frequency of the off-chip

solenoid control valves. On-chip peristaltic pumping provides the ability to control

fluid flows without the need for precisely regulated external pressure sources.

Mixer

A mixer mixes multiple streams of fluids in microchannels of a flow-based microfluidic

biochip. Due to the low Reynolds numbers in microchannels, mixing of multiple

liquids in mixers is performed based on laminar diffusion under normal conditions.

A typical mixer for flow-based microfluidic biochips is created by combining a rotary

geometry with a peristaltic pump (Fig. 1.9). Once reagents are loaded into the device,

the loop is sealed and the peristaltic pump is activated. Liquid in the central part
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(a)

(b)

Figure 1.9: Rotary micromixer, where two colored liquids are loaded into the
mixing loop and completely mixed after actuating the peristaltic pump [7]: (a) before
mixing; (b) after mixing.

of the flow channels travels faster than liquid close to the channel walls. This results

in rapid stretching and an increase of the interface between the two reagents and,

consequently, a shorter diffusion distance for mixing. Mixing times can be reduced

to a matter of seconds compared to several hours for passive diffusion.

Multiplexer

In an electronic VLSI circuit, a variety of schemes are used to reduce the number of

pin-outs, including multiplexed addressing. The microfluidic equivalent of a multi-

plexer is a powerful tool that addresses large numbers of valves with a small number
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of connections from the chip to the outside world [33]. Furthermore, simultaneous

detection of multiple analytes enhances the efficacy of bioassays by providing more

data per assay under standardized conditions. Microfluidic design supports the in-

tegration of assay steps and reproducible sample manipulation across large sets of

conditions. Taken together, reduced reagent consumption, faster assay times, and

potential for automation stemming from microfluidic assay design are attractive and

much needed for multiplexed assays [8].

Fig. 1.10 shows a schematic of a microfluidic multiplexer, which is based on

a binary tree design. Each flow channel incorporates N consecutive bifurcations,

allowing 2N inlet channels to be connected through equivalent fluidic paths. At

each bifurcation, valves control the direction of liquid movement. Each flow channel

filled with reagent has a corresponding flush channel connected to deionized water.

After a reagent is chosen and it flows through the outlet of the multiplexer, the

corresponding flushing channel is opened. This allows deionized water to remove

any reagent remaining in the multiplexer, leaving the multiplexer ready for another

reagent to be addressed.

1.2 Challenges and Motivation for Thesis Research

Recent developments in fabrication techniques, including the use of polydimethyl-

siloxane (PDMS) and the dense integration of active microvalves, has reduced the

typical size of valves from 15 ˆ 15µm2 [29] to 6 ˆ 6µm2 [27]. Thousands of valves

can be fabricated on a coin-size platform at densities approaching 1 million valves

per cm2 [34]. Increasing the integration levels allows the construction of biochips

with tremendous potential; hundreds of different bioassays, i.e., protocols for bio-

chemistry, can be independently, simultaneously, and automatically processed on a

coin-sized microfluidic platform. However, the increase in valve density and integra-

tion levels introduce new challenges in the design optimization and the testing for
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(a)

(b)

Figure 1.10: Binary-tree-format multiplexer that eliminates cross-contamination:
(a) the green sample is selected; (b) the green sample is flushed using an adjacent
buffer channel [8].

these devices, which impede their further adoption and deployment.

1.2.1 Design Automation

The first challenge that we address is design automation [35]. Despite the increase in

the number of on-chip valves and valve densities, designers are still using full-custom

and bottom-up methodologies involving many manual steps to implement these chips

and to run the experiments. The designer needs to have a complete understanding of

the application in order to design a chip that fulfills the requirements. At the same

time, he also needs to have complete knowledge and skills needed for chip design
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as it is his responsibility to ensure that all design rules, e.g., channel thickness and

height, height-to-width aspect ratio, spacing between channels and the punch holes,

are satisfied as the designer manually carries out placement and routing on the chip.

A design practice such as this is extremely time-consuming and error-prone. The

lack of computer-aided design tools for flow-based microfluidic chips not only delays

product development but also inhibits the exploitation of the design complexity that

is possible with current fabrication techniques [8, 30,36].

1.2.2 Contamination Removal

The second problem in flow-based microfluidic biochips is that of contamination re-

moval. This problem is important because bioassays always require high precision

to avoid erroneous assay outcomes, and they are vulnerable to contamination be-

tween two fluidic flows with different biochemistries. For example, in polymerase

chain reaction (PCR), if two flows carrying different DNA samples pass through one

channel, the residue left behind by one sample transfers to the other DNA template.

After PCR, the amplification product of contaminants will adversely affect the out-

come of the assay. Nevertheless, as feature sizes are scaled down, the diameters of

microchannels in chips are reduced in order to minimize reagent consumption and

achieve higher degrees of microfluidic integration [27]. The increasing perimeter-

to-area ratio of microchannels causes a considerable portion of fluid to be left in

the microchannel walls. When two fluidic flows pass through the same microchan-

nel one after the other, the second flow can be contaminated by the residue from

the first flow, leading to erroneous assay outcomes. This problem is referred to as

cross-contamination and has not yet been satisfactorily addressed.

To avoid cross-contamination, wash operations are necessary to remove residue

in microchannels. To accomplish this, a buffer fluid can be injected into the chip.

The microchannels in the flow path of the buffer fluid are flushed. Wash-time min-
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imization is necessary because an increase in the time-to-result for a bioassay is

detrimental to real-time detection, rapid response and analysis of biochemical sam-

ples that degenerate rapidly. It is also essential to ensure that washing is complete

before the next steps of the bioassay. Recent advances in contamination avoidance

for digital microfluidic biochips [37–39] cannot be applied here because of the many

differences in the underlying technologies. In digital microfluidic biochips, a wash

droplet is dispensed from the wash reservoir and transported to these contaminated

spots to clean contaminated electrodes. Compared with digital devices, flow-based

microfluidic biochips must consider the following additional constraints:

• The two-dimensional grid layout of digital microfluidic biochips provides full

freedom of wash droplet routing. Reagent droplets can be followed by wash-

ing droplets to prevent contamination. However, for flow-based microfluidic

biochips, the wash fluid flow is restricted to the pre-etched microchannels.

• In flow-based biochips, microchannels have directional orientation, hence con-

tamination can be washed only along the direction of microchannels. In digital

microfluidics, routing is more flexible because contaminated spots can be ac-

cessed from all the neighboring electrodes.

• In digital microfluidic biochips, multiple wash droplets can be manipulated

simultaneously for concurrent contamination removal. In a flow-based device,

only one buffer flow can be executed at a time. Buffer flows have to be generated

on a path-by-path basis.

• In digital microfluidics, a wash droplet can be dispensed at any time before

washing. It can be stored at any position on the chip and be used for waiting

for wash at an appropriate time. However, in a flow-based device, fluid cannot

be temporarily stored. Wash flow should be executed immediately when a
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buffer fluid is injected into the biochips.

Furthermore, if the channel wall of a microchannel is not ideally smooth, the

velocity of the fluid adjacent to the channel wall is zero (no-slip condition [40]).

Hence, microchannel washing cannot be realized by convective cleaning along. The

contaminants will only leave the wall by diffusion and then be washed away by the

convective buffer flow. In such a scenario, it is difficult to predict the diffusion time

required for a complete wash.

The above constraints make wash optimization much harder for flow-based mi-

crofluidics than for digital microfluidics. To date, no systematic washing solution has

been proposed for flow-based microfluidic biochips and washing has been neglected in

chip design and assay execution. One feasible way for washing in flow-based microflu-

idic biochips is to inject buffer fluid immediately after reagent or sample flows. Buffer

fluid flows a path that is identical to that of the preceding sample/reagent. However,

this method doubles the assay execution time and is therefore unsatisfactory.

1.2.3 Defects and Erroneous Operations

The significant increase in integration level and valve density of flow-based microflu-

idic biochips has resulted in high defect rates for these composite devices [41], es-

pecially with low-cost fabrication technologies based on soft lithography. Although

the chip itself is inexpensive, an incorrect experimental outcome caused by a defec-

tive biochip could lead to an erroneous clinical diagnosis, which is unacceptable and

must be prevented. In addition, owing to the inherent randomness of component re-

actions in biochemistry, predictive modeling and accurate control are difficult [14,42].

All these factors make biochips especially vulnerable to defects and erroneous mi-

crofluidic operations, which are unacceptable for applications such as real-time DNA

sequencing [15] and antigen detection [43] that require high precision. If an unex-

pected error occurs during a biochemistry experiment and the requirements of the
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bioassay protocol are violated, the outcome of the experiment will be incorrect, lead-

ing to the likelihood of misdiagnosis and incorrect disease prognosis. Even if errors

are detected while tests are being conducted on patient samples, the repetition of

experiments on newer chips leads to an increase in time-to-response for diagnosis and

higher cost, since samples are hard to obtain and reagents are expensive [44].

To overcome these barriers to practical adoption and deployment, a quality-

checking method is needed to target key fluidic operations before chip use [45].

Defective chips need to be identified and subsequently discarded. Furthermore, for

the adoption of PDMS microfluidic technology, quality-control measurements are re-

quired. The service providers must have robust post-fabrication testing methods to

ensure the quality of their product. Only then can researchers trust data generated

using these devices. Recent advances in testing of digital microfluidic biochips [46–48]

cannot be used here because of the many differences in the underlying technologies.

Flow-based biochips manipulate continuous flow in microchannels using pumps and

valves, while digital microfluidic biochips control discrete droplets on an electrode

array using the principle of electrowetting-on-dielectric [12]. The test stimuli, test

control, and observation methods are inherently different for these types of biochips.

The fluid-control mechanism and complex microchannel network structures in flow-

based devices make testing difficult.

To date, no systematic testing solution has been proposed and visual inspection

under microscopes is the most common test method [49, 50]. However, it suffers

from low throughput, it is labor-intensive, and it requires expensive scopes, cameras,

scanning stages, and complex vision-analysis software. Even skilled observers cannot

systematically scan the entire chip at high resolution. More importantly, the fault

coverage (percentage of detectable faults) obtained using visual inspection is inade-

quate: defects can easily escape detection and some defects are invisible under the

microscope even at high magnification. For example:
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• Valves cannot close completely. Two potential causes may lead to this defect:

i) the membrane layer is too thick; ii) flow channels are too tall.

• Poor bonding between channels: It could result in a short under pressure and

these defects are undetectable through visual inspection.

Moreover, virtual inspection would over-test, and therefore lead to unnecessary

yield loss. For example:

• Slight misalignment: When valves are partially misaligned with underlying

channels, the chip could still be functional and must be assessed with functional

tests.

• Debris trapped on different layers: It may not affect functionality but a chip

with debris on different layers may be classified as a defective chip based on

visual inspection.

Therefore, an automated functional test method is necessary for mass adoption of

PDMS microfluidic technology because it can stimulate the working environment

and detect defects that can cause faulty behaviors in the usage of these devices.

1.3 Thesis Outline

This thesis addresses the above research challenges and it is motivated by the sig-

nificant increase in integration level and valve density. The thesis is organized in six

chapters. A brief summary of these chapters is as follows:

Chapter 2 addresses the control-layer optimization problem. We present the

first practical problem formulation for automated control-layer design in flow-based

mVLSI biochips and propose a systematic approach for solving this problem. Our

goal is to find an implementable solution for timing-efficient control-layer design with

a minimum number of control pins. To reduce the number of control pins without
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losing much-needed functionality or operational flexibility, we propose an operation-

based compatibility identification method that relies on the compatibilities between

valves based on component actions, instead of a pre-determined and complete control-

logic table. To increase the likelihood of success in routing, an incremental control-

layer design method is presented. This approach takes a global view of the impact

of routability at each design stage by incrementally increasing the routing priorities

of failed routing attempts. Furthermore, the impact of pressure-propagation delay,

which is a specific physical phenomenon in mVLSI biochips, is minimized in order to

reduce the response time of valves, reduce the pattern set-up time, and synchronize

valve actuation. Two fabricated flow-based devices and five synthetic benchmarks are

used to evaluate the proposed optimization method. Compared with manual control-

layer design and a baseline approach, the proposed approach leads to significant

reductions in the number of control pins and channel length in all cases.

A wash-optimization method for cross-contamination removal is presented in

Chapter 3. By quantifying the cleanliness of a microchannel, the execution time

required for a complete wash is determined. The proposed approach targets the gen-

eration of washing pathways to clean all contaminated microchannels with minimum

on-chip execution time. A path dictionary is first established by pre-searching all

physically implementable paths in a given chip layout. Once wash targets, contami-

nant species, and occupied microchannels are defined by users, the proposed methods

determine an optimized path set with the least washing time by calculating the pri-

orities of wash targets. The approach is also applicable to the case where the chip

contains multiple contaminant species. Two representative and fabricated biochips

are used to evaluate the proposed washing method. Compared with a baseline ap-

proach, the proposed approach leads to more efficient washing in all cases.

Chapter 4 presents a testing and design-for-testability method for flow-based mi-

crofluidic biochips. The proposed automated functional test technique infers the
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internal valve conditions from external pressure sensors by measuring the pressure in

microchannels. Based on a behavioral abstraction of physical defects in microchan-

nels and valves, the flow paths and flow control in the microfluidic device are modeled

as a logic circuit composed of Boolean gates, which allows us to carry out test gen-

eration using standard automatic test-pattern generation (ATPG) tools. The test

generation method can be used for large designs for realistic applications because

the logic-circuit model from the layout of a flow-based microfluidic chip can be gen-

erated automatically and hierarchically. The tests derived using the logic circuit

model are then mapped to fluidic operations involving pumps and pressure sensors

in the biochip. Feedback from pressure sensors can be compared to expected re-

sponses based on the logic circuit model, whereby the types and positions of defects

are identified. We also discuss the application of this test technique to biochips that

use “valve compression” to reduce the number of valves for large designs. Moreover,

based on the analysis of untestable faults in the logic-circuit model, we present a

design-for-testability (DfT) technique that can achieve 100% fault coverage at the

logic level, i.e., complete defect coverage for all valves and microchannels. Two

mVLSI chips, each containing over 1500 valves, are used to demonstrate the auto-

mated model generation and DfT solutions. We describe the test-application setup

for realistic scenarios and provide experimental demonstrations for two fabricated

chips.

Chapter 5 describes the first approach for defect diagnosis in flow-based microflu-

idic biochips. We consider leakage and blockage defects in both the control and flow

layers. The proposed method targets the identification of defect types and defect

locations based on test outcomes, i.e., readings of pressure meters connected to chip

outputs. The proposed approach can significantly reduce the set of possible defect

locations for all four defect types in these devices. In many cases, it can exactly iden-

tify the defects through syndrome analysis and a graph-theoretic hitting-set problem
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formulation. Three fabricated biochips are used to evaluate the proposed diagno-

sis technique. For these chips, the proposed approach exactly locates and identifies

defects in all cases.

Finally, Chapter 6 summarizes the contributions of the thesis and identifies di-

rections for future work.
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2

Control-Layer Optimization

In this chapter, we first present the problem formulation for automated control-layer

design in flow-based mVLSI biochips and then propose a systematic approach for

solving this problem. Our goal is to find an implementable solution for timing-

efficient control-layer design with a minimum number of control pins. To reduce

the number of control pins without losing much-needed functionality or operational

flexibility, we propose an operation-based compatibility identification method that

relies on the compatibilities between valves based on component actions, instead of a

pre-determined and complete control-logic table. To increase the likelihood of success

in routing, an incremental control-layer design method is presented. This approach

takes a global view of the impact of routability at each design stage by incrementally

increasing the routing priorities of failed routing attempts. Furthermore, the impact

of pressure-propagation delay, which is a specific physical phenomenon in mVLSI

biochips, is minimized in order to reduce the response time of valves, reduce the

pattern set-up time, and synchronize valve actuation. Two fabricated flow-based

devices and five synthetic benchmarks are used to evaluate the proposed optimization

method. Compared with manual control-layer design and a baseline approach, the
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proposed approach leads to significant reductions in the number of control pins and

channel length in all cases.

The remainder of this chapter is organized as follows. The research motivation

is introduced in Section 2.1. Section 2.2 describes the design requirements, design

challenges, and routability concerns at each design stage, as well as their inter-

relationships. Specific constraints due to the physical characteristics of flow-based

biochips are also presented. Section 2.3 formulates the optimization problem being

studied in this work. Section 2.4 details the proposed algorithm for solving the

optimization problem. Finally, two fabricated flow-based devices and five synthetic

benchmarks are used to demonstrate the effectiveness of the proposed approach in

Section 2.5. Conclusions are drawn in Section 2.6.

2.1 Motivation and Related Prior Work

The standard design procedure for flow-based microfluidics consists of two stages:

flow-layer design and control-layer design. Given a biochemical application and a

microfluidic component library, the flow layer of a flow-based microfluidic biochip

can be designed in two steps: (i) allocation of components from a given library, (ii)

physical synthesis, i.e., deciding the placement of the microfluidic components on

the chip and performing routing of the flow channels to create component intercon-

nections [51, 52]. Although design automation of the flow layer has been studied

in considerable detail, automated design and optimization of the control layer has

largely been neglected. The objective of control-layer design is to implement the

functionality of the flow layer by establishing the connections between valves and

control pins through control channels. In prior work, a channel-routing method for

flow-based microfluidic biochips was proposed in [53] . However, this approach im-

poses a fictitious (and completely unnecessary) constraint that control pins must be

placed at the edge of the chip. In reality, control pins can be placed anywhere on
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the chip [8].

2.2 Problem Description, Design Requirements, and Challenges

This section presents the constraints and challenges involved in control-layer design

in flow-based mVLSI biochips. First, we highlight a specific characteristic in flow-

based biopics, i.e., the pressure propagation delay in microchannels, and its impact

on our design problem. Next, three design requirements and other challenges for each

design stage (valve addressing, control-channel routing, and control-pin placement)

are described in a sequential manner.

2.2.1 Pressure-Propagation Delay

Unlike traditional routing problems such as in PCBs and VLSI design, where signal

propagation is electronic, the velocity of pressure-signal transportation in control

channels is a major limiter in mVLSI chip optimization. When the pressure signal

is generated by an external pressure source and injected from a control pin, valves

cannot be closed immediately. The pressure-propagation delay in microchannels can

be modeled as a ladder RC circuit model [54,55]. Pressure will dilate microchannels

due to the flexibility of biochip materials, i.e., the energy of compressed air will be

transferred and stored as mechanical potential energy of the channel walls. This

energy storage can be modeled as a hydrodynamic capacitor. Similarly, the flux

of air/water flow is restricted by microchannels; microchannels can be modeled as

hydrodynamic resistors, whose resistance is linear in l{w2 (w: cross-section area of

a microchannel; l: channel length) [56]. Fig. 2.1(b) illustrates an example of an RC

circuit model for the layout shown in Fig. 2.1(a). For a given design specification,

the hydrodynamic capacitance and cross-section area of control channels are pre-

determined. Therefore, we can simplify the modeling of propagation delay by making

an assumption that the pressure signals propagate with constant velocity, v, in the
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control channels. A typical value of v is 10 mm/s [57]. The pressure-propagation

delay leads to the following problems:

1. Longer response time for valve actuation: As discussed above, valves cannot

respond instantaneously to a pressure source due the the pressure-propagation

delay in the control channels. The slow response increases the completion time

for biochemical experiments.

2. Longer pattern set-up time: To ensure that all valves are completely switched

to the desired states, a pattern set-up time has to be inserted between the

executions of two consecutive valve-actuation patterns. The preparation time

must be larger than the delay caused by the longest pressure-propagation path

so that all valves can be completely set to the appropriate states. Because this

interruption happens before the execution of each valve-actuation pattern, the

pattern set-up time is a key obstacle to shortening the experiment execution

time.

3. Asynchronous valve actuation: The pressure signals are injected from control

pins and propagated along control channels. Thus, valves sharing the same

control pin cannot be opened or closed simultaneously if their distances to

the control pin are different. Such asynchronous valve actuation can cause

malfunctions. A typical example arises when we have to seal valves at the two

ends of a typical mixer (Fig. 2.1). These valves are designed to seal liquid inside

the mixer. Once reagents are loaded into the device, the mixer loop is sealed via

the sealing valves and the peristaltic pumps are activated sequentially to force

the liquid inside to rotate. If sealing valves cannot be closed simultaneously,

the closed valve may push liquid out of the mixer. As a result, the reagent

cannot be mixed in the desired mixing ratios.
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(a)

(b)

Figure 2.1: (a) Layout of a typical mixer. (b) RC circuit model for (a). Two
sealing valves must be closed simultaneously to ensure that the liquid remains in the
mixer. Otherwise, liquid may leak from the mixer.

2.2.2 Requirements in Control-Layer Design

In addition to control-channel routing and the timing concerns caused by pressure-

propagation delay, there are three important requirements in the design of the control

layer. These requirements make control-layer design especially important for han-

dling complexity and reducing cost [27]. The first requirement is the reduction of the

number of control pins, which can be realized by connecting a control pin to multiple

valves, i.e., valve addressing. Although the valves sharing a single control pin can

no longer be controlled independently, the minimization of pin count is the primary
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goal as long as routing in the control layer can be implemented. The minimization

of pin count needs to be given the highest priority due to the following reasons:

1. Pins on the chip increase the difficulty of fabrication and take up additional on-

chip area. The access to control pins is provided by a punched hole. To avoid

damaging the microchannel network, a “keep out” safety zone, whose radius is

approximately 2 mm, must be set around the control pins [30]. Otherwise, the

punch may lead to fluid leakage that can damage the chip. The safety zone

around a control pin takes up large on-chip area, and therefore jeopardizes the

routability of control channels.

2. Each control pin must be connected to an external pressure source. As a result,

a large, expensive, and complex supporting system around the chip is required

if each valve is directly addressed with an independent control pin [5, 8].

The second requirement is that of routability. Minimization of control pins may

result in the design being unroutable because each control pin and its corresponding

valves must be inter-connected. Similarly, an inappropriate placement of control

pins can increase routing complexity because the safety zones around control pins

form routing obstacles. Hence, routability concerns should be considered globally

and jointly with pin-count minimization to increase the routing success rate.

The third requirement is related to microfluidics-specific timing considerations.

Due to the flexibility of the PDMS material, pressure propagation in a PDMS mi-

crochannel is very slow [57]. This physical characteristic leads to a number of specific

design concerns, such as the response time of valves and asynchronous valve actua-

tion, and it makes our problem considerably different from traditional wire-routing

problems in VLSI chips.

Fig. 2.2 illustrates why all the three requirements discussed above must be con-

sidered carefully and in a global manner. In Fig. 2.2(a), three sets of valves (red
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(a)

(b)

(c)

(d)

Figure 2.2: Comparison among routing results with different routing targets. (a)
Routing after minimization of control-pin count. (b) Routing after optimization
for timing. (c) Routing after optimization for routability. (d) Routing after global
consideration of pin-count minimization, timing concerns, and routability.
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triangles, blue rectangles, and green circles) are placed in a nine-by-nine grid. Valves

in each set can share a single control pin, i.e., at least three control pins are required.

However, due to the interconnections for the solid set, the minimization of control

pins leads to an unroutable solution. Hence, we have to add one additional control

pin, i.e., partition the solid set into two (the solid and yellow sets in Fig. 2.2(b)).

We first route the solid and rectangle sets. To shorten the response time, valves are

routed with the shortest paths; to synchronize valve actuations, control pins (the

black rectangle) are placed either at, or connected to, the center of routing paths.

Assume that the shape of a safety zone is a three-by-three rectangle. As a result,

a valve in the triangle set turns out to be unroutable because all possible routing

paths are blocked. We can prevent the blockage by moving away the control pin of

the solid set (Fig. 2.2(c)). Although the routability is improved, the resulting design

introduces two new problems: (1) the solid set suffers from the serious problem of

asynchronous valve actuation; (2) the actuation response of the triangle valve in the

black circle is extremely slow because its pressure-propagation path is too long. An

optimized routing result is showed in Fig. 2.2(d). Not only are all valves and control

pins successfully routed, the timing behavior of this design is also much better: (1)

the valve actuations of each set are synchronized; (2) the actuation response of each

valve is acceptable as well.

2.2.3 Valve Addressing

The major goal of valve addressing is to partition the set of valves into multiple

groups. All valves in a group share a single control pin and therefore have to be driven

simultaneously. Despite the loss of control flexibility, this design stage can reduce

the number of control pins. Valve addressing consists of two sub-tasks: compatibility

identification and control-pin minimization.
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Operation-based Compatibility Identification

Since valves assigned to the same control pin are driven simultaneously, valves in the

same group must be mutually “compatible”, i.e., the same control pin can drive them.

In this subsection, we attempt to reduce the number of control pins by identifying the

compatibility among valves. Compatible valves can be assigned to the same control

pin without any control conflicts.

In prior work [5], the determination of compatibility is carried out using a control-

logic table, called table-based compatibility identification (TBCI), in which the ac-

tivation sequences of all valves at every time frame are explicitly listed. In addition

to the value “1” (valve open) and value “0” (valve closed), there are a number of

“X”s in the table to denote “don’t-care” values; the corresponding valve can be set

to an arbitrary state without interfering with fluid operations at that time. By re-

placing these “X” values with either 1s or 0s, the activation sequences of certain

valves can be made identical and therefore they are mutually compatible. Note that

the compatible valves assigned to the same control pin cannot be controlled inde-

pendently. As a result, the correctness and completeness of the control-logic table is

crucial for the effectiveness and flexibility of chip design. Only the valve-activation

patterns included in the control-logic table are guaranteed to be executable, while

fluid-handling operations that are not included in this table may no longer be sup-

ported. However, a control-logic table is generated by mapping experiment plans

to activation sequences of valves. Due to the inherent randomness and complexity

of the component interactions that is ubiquitous in biochemistry, the experimental

plan cannot be predicted accurately and may need to be modified adaptively based

on intermediate reaction results or a change in the environment. In other words, the

control-logic table cannot be pre-determined at the design stage of a biochip.

For example, Fig. 2.3(a) shows the layout of a mVLSI cell-culture biochip with a
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2-1 multiplexer (the branch), a mixer (the loop), and two culture chambers. The cell

culture can be executed on this chip by: (1) mixing samples and culture media in the

mixer; (2) loading the mixture into a chamber. However, the experimental results

of cell culture are unpredictable; the outcome depends on a large number of exper-

imental conditions and parameters, such as the cell-feeding volumes and schedules,

the concentrations and types of culture media, the mixing cycles and frequencies,

etc [10]. Therefore, to improve the culture quality, culture conditions and the ex-

periment plan needs to be modified adaptively during the experiment. As a result,

it is not possible to generate the control-logic table without simply enumerating all

possible flow paths. Furthermore, since the number of possible combinations of valve

states increases exponentially with the growth of chip size and complexity, it is dif-

ficult to exhaustively list all necessary activation patterns of valves in a large-scale

flow-based biochip. The incompleteness of a control-logic table may lead to unsup-

ported activation patterns of valves, i.e., loss of functionality, and make the chip

design too inflexible to be practical.

Let us revisit Fig. 2.3 as an example. To increase throughput and provide greater

flow control, we should: (1) increase the size of the multiplexer to provide access to

different culture media and other reagents, e.g., surface treatment reagents, staining

reagents and flushing reagents; (2) increase the number of mixers to support dif-

ferent mixing ratio; (3) increase the number of chambers for more control groups

and higher throughput. Therefore, the total number of activation patterns grows

as Opmnlq , where m is the branch count of the multiplexer, n is the number of

mixers, and l is the number of culture chambers. (A cell culture chip fabricated at

the Stanford Foundry in 2007 [10] has 16 inputs (m “ 16) and 96 culture chambers

(n “ 96).) The rapid increase in the number of possible valve-activation patterns

clearly makes the generation of a complete control-logic table infeasible. If an acti-

vation pattern of valves is not included in the control-logic table, the corresponding
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(a)

Action # A B RA

Loading
M1 1 0 -
M2 0 1 -
(b)

Action # C D E F G H I J K RA

Loading
X1 1 1 1 1 1 1 0 0 1 M1,M2
X2 1 X X X 0 0 1 1 1 M1,M2

Sealing X3 0 X X X X X X X 0 -

Mixing
X4 0 0 1 1 1 1 1 1 0 -
X5 0 1 0 1 1 1 1 1 0 -
X6 0 1 1 0 1 1 1 1 0 -

(c)

Action # L M M O RA

Loading
C1 1 0 0 X X1,X2
C2 0 X 1 0 X1,X2

Sealing C3 0 0 0 0 -

Unloading
C4 1 1 0 X X1,X2
C5 0 X 1 1 X1,X2

(d)

Figure 2.3: Layout of a simple mVLSI cell-culturing biochip with a 2-1 multi-
plexer (the branch), a mixer (the loop) and two culture chambers (the rectangle);
(b) Component actions of the multiplexer; (c) Component actions of the mixer; (d)
Component actions of the culture-chamber branch.

modification of culture conditions may be infeasible, and consequently, the flexibility

and practicability of the resulting chip design will be significantly reduced.

We propose an operation-based compatibility identification (OBCI) method to

identify compatible valves to enhance the operation effectiveness and flexibility of

mVLSI biochips. In the synthesis of the flow layer [51,52], a protocol or application
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can be scheduled as a sequence of fluidic operations (e.g., mix, dilution, detection).

A number of fluidic components, as basic functional modules, are bound to these

operations and placed in the flow layer. The execution of a standard component

can be divided into several control actions. Thus, instead of the establishment of a

complete pre-determined control-logic table, we identify compatibility based on the

control actions of each component to avoid loss of functionality. For example, to

execute the mix operation in a mixer, whose layout is shown in Fig 2.3(a), three

component actions of the mixer can be executed:

1. Mixer loading/unloading: Samples are loaded/unloaded into the upper/lower

halves of the mixer;

2. Sealing: Sealing valves (Valve C and Valve K) are closed to contain sam-

ples in the mixing loop;

3. Mixing: Three pneumatic valves (D, E, and F) are activated sequentially at a

sufficiently high frequency (˜100 Hz) to force samples to rotate and mix.

The component actions of commonly used components, such as the mixer and

multiplexer, can be pre-determined and stored in a library. The allowed control

actions of the multiplexer, the mixer and culture-chamber branch are shown in the

Fig. 2.3(b), Fig. 2.3(c), and Fig. 2.3(d). The columns “RA” denote the related

component actions (discussed later). A control action may consist of one or multiple

valve-actuation patterns, such as for the mixing action described above. Note that

component actions such as sealing, mixing can be executed independently, while

the loading actions of a mixer must be coordinated with the multiplexer to define

the source for loading the mixer. We use the term functional action to refer to a

fluid-control action of an entire biochip. For a specific protocol or application, we

can simulate the execution of fluid-handling operations on a biochip by describing

33



it as a schedule of functional actions, instead of a complete control-logic table. A

functional action can be constructed by expanding the corresponding component

actions according to two rules: (i) valves of the components that are not involved

in the functional actions are set to “don’t care” values. For example, the functional

action of component action X3-X6 are performed only by the mixer; therefore, all

valves that belong to the multiplexer and the chamber branches are set to “X”

because they are idle for this action; (ii) for component actions that cannot be

executed independently, the functional actions can be constructed by taking the

Cartesian product of all the related sets of component actions from other components.

Let us take Fig. 2.3 as an example. The “RA” column in Fig. 2.3(c) shows

that the execution of the loading actions of the mixer, i.e., X1 and X2, need to be

coordinated with the multiplexer, i.e., M1 and M2. Hence, the functional actions

of component actions X1 and X2 can be obtained by the Cartesian product of the

set {M1, M2} and {X1, X2}, whose fluid-handling functionality can be described

as “loading of Sample S1/S2 into the upper/lower half of the mixer”. Similarly, the

functional actions of component actions C1 and C2 can be obtained by the Cartesian

product of the sets {C1, C2}, {X1, X2} and {M1, M2}. Note that the set {M1, M2}

is inherited because it is related to component actions {X1, X2}. After all functional

actions based on the combination of component actions are found, compatibility

among valves can be identified without loss of functionality. In summary, despite

leading to a slight increase in the number of control pins, the proposed OBCI method

offers two advantages over the TBCI method proposed in [5]: (i) OBCI provides full

coverage of functional actions, and thus it can provide much-needed experimental

flexibility for realistic scenarios; (ii) TBCI requires a pre-determined control-logic

table, while OBCI does not require this tedious step. The construction of a control-

logic table is infeasible if the experiment plans need to be adaptively modified in

response to intermediate experimental results.
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Control-Pin Minimization

A compatibility graph can be constructed to represent the compatibility between

microvalves [5, 58]. In this graph, each vertex represents a valve and an edge con-

necting a pair of vertices indicates that they are mutually compatible. Using this

compatibility graph, the valve-addressing problem can be mapped to the minimum

clique-partitioning problem [59], which has been studied extensively in the literature.

A clique is a complete subgraph in which any two vertices are connected by an edge.

Therefore, all valves in a clique can be placed in the same group and they can share

a single control pin without any control conflicts.

2.2.4 Routing of Control Channels

The goal of control-channel routing is to implement the valve-addressing solution;

in other words, the objective is to connect all valves that are partitioned into the

same group by control channels. The routing of valves in each clique forms a tree

that spans all of the valves in this group. Note that control-pin placement has not

yet been determined in this stage. Due to the pressure-propagation delay in PDMS

channels, the length of the control channels should be minimized to reduce the re-

sponse time for valve actuations. We use a maze router based on Lee’s algorithm [60]

to find the shortest path between any two valves in the same group. To consider

routability globally in each design stage, a routing sequence is created to guide the

implementation of the router. In particular, by moving the failed routing pairs for-

ward in the routing sequence, valve pairs that are difficult to route are routed earlier

and can therefore utilize more routing resources. However, if a valve pair fails during

multiple routing attempts, it will be considered “unroutable” and will be avoided in

subsequent routing iterations. As a result, more control pins may be required in the

valve-addressing design stage to achieve an implementable design.
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2.2.5 Placement of Control Pins

The objective of this design stage is to place control pins on the chip and connect them

to the corresponding routing trees (the union of valves and control channels in the

same group). It is desirable to place control pins either at, or connected to, the center

of the routing trees in order to: (i) balance the routing distance between the valves

and control pins and thus alleviate the problem of asynchronous valve actuation; (ii)

reduce the pattern set-up time, which depends on the longest pressure-propagation

path. To avoid damaging the control channels during fabrication, control pins must

be placed a safe distance away from control channels that belong to other groups, and

this safety zone around the control pins can occupy a significant amount of on-chip

area (˜4 mm2) [30]. Consequently, without careful and systematic optimization, it

is often difficult or even impossible to determine the placement of control pins due

to the lack of available space.

2.2.6 Relationship between Control-Layer Optimization and Clock-Tree Design in
VLSI Circuits

In VLSI circuit design, clock skew refers to the scenario in synchronous circuits in

which the clock signal arrives at different sinks (flip-flops) at different times. The

objective of clock-tree design is to distribute the clock signals from a single source

to all the sinks with negligible skew. Here we discuss the similarities and differences

between control-layer optimization and clock-tree design. Although the pressure-

propagation delay is analogous to the signal delay through wires in a clock network,

the control-layer optimization problem for mVLSI and the clock-tree design problem

for VLSI are different in the following aspects:

1. In the clock-tree design problem, the minimization of clock skew is required

and must be given top priority. However, in the control-layer optimization

problem, skew minimization is preferred, but it is not the primary goal. The

36



Figure 2.4: An important difference between the clock-tree design problem and
the control-layer optimization problem. (a) Because the sources/sinks are fixed in
clock-tree design, snake routing is used to balance the skew. (b) Moving the control
pin to the center of the tree significantly reduces the pattern set-up time and total
channel length.

Figure 2.5: The second example to illustrate the difference between the clock-tree
design problem and the control-layer optimization problem. Due to the unroutable
area, the latency of the clock tree is large. In control-layer optimization, one addi-
tional control pin is added to reduce the pattern set-up time.

minimization of the number of control pins and pattern set-up time have higher

priorities.

2. The clock sources and sinks are fixed in the clock-tree design problem. In

contrast, we can move the control pins or add more pins to increase routability

and reduce the pattern set-up time. Fig. 2.4 and Fig. 2.5 describe two examples
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to illustrate this difference. Circles refer to clock sources in the clock-tree

design problem and control pins in the control-layer optimization problem,

respectively. Rectangles indicate sinks in the clock-tree design problem and

valves in the control-layer optimization problem, respectively.

2.3 Problem Formulation

We next give a formal statement of the problem of optimizing the control-layer design.

Because inlets/outlets are fabricated by punching holes though the control layer, no

routing in the control layer is allowed at the inlets/outlets of the flow layer.

Input: The valve positions, the locations of the inlets/outlets of the flow layer,

component actions of the on-chip fluidic components, functional actions nec-

essary for the targeted protocol, the size of the required safety zone around a

control pin, and design rules such as the minimum control channel width and

separation.

Output: An implementable routing solution for the control layer, including the

routing of control channels and the placement of control pins.

Constraints: 1. All valves assigned to the same control pin must be mutually

compatible.

2. All design rules must be satisfied.

3. No routing is permitted in the safety zone around control pins. Moreover,

no valve is permitted in the safety zone.

4. No routing is permitted at the inlets/outlets of the flow layer.

Objectives: 1. Minimize the control-pin count to reduce chip size and the cost

of the supporting systems.
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2. Minimize the channel length to reduce the response time for valve actua-

tion.

3. Minimize the longest pressure-propagation path (latency) to reduce the

pattern set-up time.

4. Minimize the channel length imbalance (skew) in each group to avoid

asynchronous valve actuation.

Recall that Objectives 2 through 4 can be realized by searching the shortest

routing paths and placing a control pin at the center of the routing tree. However,

the safety zones around control pins lead to obstacles where control-channel routing

is forbidden. Also, minimizing the total pin count (Objective 1) may increase the

routing complexity and produce an unroutable design. Hence, routability is another

important concern in our problem.

2.4 Algorithm Design

The algorithm for design automation and optimization of the control layer has three

main parts: valve addressing, control-channel routing, and placement of control pins.

To improve the routing success rate, the utilization of the routing resources in each

task should be considered carefully and in a global manner. We first determine

the routing priorities of pin-to-valve and valve-to-valve connections, which are then

sorted to create the routing sequence. A connection with a higher routing priority

will be at the top of the routing sequence, and will therefore be routed earlier in the

next iteration. In each iteration, we record any connection that cannot be routed.

A routing failure can occur due to one of the following reasons:

1. All routing paths are blocked by previous routing results. In this case, the

corresponding valve pairs or valve-pin pair should be routed earlier to avoid
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congestion (i.e., we have to increase the routing priority of failed routing at-

tempts).

2. The valve pairs are completely unroutable due to an over-aggressive valve-

addressing strategy. In this case, the failed routes should be avoided, which can

be accomplished by labeling the corresponding valve pairs as “incompatible”.

The flow chart of the proposed algorithm is presented in Fig. 2.6. We next explain

the flowchart step-by-step.

Step 1: All control pins, control channels and obstacles (inlets/outlets of the flow

layer) are mapped to a grid. To simplify our algorithm, the grid size is defined by

the minimum center-to-center distance between control channels. Thus, the control

channels can be routed through all of the unmapped grid points without violating

the design rules.

Step 2: See Section 2.2.3.

Steps 3–4: The goal of these two steps is to initialize the routing priority by esti-

mating congestion and routing cost. The congestion is an evaluation of the routing

value of routing resources (grid points). The congestion value at each grid point

consists of a vertical component and a horizontal component, because only channels

in the perpendicular direction may hinder a route. The congestion value of a grid

point contributed by a valve pair can be evaluated by considering the likelihood that

the grid point is occupied by the routing path between the valve pair. To simplify

our problem, we assume that all valve pairs are routed with the simplest and most

common path format: a shortest path with at most two bends. Note that this as-

sumption is made only for congestion estimation. In the final routing stage, control

channels can be routed in any necessary shape. Fig. 2.7 illustrates the procedure

of congestion estimation. Several simple paths to connect the valve pairs colored

red and blue are shown in Fig. 2.7(a). Assume that these routing paths have the
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Figure 2.6: Flowchart of the proposed algorithm.
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(a) (b)

Figure 2.7: Illustration of the congestion and routing cost calculation. (a) The
simplest routing path format between two valve pairs; (b) Congestion calculation
results of the points labeled in (a).

same likelihood of being chosen in the final routing result. Hence, for the routing

of red valve pairs, the likelihood that grid point is vertically passed through is 1/2

in the bounding box and 0 elsewhere. Similarly, the likelihoods that a grid point

is horizontally passed through by the routing of the blue valve pair is 1/3 in the

bounding box and 0 elsewhere. Therefore, the congestion caused by a valve pair

can be calculated by 1/W (W: width of the bounding box) for horizontal congestion

and 1/H (H: height of the bounding box) for vertical congestion, while the total

congestion of a grid point can be quantified with the sum of congestions caused by

all routing valve pairs in the corresponding direction. Fig. 2.7(b) shows the total

congestion of the points labeled in Fig. 2.7(a). “HC” denotes the horizontal compo-

nent of congestion, and “VC” denotes the vertical component. The routing cost of

a path can be obtained by the sum of the congestion value of all on-path grid points

in the corresponding direction. The routing cost of a valve pair can be estimated by

the minimal routing cost among all simple paths between them.

Let us revisit Fig. 2.7 as an example. The red paths are chosen for the calculation

of routing cost for both valve pairs. The routing cost of the blue valve pair is

zero, while the routing cost of red valve pair is 2{3 due to the vertical congestion

42



components at Point B and Point C caused by the blue valve pair. The estimation

of routing cost can improve routing quality by guiding the utilization of routing

resources (grid points); valve pairs that require higher routing cost are hard to route

and should thus be considered earlier to avoid congested regions. In our algorithm,

the routing cost is used to initialize the routing priority in order to improve the

routing performance. Based on the the estimation of routing cost and the adjustment

of routing priority, the routing path search is accelerated.

Step 5: An undirected graph is constructed to represent compatibility; a vertex

in the compatibility graph represents a valve, while an edge indicates that the two

vertices connected by this edge are mutually compatible.

Step 6: The goal here is to minimize the number of control pins by partitioning

compatible valves into a minimum number of groups. According to Section 2.2.3, this

problem can be formulated into a minimum clique partitioning problem. Although

the minimum clique partitioning problem is NP-hard [59], an exact branch-and-

bound algorithm proposed in [61] is efficient for many experimental test cases. This

will be demonstrated in Section 2.5.

Step 7: A routing sequence is generated so that valve pairs can be routed one

by one according to their positions in the routing sequence. The route generation

procedure is composed of three steps: First, a set of edges is created by removing all

inter-clique edges. This set of edges is then sorted in ascending order according to

their routing priorities. Finally, if both valves covered by an edge have been routed

before, this edge is considered redundant and therefore removed from the routing

sequence.

Step 8: In order to implement the result of valve addressing, valve pairs are routed

one by one according to the routing sequence. The flowchart for the routing engine

is shown in Fig. 2.8. Valve pairs that cannot be successfully routed are recorded

in a fault list. Their routing priorities will be increased later (Step 10 in Fig. 2.6).
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Figure 2.8: Flowchart of the routing engine (Step 7 in Fig. 2.6).

Recall that the preferred placement of control pins is the center of a routing tree

to reduce latency and skew (Objectives 3-4 in Section 2.3). However, sometimes

sufficient space is not available around the tree’s center because the control pin and

its safety zone take up a large amount of routing space. Therefore, the routability

of control layer and the timing concerns must be considered globally. We attempt

to place a control pin at the center of the current routing tree or or at a nearby

location after each successful control-channel routing step, even if more valves might

be connected to the routing tree later. The effectiveness of this method is based on

two realistic assumptions: (1) As the routing tree becomes larger, the position of

the tree’s center will not move significantly after each incremental expansion of the

routing tree; and (2) Placement of control pins becomes progressively harder as more

routing resources are occupied.

Step 9: If all valves in the routing sequence are successfully routed and their

control pins are placed, the final routing result will be provided as output. Otherwise,

the failed routing attempt will be recorded in a fault list for feedback.

Steps 10–12: The routing priorities of all valve pairs in the fault list will be

increased. Moreover, an upper limit will be set to the routing priority. Valve pairs

whose routing priorities exceed this limit will be labeled “unroutable”. To avoid
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any further attempts to route “unroutable” valve pairs, the compatibility graph will

be updated by removing edges between them. As a result, valve addressing based

on the new compatibility graph will assign unroutable valves into different cliques,

though more control pins may be required due to the loss of compatibility. However,

if no priority value exceeds the upper limit, the routing sequence will be updated by

moving the failed pairs forward. Consequently, more routing resources are available

for these valve pairs in the next iteration.

2.5 Simulation Results

We perform two sets of simulations to demonstrate the effectiveness of the proposed

optimization method. The evaluation is carried out on the basis of four metrics:

the number of control pins, total channel length, latency and skew. Latency is the

delay caused by the longest pressure-propagation path, i.e., the minimum allowable

pattern set-up time. Given the longest routing path in the design, P , the latency

can be defined as: TLatency “ P {v, where v is the velocity of pressure propagation. In

this simulation, v is set to 10 mm/s in all cases [57]. Skew of a group is the maximum

difference among the pressure-signal arrival times of all valves in this group. Given a

design with n control pins (and hence n valve groups), the skew of a group i, referred

to as Tskew,i can be defined as: Tskew,i “ pPl,i ´ Ps,iq{v, where Pl,i and Ps,i are the

longest and shortest pressure-propagation paths in this group, respectively. The total

skew can be defined as the maximum skew over all the groups, i.e., maxi tTskew,iu.

Furthermore, we provide the pin count required by the table-based compatibility

identification method [5] in order to evaluate the efficiency of the proposed operation-

based approach. Although the operation-based method requires a few more control

pins, it ensures that the designed chips remain fully functional even if users decide to

customize their experiments during the on-chip execution of biochemistry procedures.

It is difficult to quantify the increased flexibility provided by the proposed method
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over [5], but the discussion in Section 2.2.3 has highlighted this issue in detail.

In the first set of simulations, we evaluate the proposed optimization method

using two fabricated but manually-designed flow-based mVLSI biochips [9, 62]. The

results of our approach are compared with the actual implemented design of these

real-life chips. In the second simulation, we generate five synthetic benchmarks and

compare the results derived by the proposed method with a baseline method. Based

on the simulation results, we conclude that by taking the valve addressing, control-

channel routing and control-pin placement into consideration in a unified manner, the

proposed method leads to superior designs compared to the results obtained earlier

by manual optimization, as well as the baseline automated method. The proposed

method was implemented in C++ and experiments were carried out on an Intel Core

i5 2.67 GHz Linux machine with 16 GB Memory. The CPU time for each test case

was less than 30 seconds.

2.5.1 Simulations with Two Fabricated Biochips

We considered two fabricated chips, whose layouts are shown in Table 2.9, were tar-

geted for chromatin immunoprecipitation (ChIP). Chip I allows more control mea-

surements and therefore has higher sensitivity [62], while Chip II allows more reaction

volume and therefore provides higher throughput [9]. Both chips are constructed by

placing and interconnecting multiple copies of two basic components, i.e., multiplexer

and mixer, whose component actions are listed in Fig. 2.3(c) and (d). By combing

the component actions, we can obtain a complete set of functional actions required

by these two chips.

The comparison of design quality between these fabricated designs and the pro-

posed automated method are reported in Table 2.1, where “TBCI” denotes the

the number of control pins required by the table-based compatibility identification

method. Although the proposed OBCI method requires three more control pins for
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(a) Chip I

(b) Chip II

Figure 2.9: Layouts of the fabricated chips used for evaluation.

each case, the designed chips are fully functional and are able to provide much-needed

experimental flexibility for realistic scenarios. Furthermore, for Chip I, there is no

feasible routing solution for the design generated using TBCI. For Chip II, TBCI

47



Table 2.1: Comparison of design quality with manual design for two fabricated chips.
“W” denotes width of biochips, “L” denotes length of chips, “Length” denotes total
channel length, “TBCI” denotes the number of control pins required by the table-
based compatibility identification method.

and OBCI result in very similar timing behavior.

Compared with manual optimization, although the skew and latency of our design

are slightly worse, the routing results of proposed method show significant improve-

ments in terms of the pin count and total channel length in both test cases. The

manual design of Chip I (as actually fabricated) led to 72 control pins for the 176

valves, while the proposed automated method needs only 40 pins (44.4% reduction).

Moreover, to shorten the response time for valve actuation, the proposed method re-

duces the channel length by 59.2%. A significant benefit in terms of these two metrics

can be observed for Chip II as well. Furthermore, the simulation results show that

the proposed OBCI method enables the designed biochips to be fully functional and

flexible at the cost of only three additional control pins in each case.

2.5.2 Simulations with Synthetic Benchmarks

To further demonstrate the effectiveness and applicability of the proposed method,

we simulate five applications and generate five corresponding synthetic chip layouts.

In addition, a baseline method is implemented and compared with the proposed

approach. In the baseline method, we first implement a heuristic algorithm for valve

addressing [5]. After that, we use a maze-routing algorithm based on breadth-first

search to sequentially route the valves that share the same control pin, and then check

all grid points along the routing path to find a possible placement of the control pin.
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Table 2.2: Comparison of design quality with a baseline method based on five syn-
thetic benchmarks. The number of control pins of TBCI is slightly less but there is
significant loss in on-chip biochemistry functionality.

This procedure is repeated until all valves are connected to the control pins or an

unroutable decision is made.

The design quality of the baseline method, the proposed method are compared

in Table 2.2. The baseline method cannot find feasible routing solutions for Bench-

mark 2 and Benchmark 5; however, the proposed method successfully addresses all

test cases. Moreover, the proposed method also achieves a 15% reduction in the num-

ber of pumps, a 36% reduction in total channel length, a 76% reduction in skew, and

a 33% reduction in latency on average for the completed test cases (Benchmark 1,

3 and 4). Additionally, the number of control pins required by the two compatibil-

ity identification methods are compared. The operation-based approach can achieve

maximum flexibility with only a few additional control pins. More importantly, the

low pin-count provided by TBCI leads to infeasible designs, since these designs are

not routable.

2.6 Conclusions

We have presented the first practical problem formulation for automated control-layer

design in flow-based microfluidic VLSI (mVLSI) biochips and described a systematic

optimization approach for solving this problem. The goal of this optimization tech-
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nique is to find an efficient routing solution for control-layer design with a minimum

number of control pins. We have described an operation-based compatibility iden-

tification method that obviates the need to exhaustively list activation sequences.

By independently targeting the fluid-operation actions of each on-chip component,

the proposed method not only decreases the search space, but it also ensures that

all possible fluid-handling operations can be executed. The pressure-propagation

delay, an intrinsic physical phenomenon in mVLSI biochips, has been minimized in

order to reduce the response time for valves, decrease the pattern set-up time, and

synchronize valve actuation. Two fabricated flow-based devices and five synthetic

benchmarks have been used to evaluate the proposed optimization method. We have

shown that, compared with manual control-layer design and a baseline approach, the

proposed approach leads to fewer control pins, better timing behavior, and shorter

channel length in the control layer.
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3

Wash Optimization for Cross-Contamination
Removal

When two fluidic flows pass through the same microchannel one after the other,

the second flow can be contaminated by the residue from the first flow, leading

to erroneous assay outcomes. This problem is referred to as cross-contamination.

In this chapter, we present a wash-optimization technique for cross-contamination

removal. The proposed approach targets the generation of washing pathways to

clean all contaminated microchannels with minimum on-chip execution time. A

path dictionary is first established by pre-searching all physically implementable

paths in a given chip layout. Once wash targets, contaminant species, and occupied

microchannels are defined by users, the proposed methods determine an optimized

path set with the least washing time by calculating the priorities of wash targets. This

approach is also applicable to the case where the chip contains multiple contaminant

species. Two representative and fabricated biochips are used to evaluate the proposed

washing method. Compared with a baseline approach, the proposed approach leads

to more efficient washing in all cases.

The remainder of this chapter is organized as follows. The motivation for this
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work is detailed in Section 3.1. Section 3.2 formulates the contamination-washing

problem, and provides an analysis based on fluid mechanics principles, of the washing

of flow channels. The proposed algorithm for the search of washing paths is presented

in Section 3.3. First, a dictionary that contains all physically implementable paths is

generated. By looking up in the dictionary the paths that include washing targets,

our problem is formulated as an instance of a weighted hitting-set problem. An

efficient approach based on the weighed hitting-set problem formulation is used to

determine a path set with the least washing time. The algorithm is also extended to

the case where multiple species of contaminants are present in the biochip. Finally,

two fabricated flow-based devices are used to demonstrate the effectiveness of the

proposed approach in Section 3.4. Conclusions are drawn in Section 3.5.

3.1 Motivation and Challenges

Cross-contamination removal is important for flow-based microfluidic biochips be-

cause bioassays always require high precision in order to avoid erroneous assay out-

comes, and they are vulnerable to contamination between two fluidic flows with dif-

ferent biochemistries. For example, in the polymerase chain reaction (PCR), if two

flows carrying different DNA samples pass through the same channel, the residue

left behind by one sample transfers to the other DNA template. After PCR, the

amplification product of contaminants will adversely affect the outcome of the as-

say. Nevertheless, as feature sizes are scaled down, the diameters of microchannels

in chips are reduced in order to minimize reagent consumption and achieve higher

degrees of microfluidic integration [29]. The increasing perimeter-to-area ratio of

microchannels causes a considerable portion of fluid to be left in the microchannel

walls.

To avoid cross-contamination, wash operations are necessary to remove residue in

microchannels. To accomplish this, a buffer fluid can be injected into the chip. The
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microchannels in the flow path of the buffer fluid are flushed. Wash-time minimiza-

tion is necessary because an increase in the time-to-result for a bioassay is detrimental

to real-time detection, rapid response, and analysis of biochemical samples that de-

generate rapidly. Recent advances in contamination avoidance for digital microfluidic

biochips [37, 38, 63] cannot be applied here because of the many differences in the

underlying technologies. Digital microfluidic biochips control discrete droplets on a

2D electrode array using the principle of electrowetting-on-dielectric [12]. To clean

contaminated electrodes, a wash droplet is dispensed from the wash reservoir and

transported to these contaminated spots for washing. Compared with digital devices,

flow-based microfluidic biochips must consider the following additional constraints:

• The two-dimensional grid layout of digital microfluidic biochips provides full

freedom of wash droplet routing. Reagent droplets can be followed by wash-

ing droplets to prevent contamination. However, for flow-based microfluidic

biochips, the wash fluid flow is restricted to the pre-etched microchannels.

• In flow-based biochips, microchannels have directional orientation, hence con-

tamination can be washed only along the direction of microchannels. In digital

microfluidics, routing is more flexible because contaminated spots can be ac-

cessed from all the neighboring electrodes.

• In digital microfluidic biochips, multiple wash droplets can be manipulated

simultaneously for concurrent contamination removal. In a flow-based device,

only one buffer flow can be executed at a time. Buffer flows have to be generated

on a path-by-path basis.

• In digital microfluidics, a wash droplet can be dispensed at any time before

washing. It can be stored at any position on the chip and be used for washing

at an appropriate time. However, in a flow-based device, storage components
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are designed to store only samples or reagents. There are two reasons why

there are no storage components for the wash buffer: (i) The wash flow must

be injected from external pressure source because the wash buffer must flow

with an appropriate velocity to ensure effective washing. (2) A continuous flow

is required to wash a channel. Hence, the volume of wash buffer is much larger

than that for reagents or samples. It is not practical to store such a large

volume of wash buffer in the chip because it will take up a large chip area.

The above constraints make wash optimization much harder for flow-based mi-

crofluidics than for digital microfluidics. To date, no systematic washing solution has

been proposed for flow-based microfluidic biochips and washing has been neglected in

chip design and assay execution. One feasible way for washing in flow-based microflu-

idic biochips is to inject buffer fluid immediately after reagent or sample flows. Buffer

fluid flows a path that is identical to that of the preceding sample/reagent. However,

this method doubles the assay execution time and is therefore unsatisfactory.

3.2 Problem Description and Formulation

A buffer flow can flush the microchannels in its path and remove contaminants by

an external pressure source. Therefore, we can wash microchannels in flow-based

microfluidic biochips by generating buffer flows that cover all wash targets. Note that

due to the low fabrication cost of soft lithography and the nature of biochemistry

using liquids, a flow-based microfluidic biochip is discarded by biochemists after use

[7, 8]. Hence, valve degradation due to repeated actuation is not relevant. Therefore,

our first goal in wash optimization is to wash all defined contaminated targets, i.e.,

to generate a set of washing pathways that can clean all wash targets at least once.

The second goal is to minimize the time needed for washing, which is the sum of

fluidic execution time for all selected washing paths.
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Figure 3.1: Layout of a simple microfluidic biochip with a mixer (the circle) and
a branch. The lines indicate flow channels. Rectangles indicate the positions of
valves. S1, S2 and S3 are outlet ports. Sample and buffer can be injected through a
sample reservoir and a buffer reservoir, respectively. The potentially contaminated
microchannel is labeled in red.

3.2.1 Physical Implementability of a Wash Path

In order to create a buffer flow, a pathway needs to be established from a buffer

reservoir to a sink. An off-chip pump connected to the buffer reservoir injects buffer

into microchannel networks to generate a flow along the path. The desired path is

generated by activating valves: valves along the path are opened and the rest are

closed. For example, to clean the contaminated channel in Fig. 3.1, a washing path

is established by closing any one of valves {A, F, H, E}, valves {A, F, H, G} and

valves {A, C, G, I}.

For a given chip layout and a set of wash targets, we use a discretized graph to

model a continuous fluid-flow topology and facilitate the description and analysis of

biochip channel networks. Vertices in the graph represent not only valves, but also

their downstream flow channels. All interconnection relationships between channels

and valves are represented by edges. Fig. 3.2 illustrates an example for the design

of Fig. 3.1. Note that not all paths in the discretized graph are physically legal. For

example, in Fig 3.2, the physically legal washing paths for contaminated vertex D

are BñCñDñEñ Iñ S3 and BñHñEñDñFñS1. Path BñCñDñFñS1
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Figure 3.2: A discretized graph corresponding to Fig. 3.1. The contaminated
vertex is “D”, marked in red.

is illegal because the opening of valves {B, C, D, F} cannot generate a flow that passes

through the contaminated channel; buffer will flow along BñCñFñS1 without

passing D. There are four important criteria that must be considered to evaluate

whether a path in graph is physically implementable in a realistic scenario:

1. Washing paths must start at the wash buffer reservoir and terminate at an

outlet.

2. Every vertex can be passed through only once to avoid conflicts between fluidic

flows.

3. At most two valves can be open at each intersection. For example, if edge

CØF in Fig. 3.2 is enabled, edge CØD and edge DØF cannot be activated at

the same time.

4. Washing and other microfluidic operations should be processed in parallel in or-

der to minimize waiting time. Accordingly, washing path must bypass occupied

“busy” microchannels to avoid interruption of other concurrent fluid-handling

tasks.
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3.2.2 Execution Time for a Wash Path

The execution time Texec for a wash path consists of three parts: the time for path

preparation Tprep, the time for the buffer to flow through the path Tflow, and the

time for the buffer to remove contaminants attached to the channel wall Twash. The

parameter Tprep is a constant for all paths and depends on the time it takes for the

valves to close (in parallel), while Tflow is proportional to the length of the path and

therefore depends on the the wash path. Therefore, we can model the execution time

for a path as Texec “ Tprep ` l{v ` Twash, where l is the length of the path and v

is the velocity of the fluid flow. In a typical flow-based biochip, Tprep „2 s [64] and

v „10 mm/s [57].

We next calculate Twash by simulating the flow in a microchannel. We first define

a criterion to quantify the cleanliness of a channel. Let Cmax be the the maximum

contaminant concentration in the channel after a wash, and let C0 be the original

concentration before the wash. The cleanliness raito is defined as the ratio of these

concentrations, i.e., Cmax{C0. A channel is determined to be completely cleaned if

Cmax{C0 is lower than a specified threshold. Thus, after a wash path is established

and the wash buffer starts flowing though it, the path must be maintained for an

additional period Twash to ensure thorough cleaning.

If the channel wall of a microchannel is not ideally “smooth”, the velocity of the

fluid adjacent to the channel wall is zero (no-slip condition [40]). Hence, washing

cannot be realized by convective cleaning. The contaminants will only leave the wall

by diffusion and then be washed away by the convective buffer flow. Fig. 3.3 shows the

simulation model. The fluid mechanics can be described by the following “advection-

diffusion equation”, which is a combination of the diffusion and convection equations:

BC

Bt
“ ∇ ¨ pD∇Cq ´∇ ¨ pÝÑv Cq `R (3.1)
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Figure 3.3: The model used for the wash simulation, where the contaminants
are attached to the channel wall and an injected buffer flow passes through the
contaminated channel. The velocity of the fluid along the channel wall is zero.

where C is the concentration of the contaminants, D is the diffusion coefficient, ÝÑv

is the velocity vector of the buffer flow, and R describes the generation rate of the

contaminants. In most cases, the diffusion coefficient D is constant, the velocity field

satisfies incompressibility (i.e., it has zero divergence), and there are no sources of

contaminants in the channel, i.e., R “ 0 [40]. Equation 3.1 then simplifies to

BC

Bt
“ Dp∇2Cq ´ ÝÑv px, yq ¨∇C (3.2)

We next discuss the velocity distribution of the buffer flow in a microchannel,

i.e., ÝÑv . With incompressible flow and constant viscosity, the Navier-Stokes equation

is given by

ρp
BÝÑv

Bt
`ÝÑv ¨∇ÝÑv q “ ´P

L
` µ∇2ÝÑv (3.3)

where ÝÑv is the velocity vector, ρ is the density of wash buffer, t is time, P is the

pressure drop along the length of the channel, L is the channel length, and µ is the

viscosity of buffer [40]. The directions parallel and perpendicular to the channel wall

are denoted by x and y, respectively; see Fig. 3.3. We can approximate ÝÑv px, yq

with vxpyq because H ! L, vy ! vx. To simplify the discussion, we only consider
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fully-developed incompressible flow, and therefore the buffer flux in the channel has

reached steady state. Thus, BÝÑv {Bx “ 0,ÝÑv ¨∇ÝÑv “ 0, and BÝÑv {Bt “ 0. The Navier-

Stokes equation then simplifies to an ordinary differential equation:

µ
d2vx
dy2

“
P

L
(3.4)

with the following boundary conditions: (1) vxpy “ 0q “ 0, and (2) vxpy “ W q “ 0,

where W is the channel width (Fig. 3.3). The solution to Equation 3.4 is given by:

ÝÑv px, yq “ vxpyq “ Kypy ´W q (3.5)

where K “ ´P {2µL. Thus, Twash can be obtained by combining Equation 3.2 with

Equation 3.5, and solving the following partial differential equation:

BC

Bt
“ Dp

B2C

Bx2
`
B2C

By2
q ´Kypy ´W q ¨∇C (3.6)

Boundary conditions

As with any system of differential equations, the initial conditions and boundary

conditions are necessary to determine the solution. Initially, the contaminants are

only attached to the channel wall:

1. Cpx, y “ 0, t “ 0q “ C0

2. Cpx, y “ W, t “ 0q “ C0

Three boundary conditions are imposed for the channel wash problem, one at each

of the channel walls and one at the channel entry:

1. BCi

By
“ 0p@y “ 0, y “ W q

2. Ci “ 0p@x “ 0q
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Figure 3.4: Additional wash period Twash required for different cleanliness criteria.

where i indicates the i-th species in the solution. The first condition ensures that

there is no flux through the wall and no velocity perpendicular to the wall. The

second condition constraints the wash buffer concentration to be zero at the channel

entry (the species of interest is not present in the wash buffer).

Simulation results

The system in Fig. 3.3 was simulated by discretizing the area of the channel (W ˆL)

into a 2D grid. The time-varying distribution of the contaminant concentration

in the channel is governed by Equation 3.6, which was solved in MATLAB. The

simulation was performed using a contaminant diffusion coefficient that is typical

for a protein (D “ 10´6 cm2/s [65]) and water as the buffer (µ “ 8.94 ˆ 10´4 Pa¨s).

The channel width was W “ 35µm and the length was L “ 2 cm. An inlet pressure

P “ 10 psi was applied at the channel entry to push the water buffer through the

contaminated channel. Fig. 3.4 shows the additional wash period Twash required for

different cleanliness criteria. Fig. 3.5 shows the simulation results at different time

steps for Cmax{C0 ă 105, i.e., a channel is determined to be completely cleaned if its

cleanliness ratio Cmax{C0 ă 105. The concentration at the bottom of the channel is

always higher than that at the top because the wash buffer is continuously injected
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Figure 3.5: Concentration profile snapshot at different times. The buffer flow is
injected at the top of the figures. The channel length, channel width, and applied
pressure in this simulation are 2 cm, 35µm and 10 psi, respectively. (a) t “ 0 s; (b)
t “ 0.02 s; (c) t “ 0.04 s; (d) t “ 0.10 s.

from the top of the channel. The simulation results indicate that contaminants

cannot be transported away by the buffer flow until they slowly diffuse from the

channel walls. Thus, increasing the flow velocity will not significantly reduce the
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(a)

(b)

Figure 3.6: Time required to meet the cleanliness criterion as a function of channel
dimension and applied pressure, plotted for various values of the diffusion coefficient
D. (a) Twash versus the length of the channel; (b) Twash versus applied pressure (in
log scale); (c) Twash versus the width of the channel.

wash time Twash, and thus diffusion dominates Twash in this case.

Next, multiple simulations were performed with different channel lengths, applied

pressures, and channel widths, and the times required to meet the cleanliness criterion

were recorded. A plot of the resulting times is shown in Fig. 3.6, which illustrates

the effect of the channel length:

1. Twash increases as the channel length increases. This is expected, because the

flow velocity in the channel decreases (Equation 3.5) as the channel length

increases, which results in more time needed to clean the channel.
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2. The wash time Twash is dominated by diffusion because it is much more sen-

sitive to change in the diffusion coefficient than change in the channel length.

Although the convective flow is fast enough to remove contaminants that have

diffused from channel walls, Twash is limited by the slow diffusion rate.

The second set of simulations were completed in order to observe the effect of the ap-

plied pressure (Fig. 3.6(b)). The pressures simulated range from 5 psi to 15 psi, which

is within the typical range of applied pressure for flow-based microfluidic biochips.

Higher pressures produce larger flow velocities and therefore smaller values of Twash.

However, as the applied pressure increases, the subsequent reduction in the wash

time decreases because Twash is mainly limited by the diffusion rate. Fig. 3.6(b) re-

veals that the wash process is dominated by diffusion in all cases because the change

of Twash is much more sensitive to changes in diffusion coefficient than changes in

the pressure. In other words, the biochip washing procedure cannot be significantly

accelerated by increasing the applied pressure.

Finally, a plot of Twash for different channel widths is shown in Fig. 3.6(c). As the

width decreases, the fluidic impedance increases, which reduces the flow velocity and

increases Twash. Furthermore, as the channel width decreases, the dominant washing

mechanism makes the transition from diffusion to convection. The change of Twash

is insensitive to changes in the channel width if W ě 15µm because the diffusion

of contaminants away from the channel walls into the convective flow is the limiting

factor and an increased flow velocity cannot significantly reduce Thold. However, if

W ă 15µm, the velocity of the convective flow becomes too slow to transport the

contaminants that are diffused from channel walls. Hence, the wash time Twash is

dominated by convection if W ă 15µm, and it becomes more sensitive to the change

of channel width.

In summary, Fig. 3.6 indicates that the value of Twash depends on not only the
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wash path itself (e.g., the channel width and length) but also the species of contami-

nants (e.g., the diffusion coefficient). Furthermore, the wash time Twash is dominated

by diffusion for flow-based microfluidic biochips because channel widths of these de-

vices are usually larger than 15µm.

3.3 Search for a Set of Washing Paths

We first note that the problem of determining an efficient set of washing paths is

computationally difficult. We cannot efficiently search for wash paths dynamically

during optimization. The reasons are listed below:

• The graph model for a flow-based biochips consists of nodes with low degree

because any intersection can have no more than four branches. Due to the lack

of edges, it is difficult to find a path that passes through a vertex corresponding

to a specific contamination site, especially when the graph contains hundreds

of vertices.

• In the worst case, each intersection has four branches. Hence, the worst-case

complexity of the number of paths for a chip containing n intersections is Op4nq.

The problem size grows exponentially with the chip size.

In this section, we describe an approach that is designed to identify a set of washing

path with the least washing time. Instead of on-line path search, we first establish a

path dictionary before the start of the experiment. Only physically legal pathways

in the given chip layout are stored in the dictionary. This off-line data-preparation

step needs to be performed only once but it can greatly accelerate washing-path

search. After users define wash targets and identify the occupied microchannels,

we can simply look up in the dictionary the paths that include wash targets; they

are known to be physically implementable. Finally, an efficient approach based on

a weighted hitting-set problem formulation is used to determine the path set with
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the least washing time when the chip is contaminated by one or more contaminant

species.

3.3.1 Generation of the Path Dictionary

The path dictionary is established before the execution of biochemical experiments,

without any knowledge of wash targets and occupied channels. A path dictionary is

necessary because of the following reasons:

• Wash targets might be defined or updated dynamically by users when an ex-

periment is set up or even during experiments. Therefore, for rapid response,

an efficient search algorithm is necessary. Furthermore, all paths in the dictio-

nary must satisfy Criteria 1-3 of path implementability listed in Section 3.2.1.

The off-line data-preparation step needs to be performed only once but it can

greatly accelerate washing path search. After users define wash targets and

identify the occupied microchannels, we can simply look up in the dictionary

the paths that include wash targets; they are known to be physically imple-

mentable.

• To reduce the number of wash path, a selected wash path should cover as many

wash targets as possible. However, it is difficult to predict the value (i.e., the

number of washed targets) and the cost (i.e., the execution time) of a path

before it is determined. Therefore, there is no way to evaluate the quality of a

washing path set unless all paths are determined.

• A hard-to-reach wash target should be given high priority. A wash dictionary

can help us evaluate the wash value for each wash target so that hard-to-reach

wash targets can be given higher priorities.

• Multiple contaminant species may be present in a chip. Because the wash time

Twash for a species strongly depends on its diffusion coefficient, the execution
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time for different species is different even if they are washed by the same wash

paths. The execution time of a wash path for different contaminant species

should be calculated before the experiment to reduce the response time of

online search.

We consider two methods for the generation of path dictionary. Both these meth-

ods utilize the graph model of a channel network. All paths in the dictionary are

candidate washing pathways.

The first approach for dictionary generation is based on depth-first search (DFS).

The search starts at the buffer reservoir and transverse the entire graph until a sink

is met (Constraint 1). A vertex list is created to register all “available” vertices and

it is updated after each exploration: all neighbors of previously selected vertex are

removed from the list to prevent violations of Constraint 2 and Constraint 3. A path

is found and stored in the dictionary if a sink node is encountered. Backtracking

occurs if none of the children nodes is “available”. A path dictionary based on the

graph in Fig. 3.2 is presented in Table 3.1(a). Six paths are found and verified to be

physically implementable.

The DFS method is able to find all physically implementable pathways. Since

DFS requires traversal of the complete graph, its worst-case complexity grows expo-

nentially with the size of a biochip. Hence, it is only suitable for small chips; the

second dictionary generation method, namely random path search, is more practical

for large designs.

In the random path-search method, a path is extended by randomly selecting

an adjacent vertex in the “available” vertex list. Without traversing the complete

graph, this search technique can potentially provide full coverage of vertices in the

graph in low CPU time. Paths obtained by this method also tend to be distributed

more evenly in the graph. Yet, this method suffers from the limitation that some
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Table 3.1: Path dictionary corresponding to Fig. 3.1. (a) Initial dictionary format
after path search. Data is organized path-by-path. (b) Reformatted path dictionary.
Data is organized vertex-by-vertex.

(a) Initial dictionary format

Path ID List of Vertices
1 B, C, F
2 B, C, D, G
3 B, C, D, E, I
4 B, H, I
5 B, H, E, G
6 B, H, E, D, F

(b) Reformatted path dictionary

Vertex ID Path List Vertex ID Path List
B 1, 2, 3, 4, 5, 6 F 1, 6
C 1, 2, 3 G 2, 5
D 2, 3, 6 H 4, 5, 6
E 3, 5, 6 I 3, 4

valid candidate paths might be overlooked. An incomplete path dictionary may lead

to longer washing paths and unsuccessful path search due to the lack of candidates.

For example, some vertices, especially those at branches, may be covered by only

these overlooked paths. As a result, it is possible that the search for a washing path

may not be successful. Hence, there is a trade-off between CPU time and the quality

of the set of washing paths. During dictionary generation, counters can be used to

monitor the number of times each microchannel is visited; the counter values can

serve as criteria to evaluate the quality of path dictionary.

3.3.2 Storage of the Path Dictionary

After path search is completed, we obtain a path dictionary that can potentially be

very large. Paths are listed sequentially in the dictionary; see Table 3.1(a). However,

only paths that contain a wash targets are candidates washing path. Other paths

will not be considered for washing. When the wash targets and occupied channels are

known during an actual experiment, we have to look up paths that include targets
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in the full dictionary. Obviously, this process is inefficient because usually only a few

microchannels are contaminated and need to be washed in realistic scenarios.

We address this problem by reformatting the path dictionary. Instead of path-

by-path organization, we store the dictionary entries in a vertex-by-vertex manner;

see Table 3.1(b). All paths that cover a vertex are listed explicitly. This data struc-

ture enables us to directly find washing path candidates (paths containing washing

targets) without resorting to path filtering.

Moreover, if a number of wash targets, say p are defined, a new dictionary with

only paths containing wash targets is created and uploaded into memory. Other

paths are deleted because they cannot be used for washing. For example, for the

path dictionary in Table 3.1, if wash targets T “ tC,Eu and occupied channel

O “ tHu, the new dictionary is simply compressed as tC,Eu “ tt1, 2, 3u , t3uu,

which considerably reduces both data volume and search complexity. Path 5 and

Path 6 are deleted because it contains occupied channel H.

3.3.3 Identification of Washing-Path Set

In this subsection, we propose an efficient approach to determine an optimized path

set with full-coverage of wash targets and minimum washing time. The approach

needs to be computationally efficient because washing targets need to be updated

during experiments. With the help of a path dictionary, the search is accelerated

because all paths in the dictionary have been verified to be physically implementable.

We will first consider the case where the chip is contaminated by only one species

and then extend it to multiple contaminants.

We first introduce some definitions. Recall that a flow-based microfluidic biochip

can be modeled as a discrete graph. Vertices in the graph represent not only valves,

but also their downstream flow microchannels. Let X denote the set of vertices in

the graph. Similarly, each path in the dictionary, which is verified to be physically
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implementable, is indexed and let M denotes the set of paths. For each vertex j P X,

we let the path-coverage set Sj ĎM represent a set of paths that covers the jth vertex.

Therefore, the generated path dictionary S is the collection of all path-coverage sets,

that is, tSj : j P Xu. An additive weight function wppq “ Texec “ Tprep`lppq{v`Twash

is defined to represent the execution time of path p PM , where Tprep represents the

time for path preparation, lppq is the length of the path p P M , v is the velocity of

the fluid flow, and Twash is the time required to meet the cleanliness criteria.

We next show that wash optimization can be described as a variant of the

weighted hitting-set problem. We first consider the case where a chip is contami-

nated by only one contaminant species. A hitting set H of a collection S is a set that

contains at least one element from each subset S P S, that is, S XH ‰ H, @S P S.

Each element in S is given a nonnegative weight, w, and the goal of the weighted

hitting-set problem is to find the hitting set H with minimum total weight. This

problem can be formalized as:

minimize:
H

ÿ

pPH
wppq (3.7)

subject to: S XH ‰ H, @S P S (3.8)

The standard hitting-set problem requires a non-empty intersection with every

set S P S; see Equation 3.7. We relax this requirement by allowing the hitting-set to

“hit” just a specified portion of collection S, whose indices are recorded in a subset

T Ď X, instead of all sets S in S. The new constraint can be formulated as:

Sj XH ‰ H for every j P T (3.9)

where Sj is the jth set in the collection S. Moreover, an additional constraint can

be placed on the standard hitting-set problem; some sets S P S is forbidden to be
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“hit”, i.e.,

Si XH “ H for every i P O, (3.10)

where O Ď X is a subset of vertices denoting all the forbidden vertices corresponding

to occupied microchannels.

Now we can establish the relationship between the wash-optimization problem

and the weighted hitting-set problem. In wash optimization, our first goal is to

find a set of washing path H that can cover all washing targets T , i.e., satisfy

Equation 3.9, and bypass all occupied microchannels O, i.e., satisfy Equation 3.10.

Table 3.2 summarizes the parameters of the weighted hitting-set problems and their

corresponding physical interpretation in the wash-optimization problem.

Therefore, the wash-optimization problem can be formulated as a variant of the

weighted hitting-set problem:

minimize:
HĎM

ÿ

pPH
wppq

subject to: Sj XH ‰ H for every j P T

Si XH “ H for every i P O.

where H is the optimal washing path set, S is the path dictionary, M is the set of

all paths in the S, Sj is a set of paths that covers the jth vertex, T is the set of wash

targets, O is the set of occupied microchannels, and wppq is the execution time for

the pth washing path, and wppq “ Texec “ Tprep ` lppq{v ` Twash. wppq for each path

p PM can be calculated beforehand and stored in a look-up table. Because we have

assumed thus far that the chip is contaminated by only one contaminant species, the

wash time Twash for different path p P M can be considered as a constant for two
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reasons: (1) the diffusion coefficient D of all of the wash targets is fixed in this case;

(2) the wash time Twash is dominated by the diffusion rate.

To solve this wash-optimization problem, we first transform it to a standard

weighted hitting-set problem. There are two important differences between these

two problems:

1. In the wash-optimization problem, hitting sets are only required to have a non-

empty intersection with a portion of sets in the dictionary; see Equation 3.9.

In the standard hitting-set problem, a hitting set has to cover all sets in the

dictionary; see Equation 3.7.

2. In wash optimization, there is an additional constraint: some vertices are for-

bidden and should be bypassed; see Equation 3.10. The set of washing paths

generated must not cover these vertices.

The next two transformation steps allow us to map a wash optimization exactly to

a standard weighted hitting-set problem: (1) remove Sj from S if j R T ; (2) remove

all paths that include forbidden vertices from the dictionary. The weighted hitting-

set problem for the compressed dictionary S1 Ď S then can be used to solve the

wash-optimization problem.

Utility Function and Algorithm Design

A heuristic approach for solving hitting-set problem in a graph, which is known to

be NP-complete [66], is a greedy technique that selects in each iteration the path

that contains a maximum number of washing targets [67]. In this method, a path

that contains a maximum of washing targets is selected in each step, and then the

set of wash targets T is updated by removing vertices washed by the selected path.

The washing path set is updated until all wash targets are covered. Due to its

inherent simplicity, the above method is efficient. However, it is not always effective
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for solving the wash-optimization problem because it is based on an assumption that

all vertices have equal probabilities to be visited. This assumption does not hold

for flow-based microfluidic biochips. Graphs generated by flow-based biochips have

low degree due to physical routing limits. Although there may be hundreds or even

thousands of vertices in a graph, each vertex has no more than four neighbors. Low

vertex degree leads to an unbalanced path-coverage set; some vertices are covered by

more paths because they have larger degree in the graph, while others at branches

are seldom visited. Therefore, vertices covered by fewer paths are more important

and should be given higher priority in the search for a washing path.

For example, to wash targets {C, D, E, H, I} in Fig. 3.1, the combination of Path 4

and Path 3 in Table 3.1(b) is clearly the best. However, the approach discussed above

for solving the hitting-set problems will choose Path 6 instead of Path 4 because less

wash targets are covered by Path 4. Therefore, Path 6 and Path 3 will be finally

selected as washing paths, which will clean Channel E and Channel D twice. On the

other hand, based on the prioritization of wash targets, we conclude that Channel

I is more important than Channel D and Channel E because it is covered by fewer

paths. Channel D and Channel E are covered by more paths and therefore they can

be targeted at a subsequent step. As a result, Path 4 is given higher priority and

selected ahead of Path 6.

Due to the difference in effectiveness of path-coverage sets, different vertices

should be given different priorities for washing. In addition, the value of Twash for

the different wash paths is assumed to beconstant in the subsequent discussion for

the following reasons:

• The chip is polluted by only one contaminant species.

• The value of Twash is dominated by diffusion. Section 3.2.2 has demonstrated

that this assumption always holds for flow-based microfluidic biochips.
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We define a utility function, fpjq to calculate this “wash value” of a vertex j. The

utility function should have the following properties:

1. The wash value of a vertex j is a function of |S 1j|, where S 1j is a path set that

covers vertex j. The larger |S 1j| is, the lower the value of vertex j should be.

2. If there exists a vertex that is covered by all the paths in S1, i.e., |S 1j| “ |M
1|,

where M 1 “ S 11 Y S 12 . . . Y S 1m, this vertex is not useful, hence its value should

be zero, such as Vertex B in Table 3.1(b).

3. The utility function should be nonlinear. It must be flatter when |S 1j| is large,

but decrease sharply when |S 1j| is small to highlight the importance of vertices

covered by only a few paths.

4. If there exists a vertex j that is covered by only one path in S1, i.e., |S 1j| “ 1,

the path must be included in the H, i.e., fpjq “ 8.

Guided by the above requirements, the utility function, fpjq in this work is formu-

lated as:

fpjq “ loga

|S 1j| ´ 1

|M 1| ´ 1

where M 1 “ S 11 Y S 12 . . . Y S 1m, 0 ă a ă 1. The parameter a is used to adjust the

nonlinearity of the utility function. With an increase in a, fpjq becomes flatter and

therefore vertices covered by fewer paths are less likely to be washed.

Based on the utilities of vertices, we can introduce the parameter V ppq to evaluate

the “wash value” of a path p. Here V ppq is the sum of utilities of all the covered

wash targets, i.e., V ppq “
ř

fpjq, j P tj : p P Sju. The path that covers more

vertices with higher utilities, i.e., the path with higher “wash value” V ppq, should be

given a higher priority during the selection of washing paths. In each iteration, to
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maximize efficiency, the path with highest value-to-cost ratio rppq is selected, where

cost is the execution time wppq. Because Twash is a nonlinear function of the path

length, the value of wppq for each wash path is calculated beforehand and stored

in a look-up table. The targets covered by this washing path are deleted from the

path dictionary after this step. Path values V ppq also need to be updated based on

the modified dictionary. The pseudocode for the complete proposed wash-path set

selection algorithm for one species of contaminant is shown in Fig. 3.7.

In this chapter, we have assumed that the chip has one wash inlet that is con-

nected to wash buffer. However, washing can be done in parallel in order to shorten

the wash time and such parallelism is possible if the chip has multiple wash inlets.

However, increasing the number of wash inlets is a very expensive solution. It leads

to higher chip complexity, larger chip area, more control pins, and more external

pressure sources. Designers naturally prefer to keep as many inlets as possible for

functionality rather than for wash in order to increase the throughput and decrease

the chip size. Furthermore, although the proposed algorithm cannot handle multiple

wash inlets, based on the path dictionary, the scenario of multiple wash buffers can

be handled by identified the compatibility among wash paths. If two wash paths

intersect, they cannot be executed simultaneously. Note that the wash time for the

case of multiple wash paths depends on the longest wash path in each wash cycle.

The problem of optimizing wash paths for multiple wash inlets is left for future work.

A wash target becomes unreachable if all the paths between the target and the

wash inlet are blocked by occupied channels. If a wash target is unreachable, the

unreachable target will be reported by the proposed method because it cannot find

a wash path to clean the target. Unreachable wash targets can be avoided by: (1)

increasing the number of wash inlets, or (2) moving out the samples from the occupied

channels blocking the wash path. The second solution is better because it does not

cost additional chip area and other resources. However, this approach requires us
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Algorithm 3.1 The enhanced wash-optimization approach (one species of contam-
inant)

1: Remove Sj in S, if jRT ;
2: Remove all paths that include forbidden vertices from the dictionary S;
3: Initialization H: H “ H;
4: while S ‰ H do

5: Update fpjq: fpjq “ loga
|Sj |´1

|M |´1
for every vertex j, where M “ YjPXSj;

6: Update V ppq: V ppq “
ř

fpjq, j P tj : p P Sju;
7: Find the path with maximum value-to-cost ratio rppq, V ppq{wppq, say e;
8: S “ S ´ Sj for every j P tj : e P Sju;
9: H “ H Y e;
10: end while
11: Return H
Figure 3.7: Pseudocode for determining washing-path set H. The chip is con-
taminated by one species of contaminants.

to consider wash and functionality jointly, and this problem is not covered in this

thesis.

3.3.4 Washing of Multiple Contaminant Species

Next we extend the approach in Fig. 3.7 to the case where the chip is contaminated

by multiple species of contaminants. Recall that the execution of a wash path Texec

consists of three parts: Tprep, Tflow, and Twash. The first part is a constant, the

second part depends on the length of the wash path, while the value of Twash is

a function of the channel length L, the channel width W , and the contaminant

diffusion coefficient D (Section 3.2.2). Thus, Texec “ Tprep ` lppq{v ` T
pi,pq
wash, where

T
pi,pq
wash is the time required to meet the cleanliness criteria if Path p is contaminated

by the i-th contaminant species. Because the diffusion coefficient depends mainly

on the size of the molecule [65], the value of Twash changes considerably for different

contaminant species. For example, consider a microchannel that is 2 cm long and

35µm wide and has an applied pressure of 10 psi. Small molecules, such as a lysis

buffer or other regular chemistries, have a high diffusion coefficient D (typically

10´5 cm2/s) and small Twash (typically 0.2 s); large molecules, such as small proteins,
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have a low diffusion coefficient D (typically 10´6 cm2/s) and large Twash (typically

1 s) [65]. Moreover, the diffusion of cells is even slower due to their larger size. For

example, the diffusion coefficient of the tobacco mosaic virus is 5ˆ 10´8 cm2/s, and

its corresponding Twash is 6 s [65].

To minimize the total wash time, the selection of wash paths for different contam-

inant species must be considered separately. We first make some definition. Suppose

there are n species of contaminants (C1, C2, ¨ ¨ ¨Cn) in the chip that are are arranged

in ascending order of their diffusion coefficient, i.e., Dp1q ă Dp2q ¨ ¨ ¨ ă Dpnq. The col-

lection of wash targets T “ tT p1q, T p2q, ¨ ¨ ¨ T pnqu, where T piq is the set of wash targets

contaminated by the i-th contaminant species, is given. Let us revisit Fig. 3.1 as

an example. T
pi,pq
wash is first simplified to T

piq
wash because the wash time Twash is domi-

nated by the diffusion rate of the contaminants for flow-based microfluidic biochips

(demonstrated in Section 3.2.2). Assume that Channels D and H are contaminated

by cells, which corresponds to a T
p1q
wash time equal to 6 s. Similarly, assume Channels

C and E are contaminated by regular biochemistries with typical T
p2q
wash values of

0.2 s. Hence, T p1q “ tD,Hu and T p2q “ tC,Eu. As can be seen in Table 3.1(a) (path

dictionary of Fig. 3.1), there are two potential wash strategies to cover all wash tar-

gets T “ T p1qY T p2q “ tC,D,E,Hu: (1) Path 3 and Path 4; (2) Path 6 and Path 1.

The total times for both strategies are equal if T
p1q
wash “ T

p2q
wash. However, because

T
p1q
wash " T

p2q
wash, Strategy 2 is preferred because both channels contaminated by the

cells are covered by a single path, i.e., Path 6, and therefore only 0.2 s are needed for

Path 1 to remove the residual biochemistries in Channel C. In comparison, Strategy

2 takes 6 s`6 s“12 s in total to completely clean Channels D and H because both

Path 3 and Path 4 must be maintained for 6 s. Thus, to avoid this situation and min-

imize the total wash time, higher priorities should be given to minimize the number

of wash paths that cover the contaminants with a small diffusion coefficient D.
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We will next present an approach to determine the washing-path set H if a

chip contains multiple contaminant species. In Fig. 3.7, the washing-path set is

determined by selecting the path with the maximum value-to-cost ratio rppq, i.e.,

V ppq{wppq, in each iteration (Line 7). However, if a chip contains multiple con-

taminant species, the value-to-cost ratio rppq for each species i must be calculated

separately. Specifically, the wash targets in T piq are considered separately during

each iteration when calculating their path value V ppqpiq, i.e., V ppqpiq “
ř

fpjq, j P

T piq X tj : p P Sju. To maximize efficiency, in the first iteration, a set of paths with

highest value-to-cost ratio rppqp1q (where rppqpiq “ V ppqpiq{wppqpiq and wppqpiq “ T
pi,pq
exec

is calculated beforehand and stored in a look-up table) is selected because the dif-

fusion rate for C1 is the slowest and should be given the highest priority. Set E is

defined to store all the paths with highest rppqp1q. If the path set E has multiple

elements, rppqp2q will be compared and the path p P E with biggest rppqp2q will be

selected. The comparison continues from C1 to Cn until E contains only one element.

This path will then be added into the washing-path set H.

The pseudocode for the complete proposed wash-path set selection algorithm is

shown in Fig. 3.8.

3.3.5 Complexity Analysis

Next we evaluate the worst-case computational complexity of Algorithm 3.2. Assume

that the number of contaminant species is n, the number of pre-defined wash targets

is p, and the maximum number of paths covering each vertex is l. Each iteration of

the algorithm takes O(p) time for Step 6, O(npl) for Step 9 and Step 10, and O(n)

for Step 11-12. Step 15 and Step 16 take O(pl) and O(1), respectively. In the worst

case, the algorithm makes p iterations, which means that only one wash target is

covered by each washing path.We analyze the algorithm step-by-step. Hence, the

overall computational complexity is O(npl)¨p`O(pl)¨p “ O(np2l).
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Algorithm 3.2 The enhanced wash-optimization approach (multiple species of con-
taminants)

1: Arrange contaminant species in ascending order of their diffusion coefficient, i.e.,
Dp1q ă Dp2q ¨ ¨ ¨ ă Dpnq;

2: Remove Sj in S if jRT , where T “ tT p1q, T p2q, ¨ ¨ ¨ T pnqu;
3: Remove all paths that include forbidden vertices from the dictionary S;
4: Initialization H: H “ H;
5: while S ‰ H do

6: Update fpjq: fpjq “ loga
|Sj |´1

|M |´1
for every vertex j, where M “ YjPXSj;

7: Initialize E: E “M ;
8: for i :“ 1 to n do
9: Update V ppqpiq: V ppqpiq “

ř

fpjq, j P T piq X tj : p P Sju;
10: Update E by finding the paths p P E with the maximum value-to-cost ratio

rppqpiq, V ppqpiq{wppqpiq;
11: if |E| “ 1 then
12: break;
13: end if
14: end for
15: S “ S ´ Sj for every j P tj : E Ď Sju;
16: H “ H Y E;
17: end while
18: Return H
Figure 3.8: Pseudocode for determining the washing-path set H. The chip is
contaminated by only one species of contaminants.

3.4 Results: Application to Fabricated Biochips

In this section, we evaluate the wash optimization approach using two representa-

tive and fabricated flow-based microfluidic biochips. The ChIP one is targeted for

chromatin immunoprecipitation (ChIP), an assay used to analyze DNA-protein in-

teractions [9]. On this platform, we can perform ChIP on different DNA fragments

of one kind of cell samples. The other biochip is a programmable flow-based device,

structured as a 8-by-8 grid [64]. Multiple wash targets, occupied microchannels, and

contaminant species are defined for the purpose of algorithm evaluation. The pro-

posed approaches are compared with a baseline solution for the washing of flow-based

microfluidic biochips. These methods are described below.

1. Baseline method (Method I): Buffer flows along the longest path in the chip
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to cover as many microchannels as possible. Without a dictionary, it is diffi-

cult to find a path set that can cover all washing targets, especially for a chip

with a large channel network. To reduce the number of wash paths and re-

duce the path setup time, this baseline method simply finds the longest paths

(paths that include the largest number of vertices, irrespective of whether they

are wash targets) without considering the positions of contaminated targets.

Furthermore, to ensure that the cleanliness criteria is satisfied for each wash

target, Twash is set to the maximum Twash for all of the contaminant species.

2. A greedy method based on the proposed dictionary (Method II): The longest

path in the compressed dictionary S1 is selected in each iteration. With

the help of a dictionary, washing-path search becomes more directed and the

weighted hitting-set problem can be used. After removing all uncontaminated

microchannels in the dictionary, we select the longest path (the path covering

the maximum number of washing targets) at each iteration. While this solution

is one implementation of the proposed approach, it is inefficient because flow-

based biochips lead to graphs with low node degrees. Some microchannels are

seldom visited in this traversal method and therefore need to be given higher

priorities. Furthermore, if the chip contains multiple contaminant species, the

value of Twash for a wash path is set as the wash time value for the contaminant

species with the smallest diffusion coefficient .

3. Enhanced wash-optimization approach without considering the difference of

diffusion rate (Method III): This method is based on the proposed approach

illustrated in Fig. 3.7, where wash priorities of paths are calculated by the sum

of utilities of all the covered washing targets. However, the difference of Twash

for different contaminant species is not considered.
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4. The proposed approach (Method IV): This method is based on the proposed

approach illustrated in Fig. 3.8. Wash priorities of paths are calculated by

the sum of utilities of all the covered washing targets. Moreover, the selection

of the wash paths for different contaminant species are considered separately

to minimize the total wash time. Higher priorities are given to minimize the

number of wash paths that cover the contaminants with a small diffusion co-

efficient D. Compared to Method II and III, this method leads to the shortest

execution time, but it requires more CPU time.

3.4.1 Results for ChIP

We reuse ChIP chip as the first example; see Fig. 3.9. The ChIP chip is fabricated

to perform ChIP on the DNA fragments of one kind of cell [9]. However, wash-

ing allows the chip to use DNAs from different cells without concerns about cross-

contamination. For example, after the DNA samples of the first cell into Mixer 3

are loaded, Mixer 1 and Mixer 2 need to be washed. The washing step is needed

because the second cell samples have to be transported to Mixer 2 after cell lysis

and DNA fragmentation, which are performed in Mixer 1. We will simulate this real

wash scenario in Test Case 3.

A path dictionary is first generated using DFS on the graph model of this chip.

34 paths are found. The dictionary is shown in Table 3.3.

Additional information, such as channel length, number of covering paths, and

utility function value, is shown in Table 3.4.

The number of paths that cover a microchannel varies considerably for different

microchannels; see the column “# of covering paths” of Table 3.4. Microchannels

near the reservoirs, such as vertices 3, 13 and 19 in the graph, are covered by most

paths, while microchannels at branches, such as vertices 6-11, are covered by only a

few paths. The standard deviation of the number of paths covering each vertex is
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Figure 3.9: Abstract layout of the ChIP chip [9]. Rectangles indicate the positions
of valves, which are connected to pumps via control channels (not shown in the
figure). It contains 35 valves and 15 ports in the flow layer. P1 – P15 are fluid inlets
and outlets in the flow layer. A buffer reservoir is connected to P3. Cell samples are
first loaded into Mixer 1 for cell lysis and DNA fragmentation (DNA preparation),
and then the DNA fragments are transported into Mixer 2 or Mixer 3 for ChIP.

Table 3.3: Path dictionary obtained using DFS on the graph model for the biochip
of Fig. 3.9.

Entry # Microchannels Entry # Microchannels
1 3,13,17,14 18 3,13,16,15,19,20,23,27,29
2 3,13,17,18,15,12 19 3,13,16,15,19,20,23,27,31,34
3 3,13,17,18,19,20,23,25 20 3,13,16,15,19,20,22,31,27,25
4 3,13,17,18,19,20,23,27,29 21 3,13,16,15,19,20,22,31,29
5 3,13,17,18,19,20,23,27,31,34 22 3,13,16,15,19,20,22,34
6 3,13,17,18,19,20,22,31,27,25 23 3,13,16,15,19,21,24,26
7 3,13,17,18,19,20,22,31,29 24 3,13,16,15,19,21,24,28,30
8 3,13,17,18,19,20,22,34 25 3,13,16,15,19,21,24,28,32,35
9 3,13,17,18,19,21,24,26 26 3,13,16,15,19,21,33,32,28,26
10 3,13,17,18,19,21,24,28,30 27 3,13,16,15,19,21,33,32,30
11 3,13,17,18,19,21,24,28,32,35 28 3,13,16,15,19,21,33,35
12 3,13,17,18,19,21,33,32,28,26 29 3,8,2
13 3,13,17,18,19,21,33,32,30 30 3,8,7,1
14 3,13,17,18,19,21,33,35 31 3,8,7,6
15 3,13,16,12 32 3,9,4
16 3,13,16,15,18,14 33 3,9,10,5
17 3,13,16,15,19,20,23,25 34 3,9,10,11
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Table 3.4: Additional information about the dictionary of the flow-based microfluidic
biochip shown in Fig. 3.9. “ID” denotes Micro-channel ID, “L” denotes Channel
length, “P” denotes the number of covering paths, “V” denotes the utility function
value.

ID L (mm) P V ID L (mm) P V
1 2.5 1 inf 19 1 24 0.52
2 2.5 1 inf 20 3.5 12 1.59
3 2.5 34 0 21 3.5 12 1.59
4 2.5 1 inf 22 11 6 2.72
5 2.5 1 inf 23 3.65 6 2.72
6 1 1 inf 24 3.65 6 2.72
7 1 2 5.04 25 1.5 4 3.46
8 1 3 4.04 26 1.5 4 3.46
9 1 3 4.04 27 4 6 2.72
10 1 2 5.04 28 4 6 2.72
11 1 1 inf 29 1.5 4 3.46
12 2.5 2 5.04 30 1.5 4 3.46
13 3.5 28 0.29 31 3.65 6 2.72
14 2.5 2 5.04 32 3.65 6 2.72
15 9.3 14 1.34 33 11 6 2.72
16 2 14 1.34 34 1.5 4 3.46
17 2 14 1.34 35 1.5 4 3.46
18 9.3 14 1.34

7.8613. The wash priorities for microchannels are evaluated in terms of the utility

function, whose value is obtained by fpjq “ loga
|S1

j |´1

|M 1|´1
with a “ 0.5. The utilities of

microchannels 1, 2, 4, 5, 6, 11 are infinity because as long as these microchannels are

contaminated, the corresponding paths have to be selected. The utility of microchan-

nel 3 is “0” because it is covered by all paths in the dictionary; it is unnecessary to

take this microchannel into account during path evaluation.

ChIP chips may be polluted by two contaminant species: cell samples (Dp1q “

10´7 cm2/s) or a combination of the cell lysis buffer and DNA fragments (Dp2q “

10´5 cm2/s). The channels in ChIP chips have a width of 35 nm, and an external

pressure of 10 psi is applied to force the wash buffer to flow. Hence, the value of

T
p1,pq
wash and T

p2,pq
wash can be obtained by Equation 3.6, and the corresponding results for
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each path are calculated beforehand and stored in a look-up table. Because the wash

process is dominated by diffusion, the selection of the wash paths for contaminant

species C1 and C2 must be considered separately and C1 should be given a higher

priority.

We perform three tests to evaluate the proposed method:

1. Test Case 1: 4 occupied microchannels, 8 wash targets in T p1q (wash targets

contaminated by C1), and 2 wash targets in T p2q are randomly generated in

the chip. This experiment is repeated 500 times, and results are reported in

terms of mean and standard deviation of the wash times.

2. Test Case 2: 6 occupied microchannels, 10 wash targets in T p1q, and 10 wash

targets in T p2q are randomly generated in the chip. Once again, this experiment

is repeated 500 times, and averaged results are reported.

3. Test Case 3: We simulate a real wash case in ChIP, where T p1q “ t3, 13, 16, 17u,

T p2q “ t15, 19, 20, 22, 23, 27, 31, 34u and O “ t33u. The cell samples are loaded

into Channel 16, mixed with the lysis buffer, and then collected at P14. Hence,

the set of wash targets T p1q and T p2q is designed to clean a loading path for

the second cell samples and the set of occupied channels O stores the DNA

samples of the first cells. The second samples then can be loaded into these

channels without cross-contamination. Method I selects Path 20, Path 6 and

Path 3. Method II selects Path 20 and Path 5. Method III selects Path 19

and Path 8. The proposed method (Method IV) selects Path 16, Path 19 and

Path 22.

Test Case 1 and Test Case 2 are synthetic benchmarks. They are generated by

randomly selecting different numbers of wash targets and occupied channels. Test

Case 3 is a real case. It is designed to clean a loading path for the second set

84



Figure 3.10: Three test cases for the ChIP chip with different combinations of
wash targets and occupied microchannels. Three approaches, a baseline method
(Method I), a greedy approach based on the proposed dictionary (Method II), the en-
hanced wash-optimization approach method (Method III) and the proposed method
(Method IV), are evaluated and compared.

of cell samples after Step “Cell and DNA processing ”in the CHiP chip [9], and

simultaneously bypass the DNA samples stored in Mixer 3. Due to the contamination

problem, ChIP can process only one DNA sample. The proposed wash method

enables ChIP chips to process chromatin immunoprecipitation assays on multiple

DNA samples without the need for different chips or different chip layouts.

The mean washing time and the standard deviation of the baseline method

(Method I), the greedy approach based on the proposed dictionary (Method II), and

the enhanced wash-optimization approach (Method III) and the proposed approach

(Method IV) are compared in Fig. 3.10. Methods IV results in the most efficient

washing pathways for all three test cases. Moreover, a path dictionary reduces the

washing time by 50%.

The CPU time for the three methods are listed in Table 3.5. Method II requires

the lowest CPU time. Method IV requires more computation than Method II and
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Table 3.5: The CPU time for the four methods and the different test cases

Method I (ms) Method II (ms) Method III (ms) Method IV (ms)
Case 1 15.95 2.78 6.98 10.98
Case 2 25.75 5.48 19.35 26.32
Case 3 10.23 1.87 3.38 3.62

Method III, but it still takes only one-third of the wash-execution time of Method I.

Note that the main concern in this work (and in any biochemistry application) is

not the runtime for computing a solution but the time needed for completing the

wash during an actual biochemical experiment. Method I simply finds the longest

paths without considering the positions of contaminated target. The results for this

method are much worse than that for the proposed one, although its runtime is

comparable to the other methods because of its inherent simplicity. This simulations

were carried out using a computer with a 2.4 GHz AMD-FX4170 processor and 8

GB memory.

3.4.2 A Programmable Microfluidic Device with an 8-by-8 Grid

Next we evaluate the wash-optimization approach using a programmable flow-based

device, structured as an 8-by-8 grid [64]. Each of the nodes in this chip is surrounded

by up to four valves, allowing variable interconnections and the implementation of

arbitrary channel structures. All 112 on-chip valves are individually addressable.

The wash buffer can be injected from any fluid inlets in the chip because the chip

structure is symmetric.

A dictionary comprising of two million paths is first generated by random path

search. We perform three tests to evaluate the proposed method. Each test is

repeated 500 times and the mean washing time and the standard deviation are re-

ported. As before, contaminant C1 refers to cells, with a typical diffusion coefficient

of Dp2q “ 10´7 cm2/s, and contaminant C2 refers to chemistries with small molecules,

with a typical diffusion coefficient of Dp2q “ 10´5 cm2/s. The following cases are con-

86



Figure 3.11: Washing time for the programmable chip, structured as an 8-by-8
grid. Method IV (the proposed approach) provides the shortest washing time in all
cases.

sidered:

1. 10 wash targets in T p1q (wash targets contaminated by C1), 10 wash targets in

T p2q, and 8 occupied microchannels are randomly generated in the chip.

2. 20 wash targets in T p1q (wash targets contaminated by C1), 20 wash targets in

T p2q, and 10 occupied microchannels are randomly generated in the chip.

3. 40 wash targets in T p1q (wash targets contaminated by C1), 40 wash targets in

T p2q, and 15 occupied microchannels are randomly generated in the chip.

Fig. 3.11 indicates that the proposed approach (Method IV) outperforms the base-

line (Method I), Method II, and Method III. The average CPU times are 48.5 s

(Method I), 0.48 s (Method II) 4.28 s (Method III), and 4.97 s (Method IV).

3.5 Conclusions

We have described a wash optimization method for cross-contamination removal

in flow-based microfluidic biochips. Given several wash targets and occupied mi-
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crochannels, the proposed technique generates a set of washing pathways to clean all

targets with minimum wash time. A path dictionary is first generated by searching a

priori all physically implementable paths in a given chip layout. Based on this path

dictionary, the wash optimization problem can be formulated as a variant of hitting-

set problem. Due to the low degree of the graph generated by flow-based biochips,

we improve our algorithm by defining a utility function to evaluate the wash priori-

ties of washing targets. The paths that cover targets with higher utilities are given

higher priorities. The approach is also applicable to the case where the chip contains

multiple contaminant species. Two representative and fabricated biochips are used

to evaluate the proposed washing methods. Compared with a baseline approach, the

proposed approach leads to the most efficient washing for each of the test scenarios

considered in this work.
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4

Fault Modeling, Testing, and Design-for Testability

Another potential roadblock in the deployment of microfluidic biochips is the lack

of test techniques to screen defective devices before they are used for biochemical

analysis. An increase in valve densities of these devices leads to more defects, es-

pecially with low-cost fabrication technologies based on soft lithography. Testing

and fault detection are essential in order to ensure that the outcomes of screening

and diagnostic tests for biomedical applications are reliable. If an unexpected error

occurs during a biochemistry experiment, the outcome of the experiment will be in-

correct, leading to the likelihood of misdiagnosis. Even if errors are detected while

tests are being conducted on patient samples, the repetition of experiments on newer

chips leads to an increase in time-to-response and higher cost due to the wastage of

expensive reagents.

In this chapter, we study automated testing of flow-based microfluidic biochips

that are designed using membrane-based valves for flow control. The proposed test

technique is based on a behavioral abstraction of physical defects in microchannels

and valves. The flow paths and flow control in the microfluidic device are modeled as

a logic circuit composed of Boolean gates, which allows test generation to be carried
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out using standard Automatic Test Pattern Generation (ATPG) tools. The tests

derived using the logic circuit model are then mapped to fluidic operations involving

pumps and pressure sensors in the biochip. Feedback from pressure sensors can be

compared to expected responses based on the logic circuit model, whereby the types

and positions of defects are identified. Moreover, based on the analysis of untestable

faults in the logic-circuit model, we present a design-for-testability (DfT) technique

that can achieve 100% fault coverage at the logic level, i.e., complete defect coverage

for all valves and microchannels. We demonstrate the automated test generation and

DfT solutions using two fabricated biochips, and show experimental results for two

additional fabricated biochips.

The rest of this chapter is organized as follows. Section 4.1 introduces the re-

search motivation and challenges. Section 4.2 presents a list of defects for flow-based

microfluidic biochips. We relate these defects to four basic fault models and observ-

able errors. Section 4.3 describes the proposed test method, including logic circuit

abstraction and ATPG. A defect, according to its type and position, can be mapped

to a behavior-level fault, and be associated with a primary input of the logic circuit

model. In Section 4.4, a real chip is utilized as an example to show the procedures of

logic circuit modeling and test pattern generation. Section 4.5 presents a hierarchical

modeling technique to map biochips to logic models. Section 4.6 expands the pro-

posed fault modeling and testing strategy by addressing several practical concerns.

In Section 4.7, a test-application and measurement system is designed for laboratory

use, and two biochips are used for experimental demonstration of the proposed test-

ing technique. In Section 4.8, we first demonstrate that untestable faults at the logic

level are not redundant at the physical level. Next, we present our DfT solution and

illustrate it for two fabricated biochips. Finally, conclusions are drawn in Section 4.9.
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4.1 Motivation and Challenges

Although advances in flow-based microfluidic biochips offer tremendous potential for

biochemical analyses and clinical diagnostics, the adoption of flow-based biochips

is hampered by defects that are especially common for chips fabricated using soft

lithography techniques [49]. In addition, due to the inherent randomness of com-

ponent reactions in biochemistry, predictive modeling and accurate control are dif-

ficult [14, 42]. All these factors make biochips especially vulnerable to defects and

erroneous microfluidic operations, which are unacceptable for applications such as

real-time DNA sequencing [15] and antigen detection [43] that require high precision.

When an unexpected error occurs, the entire experiment has to be repeated on a new

chip [44]. Repetition of experiments is costly, since samples are hard to obtain and

reagents are expensive. Such repetition also increases the time-to-result for clinical

diagnosis.

To overcome these barriers to practical adoption and deployment, a quality-

checking method is needed to target key fluidic operations before chip use [45].

Defective chips need to be identified and subsequently discarded. Furthermore, for

the adoption of PDMS microfluidic technology, quality-control measurements are re-

quired. The service providers must have robust post-fabrication testing methods to

ensure the quality of their product. Only then can researchers trust data generated

using these devices. Recent advances in testing of digital microfluidic biochips [46–48]

cannot be used here because of the many differences in the underlying technologies.

Flow-based biochips manipulate continuous flow in microchannels using pumps and

valves, while digital microfluidic biochips control discrete droplets on an electrode

array using the principle of electrowetting-on-dielectric [12]. The test stimuli, test

control, and observation methods are inherently different for these types of biochips.

The fluid-control mechanism and complex microchannel network structures in flow-
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based devices make testing difficult.

To date, no systematic testing solution has been proposed and visual inspection

under microscopes is the most common test method [49, 50]. However, it suffers

from low throughput, it is labor-intensive, and it requires expensive scopes, cameras,

scanning stages, and complex vision-analysis software. Even skilled observers cannot

systematically scan the entire chip at high resolution. More importantly, the fault

coverage (percentage of detectable faults) obtained using visual inspection is inade-

quate: defects can easily escape detection and some defects are invisible under the

microscope even at high magnification. For example:

• Valves cannot close completely. Two potential causes may lead to this defect:

i) the membrane layer is too thick; ii) flow channels are too tall.

• Poor bonding between channels: It could result in a short under pressure and

these defects are undetectable through visual inspection.

Moreover, virtual inspection would over-test, and therefore leads to unnecessary yield

loss. For example:

• Slight misalignment: When valves are partially misaligned with underlying

channels, the chip could still be functional and must be assessed with functional

tests.

• Debris trapped on different layers: It may not affect functionality but a chip

with debris on different layers may be classified as a defective chip by visual

inspection.

Therefore, an automated functional test is necessary for mass adoption of PDMS

microfluidic technology because it can stimulate the working environment and detect

defects that may cause faulty behaviors in the usage of these devices.
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In this chapter, we present an approach for automated functional test of flow-

based microfluidic biochips that use membrane-based valves for flow control. The

proposed test technique infers the internal valve conditions from external pressure

sensors by measuring the pressure in microchannels. Based on a behavioral abstrac-

tion of physical defects in microchannels and valves, the flow paths and flow control

in the microfluidic device are modeled as a logic circuit composed of Boolean gates,

which allows us to carry out test generation using standard ATPG tools. The tests

derived using the logic circuit model are then mapped to fluidic operations involving

pumps and pressure sensors in the biochip. Feedback from pressure sensors can be

compared to expected responses based on the logic circuit model, whereby the types

and positions of defects are identified. We also discuss the application of this test

technique to biochips that use “valve compression” to reduce the number of valves

for large designs. We describe the test-application setup for realistic scenarios and

provide experimental demonstrations for two fabricated chips.

4.2 Defects and Fault Modeling

Defects in a flow-based microfluidic biochip can be attributed to fabrication steps and

environmental reasons such as imperfections in molds, pollutants, bubbles in PDMS

gel, and failure in hard baking. Furthermore, as feature sizes are scaled down, the

sizes of and distances between micro-channels are reduced in order to achieve higher

degrees of microfluidic integration. This increasing density raises the likelihood of

defects. Some typical defects are listed below.

Block: Microchannels may be disconnected, blocked, or in some cases, even missing.

Fig. 4.1(a)-(c) shows some examples of block defects in fabricated microfluidic

devices. The potential causes are environmental particles or imperfect silicon

wafer mold.
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Figure 4.1: Images of some typical visible defects in a fabricated flow-based mi-
crofluidic biochip: (a) Defect in the control layer; (b) Another defect in the control
layer; (c) defective flow channels; (d) leaking flow channels; (e) Another example of
leakage in a flow channel; (f) More leaky flow channels; (g) A partial leakage; (h)
Another example of partial leakage; (i) An example of misalignment.

Leak: Some defective spots on the wall can connect independent micro-channels.

The flows in either of them infiltrate into the other channel and the resulting

cross-contamination can be catastrophic. It has been reported in [68] that the

probability of a leaked channel pair increases as the length of the channels

increases. It is higher if the distance between parallel channels decreases, and

is less for channels that do not run in parallel. Fig. 4.1(d)-(f) shows some

examples of leak defects caused by fiber pollutant in fabricated microfluidic

devices. Moreover, some partial leak defects are shown in Fig. 4.1(g)-(h). These

defective spots might become fully leakage when high pressure is injected into

the channels.
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Misalignment: Control layer and flow layer are misaligned (Fig. 4.1(i)). As a re-

sult, membrane valves either cannot be closed or are not even formed. The

corresponding faulty behavior is similar to that of a block in the control chan-

nels.

Faulty Pumps: Pumps with defects fail to generate pressure when actuated. The

faulty behavior here is similar to that for block; it interrupts the transmission

of pressure.

Degradation of valves: The membranes of valves might lose their flexibilities or

even be perforated after a large number of operations. A consequence of this

defect is that the valves cannot seal flow channels.

Dimensional Errors: The fabricated microchannels might be too narrow in com-

parison to the designed dimensions. The mismatch of height-to-width ratio

may lead to a valve that cannot be closed; as a result, the flow cannot be

stopped in flow channels underneath the valve.

Despite the complexity of flow-based microfluidic biochips, the consequence of the

above defects can be described as either a block or a leak. While these two generic

fault types (block and leak) can be observed in both layers, their respective faulty

behaviors are different (Table 4.1).

We next make the observation that the errors due to defects can be modeled in

terms of faulty behaviors of valves. For example, a block in a flow channel can be

modeled as a valve that cannot be opened (deactivated), while a block in a control

channel can be represented by valves that cannot be closed (activated). Similar

behavioral models can be defined for leaks.

Let us consider Fig. 4.2 as an example and consider the following defects.
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• Block in flow channels: A block defect in the flow channel between valves g & h

(the bottom semicircle of the mixer) leads to the behavior that valve g cannot

be deactivated. (A valve and the channels connected to it are considered to be

a single entity.)

• Block in control channels: Pressurized air cannot reach the flexible membrane

to seal the flow channel if a block defect exists in the control channel. In this

case, valve g cannot be activated.

• Leak in flow channels: Similar to a bridge (short) fault in integrated circuits,

if a leak occurs between flow channels g-h and b-c, the liquid in channel g-h

infiltrates channel b-c.

• Leak in control channels: If a leak occurs between the control channels of c

and h, the two shorted valves effectively form one valve. When either valve is

activated, both valve c and h are activated.

4.3 Testing Strategy

For testing, feedback signals are needed to identify chip conditions. However, for flow-

based microfluidic biochips, only inlets and outlets are available to communicate with

the outside environment. Therefore, we use a test set-up where feedback is generated

when pressure sensors are connected to the outlets and pumps are connected to the

inlets. If there is a path between pump sources (inlets) and pressure sensors (outlets),

pressure sensors at the outlets detect a high pressure generated by the pumps. The

measured high pressure is defined as output “1”. If all routes between inlets and

outlets are blocked, pressure sensors cannot sense the high pressure injected by the

pumps. The absence of high pressure is defined as output “0”. In flow-based biochips,

all ports are physically identical, regardless of the functional classification of inlets
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Table 4.2: Logic representation of valve states and pressure response.

Logic Valve state Valve condition Pressure response

1 open deactivated high
0 closed activated low

Figure 4.2: Layout of a simple microfluidic chip with a mixer (the circle) and a
branch. The lines indicate flow channels. Rectangles indicate the positions of valves,
which are connected to pumps via control channels (not shown in the figure). O1
and O2 are outlet ports.

and outlets. During testing, only one of ports in the flow layer is connected to a

pressure source, while the rest are connected to pressure sensors.

Similarly, a set of definitions for valve conditions is formulated. A “1” at a valve

means that the valve is deactivated, i.e., low pressure in the control channel, while

“0” indicates that the valve is activated, i.e., high pressure in the control channel.

Table 4.2 connects the logic representation of valve states to the corresponding pres-

sure response. A binary pattern, also known as a test vector, is applied to all valves

to set their open/close states. The actual responses of pressure sensors are compared

to the expected responses. The microfluidic biochip is considered good if the two

sets of responses match.

Table 4.3 illustrates the test strategy to target the faults in Table 4.1 for the

design in Fig. 4.2. The test effectiveness depends on the quality of test patterns. As

expected, the more complicated the microfluidic biochip structure is, the harder it is

to determine a test pattern set that covers every fault type for each valve and channel.

Therefore, it is necessary to further abstract defects and microfluidic structures to

98



facilitate automatic test-vector generation.

Recall that defects in both flow channels and control channels can be modeled as

the faulty behavior of a valve. Furthermore, a binary logic framework can be defined

whereby an activate valve and a deactivate valve can be defined as logic “0” and “1”,

respectively. Hence, Table 4.4 defines behavioral-level fault models for a flow-based

microfluidic biochip.

According to valve-based fault analysis, all types of defects occurring in both

control channels and flow channels can be mapped to a specific behavioral-level fault

at a valve. Such a classification simplifies the test problem for a 3D structure to

that for a 2D design. It also simplifies test generation for chips with complicated

networks of channels and valves.

For ease of description and analysis of biochip channel networks, we develop a

discretized schematic of a valve network in place of a continuous fluid-flow topology.

Fig. 4.3 illustrates an example for the design of Fig. 4.2. Logic relationships that

define flow-based biochips can be inferred from this schematic, e.g., valve b is serially

connected to valve c, d, e and f. Therefore, either of these valves can potentially

block the route, i.e., there is an “AND” logic relationship among them. On the

other hand, routes b-f and g-h are in parallel, hence the activation of either of the

two routes can lead to output “1”, i.e., high pressure sensed by the corresponding

pressure sensor. There is an “OR” logic relationship between them. We can thereby

further abstract flow-based biochips from the intermediate schematic representative

of valve networks to valve-based logic gate circuit diagrams, as shown in Fig. 4.4,

whose logic expression is tO1, O2u “ tj, ku ¨ a ¨ i ¨ pb ¨ c ¨ d ¨ e ¨ f ` g ¨ hq. The primary

inputs are nodes in the schematic of Fig. 4.3.

We list below two important attributes of the logic circuit model:

1. Only primary inputs (valves) and outputs (pressure sensors) have physical
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Table 4.4: Behavioral-level fault model for flow-based biochips.

Flow Layer Control Layer

Block stuck-at-0 stuck-at-1
Leak OR bridge (1-dominant ) AND bridge (0-dominant )

meaning. All other circuit connections are used to represent logical relation-

ships. As a result, we only need to target faults at the primary inputs of this

circuit.

2. A series connection of valves in a flow route is mapped to an AND gate. On

the other hand, a parallel connection of valves is mapped to an OR gate.

Therefore, based on Fig. 4.4 and Table 4.4, we note that a physical defect in a flow-

based biochip can be mapped to a fault at a primary input of a logic circuit. For

example, to target a block defect in flow channel g-h, we can first map this defect

to a stuck-at-0 fault according to Table 4.4, and after that this fault is associated

with the primary input g in the logic circuit model (Fig. 4.4). Similarly, a leak

defect between valve f and h can be represented by an AND bridge fault between

primary inputs f and h of Fig. 4.4. Based on the logic circuit model, we can readily

determine the actual (with faults) and expected (fault-free) responses of pressure

sensors and therefore accelerate the search for test stimuli. If the actual outputs are

different from the expected ones, we can not only conclude that the chip is faulty,

but also infer the positions and types of defects. The logic circuit model therefore

provides a concise representation and we can use ATPG algorithms and tools for

Figure 4.3: Schematic of a valve network corresponding to Fig. 4.2. It can represent
all interconnection relationships between channels and valves. Joint “a” not only
represents valve “a” and its downstream flow channels, but also the on/off state of
the fluid-injection pump.
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Figure 4.4: Logic circuit model of the biochip shown in Fig. 4.2.

test-stimuli generation. We can reduce the number of pressure sensors at the cost

of more test patterns and test time. Note that this test method involves hooking

up control lines and sensors to the chip, which may take considerable set-up time

in a lab. However, in an industrial setting, acrylic jigs can be built for each chip

manufactured to eliminate setup time. These jigs will have all the ports and sensors

pre-connected. All one has to do is to align the jig to the chip and apply pressure so

that the connection is airtight.

Recall that each valve node in the schematic of the valve network (or the primary

input of the logic circuit model) represents not only the valve itself, but also its

downstream flow channel. Therefore, we need to study how valve compression affects

the logic model and the test generation method.

Valve Sharing If two valves have the same synchronized behavior, i.e., the same

tempo in opening and closing, they can be designed to share a control line and

a pump, e.g. valve b-e in Fig. 4.5(a). Correspondingly, in the logic circuit

model, their equivalent primary inputs are connected together; see Fig. 4.5(b).

Note that both fanin branches can be faulty, hence they need to be targeted in

test generation.

Valve Cancellation If a flow channel permanently carries fluid for a bioassay, the

valve that controls it can be canceled (or deleted from the model). However,
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(a)

(b)

(c)

(d)

Figure 4.5: (a) Valve Sharing. Valve b and e share the same control channel and
pump. (b) Logic model for (a). Note that input b and e are connected together.
Faults might occur at both fanin branches. (c) Valve e is canceled so that the
bottom half of mixer does not have the faults of the control layer (stuck-at-1 and
AND bridge). (d) Logic model for (c). Although valve e does not exist, a fictitious
stuck-at-1 primary input is added to represent the corresponding flow channel.

in the logic circuit model, a fictitious stuck-at-1 primary input needs to be

inserted to indicate this flow channel. Moreover, due to the absence of the

control channel, the number of faulty types of this fictitious input is reduced

from four to two, i.e., stuck-at-0 (block in the flow channel) and OR-bridge

(leak in the flow channel); see Fig. 4.5(c)-(d).
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4.4 Applications to Fabricated Biochip

This section illustrates the procedure of circuit modeling and test pattern generation

for a fabricated flow-based microfluidic biochip [9]. The chip is first modeled as a logic

circuit using the method discussed in Section 4.3, and after that test patterns are

generated by TetraMAX, an ATPG tool from Synopsys. A total of 30 test patterns

are needed to test 99 faults. All faults are detected; hence the fault coverage is

100% [68].

4.4.1 Logic Circuit Model

We again use ChIP chip as an example to evaluate the porposed testing method

(Fig. 4.6). This biochip contains 28 valves and 15 ports in the flow layer. The

corresponding valve logic circuit model is shown in Fig. 4.7, in which we add seven

fictitious stuck-at-1 faults on primary inputs (a’ - g’) to denote canceled valves.

In an actual application, i.e., in functional mode, P1 - P5 are used as inlets where

reagents are injected, while P6 - P15 are used as outlets. However, for the purpose

of testing, since inlets and outlets are physically identical, we can randomly select

any one or multiple ports as “inlets”. In this example, only P3 is connected to a

pump. Each of the other ports is connected to an individual pressure sensor. The

corresponding logic circuit model is presented in Fig. 4.7. In other scenarios where

pumps are assigned to different ports, the logic models will be different and will need

to be developed appropriately.

4.4.2 Test-Pattern Generation and Results

A commercial ATPG tool, TetraMAX from Synopsys, is utilized to generate test

patterns. First, a Verilog file is created to describe the logic circuit in Fig. 4.7.

Also, a fault list is set up to restrict the locations of faults (primary inputs only).

An optimized set of test patterns is generated in only a few seconds of CPU time,
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Figure 4.6: Layout of a fabricated flow-based microfluidic biochip [9]. Rectangles
indicate the positions of valves, which are connected to pumps via control channels
(not shown in the figure). Diamonds indicate the positions of seven fictitious valves
(a’ - g’ ). P1 – P15 are fluid inlets and outlets in the flow layer, which are physi-
cally identical and therefore can be connected to either pumps or pressure sensors
according to the test plan.

Figure 4.7: Logic circuit model of the layout in Fig. 4.6.
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and the ATPG tool reports the number of test patterns, fault coverage, and lists of

detectable and undetectable faults. Using this report, biochip engineers can refine

the layout to avoid the occurrence of undetectable faults.

We first discuss the testing of stuck-at faults in the logic circuit, which model

block defects in the biochip. Stuck-at-0 and stuck-at-1 are considered for all primary

inputs, except the seven fictitious inputs, where only stuck-at-0 faults exist. The

ATPG fault list therefore contains 28 ˆ 2 ` 7 “ 63 faults. ATPG results show that

16 tests are sufficient to cover all these stuck-at faults. The test patterns are listed

in Table 4.5. The length of each expected response is 14 bits, representing P1, P2,

and P4 - P15 since P3 is connected to a pump. The length of the test patterns is

28 bits, representing the 28 valves in the biochip. For example, the binary vector for

the first pattern indicates that Valves 5, 7, 9, 12-14, 16, 17, 19, 22, 24, 26-28 should

be closed (activated) and all other valves should be open (deactivated).

Next, we discuss the testing of bridging faults in the logic model, which correspond

to leak defects in the biochip. We note from Section 4.2 that leakage can only involve

channel pairs that are parallel and close to each other. It is therefore unnecessary to

consider all channel pairs in the layout. We can generate a list of likely leak faults to

reduce the size of the resulting fault list and test patterns. Based on this criterion,

only the following channel pairs appear in the fault list: i) Channel pairs q-r, u-v,

y-z, i-h, i-j, k-h, j-m, h-f, and j-g might leak in the control layer and flow layer, hence

OR bridges and AND bridges are inserted at those locations; ii) Control channels

of valves i, j, g are close to each other, hence AND bridges are inserted into the

fault list for these three valves; iii) for fictitious channel pairs of h-a’, j-e’, only OR

bridges are possible. Finally, there are 36 bridging faults in the fault list and ATPG

generates 14 test vectors to detect all of them (Table 4.5).

As discussed above, all the candidate logic faults can be detected by 30 test

patterns. By activating and deactivating the pumps connected to each valve, the
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opening and closing of 28 valves are controlled, hence the 30 test patterns can be

applied one after the other. The feedback to test patterns from pressure sensors are

compared to expected fault-free responses. If the biochip under test passes all 30

measurements, we conclude that the chip is fault-free. Otherwise, the chip is faulty.

4.5 Automated Generation of Logic-Circuit Model

The approach proposed in Section 4.3 is not applicable to realistic designs because

the circuit model is generated manually and many real defects are mapped to unde-

tectable faults in the logic-circuit model. In this section, we present a technique for

automated and hierarchical generation of the logic-circuit model from the layout of

a flow-based microfluidic chip. We first describe the relationship between “virtual”

Boolean gates and the actual physical structures. Next, we describe how netlist

generation is automated.

4.5.1 Physical Representation of Boolean Gates in Netlists

The logical relationships between the microchannels and microvalves can be obtained

from the flow paths and flow control. Using these relationships, an abstract netlist

that contains only AND gates and OR gates can be derived.

AND gate

A valve in the biochip is mapped to an AND gate with two input pins, one for the

valve input and one for the flow input. The valve input represents the state of the

valve and its underlying flow channels, e.g., the upper input of Gate ANDj shown

in Fig. 4.4. The flow input indicates whether there is fluid flowing towards the valve,

e.g., the lower input of Gate ANDj. The output pin indicates whether there is fluid

flow leaving the valve. There is flow in the downstream flow channel, i.e., a logic

“1” at the output, if and only if the following conditions are met: 1) there is liquid
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flowing into the channel, i.e., a logic “1” at the flow-input pin; 2) the corresponding

microvalve is open, i.e., a logic “1” at the control-input pin.

A microchannel that is simultaneously controlled by multiple valves can be mapped

to an AND gate with multiple inputs, where one input represents the upstream flow

and the other inputs represent the valves. An example of a channel with multiple

valves is given by valves b-f in Fig. 4.2 and corresponding primary inputs in Fig. 4.4.

The multiple-valve structure can also be represented by several 2-input AND gates

connected in series, where each AND gate represents one valve on the chip.

OR gate

An intersection in the biochip is mapped to an OR gate. Each input pin represents

the presence of fluid flow in one of the channels flowing into the intersection, and

the output pin represents the presence of fluid flow leaving the intersection. There

is flow in the output channel, i.e., a logic “1” at the output, if and only if at least

one of the flow inputs is a logic “1”. For example, the intersection consisting of the

underlying flow channels of valves f, h and i in Fig. 4.2 is mapped to the OR1 gate

in Fig. 4.4.

4.5.2 Hierarchical Modeling

Flow-based microfluidic biochips are increasing in complexity with each genera-

tion [27]. For example, the microfluidic comparator chip shown in Fig. 4.8 contains

2056 valves, 18 ports in the control layer, and 9 inlets/outlets in the flow layer. The

method from [69] is not applicable to practical designs of this type because it relies

on a manually generated circuit model.

We propose an automated approach for generating circuit models for test gener-

ation. A gate-level circuit model can be created by tracking flow paths in biochips

and describing the logic traversal in a high-level hardware description language such
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Figure 4.8: Layout of a fabricated microfluidic comparator chip [5].

as Verilog. For example, a flow path a Ñ g Ñ h Ñ i Ñ k in Fig. 4.2 can be

mapped to five AND gates and is written in the format and(nodeout,flowin, valve):

and(n1, n2, a); and(n2, n3, g); . . . and(O2, n5, k). If two paths pass through the same

valve in the same direction, the AND gate for the second path can be omitted be-

cause the AND has already been included due to the first path. In contrast, if two

paths pass through a valve in opposite directions, two AND gates should be created;

these gates share the same valve inputs but have reversed flow inputs and outputs.
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CIRCUIT-MODELING ALGORITHM
1: Generate set of paths S (Section 3.3.1); AND “ H;OR “ H;
2: for all paths in S do
3: Break flow paths node-by-node and store them in the set G;
4: AND “ AND YG;
5: end for
6: while n elements in AND share the same nodeout do
7: Rename these nodes as nodeout1 . . . nodeoutn;
8: Add an OR gate in the set OR;
9: end while
10: return AND and OR.

Figure 4.9: Pseudocode for circuit-model generation.

Finally, if there are n AND gates whose outputs are connected together pn ą 1q,

i.e., there is an intersection in the layout, the connection should be broken and an

n-input OR gate should be inserted to connect the outputs of the n AND gates.

The steps involved in generating the circuit model are shown in Fig. 4.9. S

is a path set generated by the algorithm proposed in Section 3.3.1. The set AND

(OR) consists of AND (OR) gates. The complexity of this algorithm is linear in the

number of components in the biochip.

The architecture of a flow-based microfluidic biochip can be described using a

combination of basic components with different functionalities, such as mixer, filter,

multiplexor, etc. Thus, the circuit model representing a large chip can be generated

hierarchically and automatically by instantiating basic modules representing identical

components. Each basic component is much smaller than the chip, hence the path-

search algorithm of Section 3.3.1 is easier to use in hierarchical model development.

Furthermore, circuit models for commonly used components, such as multiplexors,

can be generated in advance and stored in a library. Finally, the logic-circuit model

for the biochip can be automatically created by interconnecting the netlists of each

instantiated module based on the routing of corresponding components in the chip

layout.

We use the microfluidic comparator chip of Fig. 4.8 to demonstrate the proposed
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Figure 4.10: Logic circuit netlist generated from the biochip in Fig. 4.8.

modeling approach. The microchannels colored blue are located in the flow layer,

while the channels colored red (“Multiplexor control” and “Sandwich barrier”), or-

ange (“Multiplexor control”) and green (Barrier 1-4 and “Mixer barrier”) are in the

control layer. This chip is designed to test for the expression of a particular enzyme.

For testing, we connect the pressure source to the “Purge input” port and ap-

ply the method presented in [69, 70]. The remaining eight fluidic inlets and outlets

in the flow layer (“Sample in”, “Sample out”, “Substrate in”, “Substrate out” and

“Sample collection” 1–4) are connected to pressure meters. Despite its large size

and complexity, the biochip can be divided into four identical columns of cham-

bers. Each column consists of four basic components: 16 1-to-4 demultiplexors, one

64-by-2 grid, 16 4-to-1 multiplexors and one 16-to-1 multiplexor. The number of

valves in each component is less than 30. Therefore, we can run the pseudocode in

Fig. 4.9 for each component, and then establish a block-level circuit model to repre-

sent the entire chip (Fig. 4.10) by instantiating the lower-level modules, e.g., MUXs,

DeMUXs and grids, in the higher-level modules, e.g., columns and the entire chip.

The interconnection of instantiated modules is achieved automatically according to
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the routing of corresponding components in the chip layout. Note that because flow

can pass through the “Sandwich barrier” in both directions, two AND gates with

connected valve inputs are used to represent the valve itself and the downstream flow

microchannel.

In Section 4.8, we present a design-for-testability (DfT) technique that can achieve

100% fault coverage based on further analysis of untestable faults in the logic-circuit

model.

4.5.3 Fault Analysis Based on ATPG Results

The fault list contains 3960 stuck-at faults. The ATPG reports that 74 tests are

sufficient to cover the testable stuck-at faults and there are 882 untestable faults;

thus, the fault coverage is only 77.31%. Further analyses shows that the undetectable

faults corresponds to defects at the sandwich barriers in the layout shown in Fig. 4.8.

Untestable faults can be attributed to the following two reasons:

1) Lack of observability: With the exception of the “Purge input” inlet that is

connected to the pressure source, only 8 inlets/outlets can be connected to a pressure

meter and are therefore observable.

2) Lack of controllability: To reduce the number of external pressure sources,

the 2056 valves are controlled by only 18 pressure sources (“Multiplexor control”,

“Sandwich barrier”, “Mixer barrier” and Barrier 1-4). Valve sharing results in fan-

out branches that cannot be independently controlled.

4.6 Other Practical Concerns

This section expands the proposed fault modeling and testing strategy by address-

ing three practical concerns—test cost, dynamic and multiple faults, and potential

solutions for the testing of dynamic faults.
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4.6.1 Test Cost

Test cost is another concern for the motivation of the proposed test technique. Al-

though flow-based biochips are for one-time use and very cheap, the main cost due

to a faulty chip is not the chip itself, but the wastage of expensive samples, reagents,

and the user’s time. Moreover, faulty chips may lead to misdiagnosis, which is

completely unacceptable and must be prevented. Therefore, robust post-fabrication

testing methods for flow-based biochips are indeed necessary. Additionally, the cost

of the testing system is very low. The only requirements are several off-the-shelf

pressure sensors. A typical silicon pressure sensor, which we used in the demonstra-

tion experiments, costs only $35 [71]. The total cost of the testing system used in

this chapter is less than $1000.

4.6.2 Dynamic Faults

The defects discussed in this chapter, including blockage, leakage, misalignment,

faulty pumps, and degradation of vales, can be categorized as being static. The

consequence of static defects can be described as either a block or a leak. In ad-

dition to static defects, some defects may lead to malfunctions in certain scenarios.

We call them dynamic defects. Instead of completely cutting off flow, dynamic de-

fects increase the hydrodynamic resistance, and consequentially, decelerate pressure

propagation in the microchannels. Some typical dynamic defects are partial block,

coarse channel surface, erroneous channel dimensions, etc. The detection of dynamic

defects cannot be guaranteed by the proposed testing set-up because the feedback

of a pressure sensor is either “1” or “0”. Note however that dynamic defects can be

viewed as soft defects. They can be overcame if: (1) the execution time of each fluidic

operation includes adequate slack; or (2) the output pressure of pressure sources is

sufficiently high. The testing method proposed in this thesis is a functional test that

can mimic the working environment, and detect all defects that can lead to errors

114



during the usage of these devices. Hence, even if there are dynamic defects in the

chips under test, they will not cause malfunctions if the chips pass the test under

the same working conditions.

Furthermore, we can effectively detect dynamic defects by improving the pro-

posed testing strategy. Note that the increase in hydrodynamic resistance leads to

a deceleration in pressure propagation. Hence, we can detect a dynamic defect by:

(1) producing an appropriate pressure change at a primary output; (2) sampling the

pressure in the microchannels multiple times to monitor the pressure change. Ac-

cording to our experimental results, the pressure change in three seconds in a closed

microchannel should be smaller than 0.15 psi, while that in an open microchannel

should be larger than 1.1 psi. More details regarding the demo systems and experi-

mental measurement procedures are described in Section 4.7 (Fig. 4.13 and Fig. 4.14).

Note that a closed microchannel can result from either a closed valve or a complete

blockage defect. Therefore, if the pressure change is slow, i.e., in the range of 0.15-

1.1 psi in 3 s, we can make a conclusion that there are dynamic defects in the chip.

For example, partially closed valves can be detected if the pressure increases slowly

when the faulty valve is closed. Partially disconnected microchannels and slightly

misaligned channels can be detected if a slow pressure increase is observed.

4.6.3 Multiple Faults

It is possible for a chip to contain multiple defects. In our method, each physical

defect in the layout is mapped to a fault in the logic-circuit model. Hence, if a

fault is masked by other faults in the logic-circuit model, we cannot detect the corre-

sponding defects in the chip. However, research in circuit testing has demonstrated

that masking of multiple stuck-at faults is rare in a combinational circuit; published

work has shown that as high as 99.6 percent of faults can be detected regardless of

the presence of other faults in a circuit with three or more primary outputs [72,73].
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Therefore, the single-fault model proposed in the chapter is adequate.

4.7 Experimental Demonstration

In this section, experimental results are presented to evaluate the feasibility of the

proposed test method. Next, the method is applied to two representative and fab-

ricated flow-based microfluidic biochips. A physical test system is implemented to

apply test patterns and measure test responses. Defects are successfully detected for

both kinds of chips.

4.7.1 Experimental Feasibility Demonstration

Water is commonly used as the flow medium in PDMS biochips. However, for the

purpose of testing, water should be avoided because: i) the flow rate of water is too

low to register any significant pressure changes at the output; ii) water may remain

in the channels after testing, and therefore cause contamination and interfere with

on-chip chemistries. Thus, air must be used as the flow medium during testing, even

though PDMS material is porous and therefore is permeable to air. The impact of

air permeability of PDMS biochips on pressure transportation and detection will be

discussed later.

To measure the pressure of a channel at the output, dead volume should be

minimized and the connections must be airtight. To minimize dead volume, very

thin capillary tubes are used to connect the chip output to the sensor. The other

end of the tubing is directly plugged into the chip outlet. For an airtight connection,

each connection between pressure sensors and capillary tubings should to be wrapped

with PTFE tape first and then sealed with epoxy. Pressure sensors from Honeywell

are used in our experiment (Part number: SSCDANT015PGAA3). The sensor is

a piezo-resistive silicon sensor offering an analog voltage output for pressure range

from 0 psi to 15 psi (pressure reference: atmospheric pressure). The sensors and the
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Figure 4.11: Connections between pressure sensors and capillary tubing.

Figure 4.12: Sensor readout for different applied pressure values.

connections are shown in Fig. 4.11. Fig. 4.12 illustrates the relationship between

applied pressure and the voltage output for the connection method used for the test

set-up.

Due to the air permeability of PDMS, pressure in the channels tends to drop

steadily when air flow is used for testing. This is important to note because the

decrease of air pressure inside channels may interfere with signal detection and even

lead to erroneous measurements. Fig. 4.13 presents the air pressure changes in a

microchannel fabricated by PDMS materials, for which two cases are considered.

High pressure and low pressure are injected for the two cases, respectively, and

the channel is sealed by an activated valve and a pressure sensor at both ends. This
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(a)

(b)

Figure 4.13: Measured air pressure maintenance when a microchannel is sealed
by an activated valve at one end and a pressure sensor at the other end. (a) A
high pressure is maintained in the microchannels; (b) a vacuum is maintained in the
microchannels.

figure indicates that air pressure can be maintained in a stable manner for at least one

minute, which is much longer than the measurement time for each pattern. Moreover,

it also demonstrates that a membrane valve can effectively seal air pressure in the

flow channels. Accordingly, air is an eligible pressure medium for the purpose of

testing in a flow-based microfluidic biochip fabricated by PDMS materials. In these

experiments, the pressure pumps are set to 21 psi to push down membrane valves;

the pressure source is set to 11 psi to inject high pressure signals into flow channels

and a vacuum source is used for low pressure signals. These values are used in all

the experiments reported in this chapter.

4.7.2 Pattern Set-up Time, Measurement Time and Refresh Time

In testing, valves must be opened or closed according to test patterns, and then

pressures are measured through external pressure sensors. Typically, a large-scale

flow-based microfluidic biochip needs hundreds of patterns for acceptable fault cover-
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age. Therefore, shortening the execution time for each pattern is crucial for efficient

testing.

In an ideal scenario, air pressure is evenly distributed in a channel. Thus, pressure

changes should be detected once air is injected through a pressure source. Neverthe-

less, Fig. 4.14 indicates that there is a serious sensing delay (˜50 s) after high/low

pressure is injected. According to the datasheet, the output values of pressure sensors

can indicate changes at approximately every 1 ms. Hence, the sensing delay should

be mainly attributed to the pressure propagation delay in the microchannels. In

microfluidics, pressure and flow rate are analogous to electronic concepts of voltage

and current respectively. Therefore, this pressure-propagation delay can be modeled

as a ladder RC circuit model [54, 55]. Pressure will dilate microchannels due to the

flexibility of PDMS, i.e., the energy of compressed air will be transferred and stored

as mechanical potential energy of channel walls. This energy storage can be modeled

as a hydrodynamic capacitor. Similarly, the flux of air/water flow is restricted by

microchannels. Hence, microchannels can be modeled as hydrodynamic resistors,

whose resistance is linear in l{w2 (w: cross-section area of a microchannel; l: channel

length) [55].

It has been shown that a valve is closed because high pressure in the control

channels deflects the membrane valve and blocks flow channels. Just like pressure

propagation delay in flow channels, pressure propagation in control channels also

leads to a delay between the activation of a pressure pump and the complete closure

of the corresponding valve. However, pressure sensors must not measure pressure

in the flow channels until test patterns are completely set up. Therefore, a pattern

set-up time is necessary to ensure that all valves are set to the expected conditions.

Typically, the pattern set-up time is 3 s.

Fig. 4.14 shows that to determine whether the pressure in the flow channel is

high or low, at least 50 s are needed until the pressure in the microchannels becomes
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(a)

(b)

Figure 4.14: Response over time of pressure sensors when microchannels are in-
jected with low/high pressure. (a) low pressure is injected; (b) high pressure is
injected.

stable. This is obviously an unacceptable lag time, especially for a large chip. To

accelerate the sensing process, we can measure the dynamic pressure change instead

of the static pressure: two pressure measurements are made sequentially after the

test pattern is set. If the output of a pressure sensor increases, it can be inferred that

there is a pathway between the pressure source and this sensor, i.e., the response of

this sensor is “1”; Otherwise, if the readout of a pressure sensor does not change,

it can be inferred that the pathway between the pressure source and this sensor

are blocked, i.e., the response of this sensor is “0”. Typically, the time interval

between two measurements is set to 3 s (measurement time). According to Fig. 4.13

and Fig. 4.14, if the initial pressure in the channels is low, less than 0.03 V output

difference, i.e., 0.15 psi pressure change, should be detected for a response of “0”, and

more than 0.25 V output difference, i.e., 1.1 psi pressure change, should be detected

for a response of “1”. Recall that dynamic defects decelerate pressure propagation

in the microchannels. Hence, if the pressure change is in the range of 0.03-0.25 V

under the same measurement conditions, we can make a conclusion that the pressure
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Figure 4.15: Layout of the cell culture chip [10].

propagation in the microchannel is neither completely blocked nor transmitted freely,

i.e., there are dynamic defects in the chip.

Furthermore, Fig. 4.14 demonstrates that the pressure will increase more slowly if

pressure in the channel is high. Therefore, a low pressure is required so that sensors

can detect a measurable change in a short period of time. In our experiments, after

each pattern is executed, all valves are opened and a vacuum source is activated to

keep the pressure in the channels at a low level. This “refresh” stage typically takes

3 s in our experiments.

In summary, it takes 9 s in total for the execution of each test pattern: 3 s for

pattern set-up, 3 s for dynamic pressure measurement, and 3 s for pressure refresh.

4.7.3 Experimental Demonstration I: Cell Culture Chip

We again use the cell culture chip as an example to evaluate the proposed testing

approach (Fig. 4.15). The chip contains 720 valves, 24 ports in the flow layer, and

48 ports in the control layer. In this experiment, Port “Treat” is selected to be

connected to a pressure source. After running ATPG for this chip, we obtain 82 test
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Figure 4.16: Demo system for the testing of flow-based microfluidic biochips in the
laboratory.

vectors for stuck-at faults and 10 vectors for bridging faults.

The demo test system used in the laboratory is shown in Fig. 4.16, where 48

solenoid valves are utilized to control pressure injection into control channels, i.e.,

the open/close of on-chip microvalves. Pressure sensors and their support circuits

are integrated on a breadboard and are connected to ports of biochips through cap-

illary tubing. Solenoid valves and pressure sensors are both individually controllable

by MATLAB. After solenoid valves are set according to the test pattern (pattern

set-up stage), pressure sensors measure the pressures changes in the flow channels

(measurement stage), and then all valves open and a vacuum source ensures that

there is vacuum in all the flow channels (refresh stage). Arduino microcontrollers are

used to read the voltage outputs of pressure sensors and send the signals to MAT-

LAB. A fault-free cell culture chip and a chip with blockage defect in the control
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Figure 4.17: Image of the faulty cell culture chip under test. The chip suffers from
block defects in the control channels.

channels (Fig. 4.17) are tested. For the fault-free chip, all sensor readouts match ex-

pected responses generated by ATPG; for the defective chip, the test failed because

corresponding valves could not be opened.

Table 4.6 shows average pressures and average pressure changes for different mea-

surement time and refresh time. Average pressure in the chip becomes lower when

refresh time is increased. Furthermore, the pressure changes grow larger as mea-

surement time and refresh time increase. The reason for this behavior is that: (i)

pressure changes accumulate with measurement time; and (ii) the refresh process

keeps pressure in the biochip at a low level, therefore, pressure changes are rapid for

sensors whose responses are “1.”

123



Table 4.6: Average pressures and average pressure changes in cell culture chips for
different measurement time and refresh time.

Figure 4.18: Estimation of pattern set-up time. The valve-activation delay is
3.76´ 2.22 “ 1.54s.

Fig. 4.18 estimates the delay between pump actuation and valve closure. The

target valves are the valves with the longest control channel because they suffer

the most from pressure-propagation delay. Initially, all valves are open and vacuum

is maintained in all flow channels. Then the pump connected to target valves are

activated and at the same time, high pressure is injected into flow channels. Due to

the pressure-propagation delay, pressure in the flow channels keeps increasing until

valves are completely closed. Thus, the valve actuation delay (1.5 s) is obtained in

Fig. 4.18 and the pattern (3 s in this experiment) must be longer than this delay.

4.7.4 Experimental Demonstration II: WGA Chip

The second flow-based microfluidic biochip tested in our experiments is designed for

whole genome amplification (WGA) [11]. The chip contains 235 valves, 19 ports in

the flow layers, and 23 ports in the control channels. The chip layout is shown in
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Figure 4.19: Layout of the WGA chip [11]. The faulty chip under test suffers from
block defects in the flow channels, which are zoomed into and shown as well.

Fig. 4.19. Control channels are shown in red. The blue and green flow channels have

different dimensions. Therefore, their connections can be tested be assign a pressure

source at either of them and a pressure sensor at the other. The rest of chip can

be tested by 12 test vectors, which are shown in Table 4.7. The port “Pressure” is

connected to a pressure source.

A fault-free chip and a defective chip with block defects shown in Fig. 4.19 are

tested. As expected, all sensor feedback data match the expected responses for the

fault-free chip. In the case of the defective chip, pressure sensors report errors at

Test Pattern 10 and 11 due to the block defects.

Table 4.8 shows average pressure values and average pressure changes for all 18
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Table 4.7: List of the 12 test patterns for WGA chips and their corresponding ex-
pected fault-free responses. The number of test patterns has been optimized by
ATPG tools to minimize testing time. A test pattern is arranged in the order V1-
V22; An expected response is arranged in the order P1-P19.

Test Pattern Expected Response

1 11111 11111 11111 11111 10 00000 00000 00000 0000
2 01011 01100 10111 10011 01 00000 00001 00000 0000
3 10110 01111 11110 01111 11 00000 00000 00000 0000
4 10111 11011 11101 01111 01 11000 00010 00000 0000
5 01011 11111 01110 00011 01 00001 10000 00000 0000
6 11011 01011 11011 01111 11 00000 00000 00000 0000
7 01011 00111 11111 01111 11 00000 00000 00000 0000
8 11001 01011 01111 01010 11 00000 00000 00000 0000
9 01011 01111 10111 01100 11 00000 00000 00000 0000
10 10110 11010 11111 00101 11 00000 01110 11110 0000
11 11111 11111 11111 01111 11 11111 11110 11111 1111
12 11111 01111 11111 01111 11 00000 00000 00000 0000

Table 4.8: Average pressures and average pressure changes in WGA chips for different
measurement time and refresh time.

patterns for the fault-free chip. As anticipated, an increase in the measurement time

and refresh time can increase the pressure changes at the cost of longer testing time.

4.8 Untestable Faults and Design-For-Testability

In combinational logic circuits, untestable faults are redundant, and, if they occur,

they do not affect the functional behavior of the circuit. However, this is not true

for biochips. The netlist generated from a biochip is based on the location of the

pressure source. While modeling a biochip, we assume that only one pressure source

is connected to a selected inlet/outlet and the other inlets/outlets are connected
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to pressure sources for feedback. For example, the netlist shown in Fig. 4.10 is an

accurate representation of Fig. 4.8 if and only if the pressure source is connected to

“Purge Input”. When the pressure source is located at a different port, a new netlist

must be generated and the untestable faults in the former configuration might become

testable faults in the new one. During system operation, different pressure sources are

connected to multiple inlets. Thus, untestable faults may cause malfunctions in the

functionality of the biochips when pumps at other ports are activated. For example,

the faults at the sandwich barriers in Fig. 4.8 are untestable according to ATPG;

however, in functional mode, the sample and substrate must first be loaded into two

vertical flow channels from “Sample In” and “Substrate In”. If there is a s-a-0 fault at

any of the “Sandwich Barriers”, the reagent cannot be loaded properly. As a result,

not only are these untestable defects irredundant, they are also catastrophic, i.e.,

100% fault coverage is always required for biochips. If 100% fault coverage cannot

be achieved in any configuration, we have to modify the layout and add test features,

which is similar to DfT in electronic circuits.

We again use Fig. 4.8 as an example. ATPG indicates that this chip has 882

untestable faults. One simple DfT solution is to add 882 extra outlets at each

fault site for direct observation. This method is obviously impractical because extra

channels and ports increase the size and complexity of the device.

4.8.1 Causes of Untestable Faults

There are three conditions that a test must satisfy.

1) Fault activation: i) the flow input of the AND gate with the fault must be “1”.

Correspondingly, in the biochip, the test path must pass through the target fault

location; ii) The faulty valve must be opened for s-a-0 fault and OR bridging fault;

the faulty valve must be closed for s-a-1 fault and AND bridging fault. Furthermore,

the aggressor of a bridging fault should be forced to “1” for AND bridging and “0” for
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OR bridging.

2) Fault propagation: the valve inputs of all the gates in the fault propagation

path must be set to its noncontrolling values. If this condition does not hold, the

fault is masked. Correspondingly, in the biochip: i) all valves in the propagation

path must be open; ii) there is no convergence of a flow with the propagation path,

which would mask the fault.

3) Fault observation: the fault propagation should reach at least one primary

outputs, i.e., a pressure sensor, for observation.

Therefore, to test a target fault, certain lines/valves must be set to “1” or “0”. If

a line must be set to “0” and another line set to “1” for the detection of a fault, but

they share the same control line due to valve compression, these requirements cannot

be satisfied simultaneously and the corresponding fault becomes “untestable”. We

illustrate this case with an example. A blockage at the flow channel under v2 in

Fig. 4.20(a) can be mapped to a s-a-0 fault at the valve input of Gate AND2 in

Fig. 4.20(b). To activate this fault, its flow input f2 must be “1”, and therefore

v1 “ 1. After AND2, the fault effect is propagated to OR1. Because v1 and v3

share the same control line, v3 “ v1 “ 1 and f3 “ f2 “ 1 ñ i2 “ 1. Therefore,

propagation is blocked and the fault is untestable.

4.8.2 DfT for Flow-Based Microfluidic Biochips

The objective of DfT for flow-based microfluidic biochips is to identify conflicts in

test generation, and to redesign chip layouts to avoid these conflicts. Given an

untestable fault in a logic circuit that contains only AND and OR logic gates, the

DfT algorithm should locate the valve inputs with conflicts in the necessary line

settings. Redundancy identification algorithms in the literature [74] can locate the

untestable faults, but they do not identify the source of conflicts in the layout—we

need this information to make biochips testable through DfT.
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(a)

(b)

Figure 4.20: (a) Netlist with the untestable faults at v2; (b) The flow layout
represented by the netlist shown in (a).

Now we consider how to locate the conflicts and report their locations. We first

construct the following two sets: (i) I: lines and valves that must be set to logic “1”

for the detection of target fault; (ii) O: lines and valves that must be set to logic “0”

for the detection of target fault.

To avoid blocking the fault propagation, the off-inputs of each gate in the prop-

agation path must be set to the noncontrolling value of the gate and stored in the

Conflict-Identification Algorithm

1: Initialization: N “ H; C “ H;F “ T ;
2: while F ‰ H do
3: D-frontier propagation: update F ;
4: for all G in F do
5: Activate the fault at G;
6: repeat
7: Imply I and O;
8: until I and O are not updated.
9: if I XO ‰ H then
10: C “ CYpI XOq; Remove G from F ;
11: end if
12: for all v in I and O do
13: Unobservability propagation: update N ;
14: if t P N then
15: C “ C Y v; Remove G from F ;
16: end if
17: end for
18: end for
19: end while

Figure 4.21: Pseudocode of the proposed DfT algorithm.
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corresponding set, either Set I or Set O. In the next step, valves that share control

lines with elements in either Set I or Set O are added to these two sets. Boolean

operations are then simultaneously executed both forward and backward. Note that

all line settings in sets I and O are necessary conditions for fault activation and

propagation. If I XO ‰ H, conflicts are found.

To check the success of fault observation, we use the concept of unobservability

[75]. In classical test generation, if a gate in the D-frontier become “unobservable”,

the corresponding propagation path is blocked and the gate is removed from the D-

frontier. If all gates in the D-frontier are removed, the targeted faults can be declared

to be untestable. Moreover, because the propagation of each path is independent

of every other path, the sets I and O for each propagation path should be stored

separately.

The propagation of unobservability follows three rules: (i) if a gate input can-

not be set to its noncontrolling value, all other inputs become unobservable and

consequently untestable; (ii) the unobservability status propagates from a gate out-

put backward to all of its inputs; (iii) when all fan-out of a stem are marked as

unobservable, the stem becomes unobservable.

Fig. 4.21 shows the pseudocode of the algorithm to locate valve inputs with

conflicts, where t is the targeted faulty valve, T is the gate containing t, N is the set

of unobserved lines, C is the set of conflict valves, and F is the set of gates in the

D-frontier. The complexity of this algorithm is linear in the number of valves in the

biochip.

4.8.3 Demonstration of Proposed DfT Approach

The fabricated flow-based biochip in Fig. 4.8 is used as an example to demonstrate

the proposed DfT approach. Recall that ATPG reported 882 undetectable faults

at “Sandwich barriers”. After the execution of the proposed DfT algorithm on the
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(a)

(b)

Figure 4.22: (a) Circuit netlist after DfT is applied. (b) Testing strategy targeting
a s-a-1 fault (red block) at the sandwich barriers in the modified layout.

netlist shown in Fig. 4.10, these untestabilities are attributed to valve sharing be-

tween the 4-1 MUX and the 1-4 DeMUX.

If we run this DfT algorithm for all undetectable faults, we find that these faults

can be testable as long as all connections between MUXs and DeMUXs are dis-

connected. Fig. 4.23(a) shows the modified circuit model after DfT is applied. The
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(a)

(b)

Figure 4.23: (a) Block-level circuit model. (b) A magnified view of the Input
Manifold before and after DfT.

control channel of “Multiplexor control” in Fig. 4.10 is disconnected. Instead, “Mux-

Control 1” and “MuxControl 2” are used to control MUXs and DeMUXs in each

column separately. Compared to the baseline DfT solution in which an outlet is

assigned to every untestable fault and 882 additional outlets are needed in total, the

proposed solution increases the fault coverage from 77.31% to 100% at the cost of

two additional ports and two control channels.

The testing strategy for the new layout is illustrated in Fig. 4.23(b), which is

a block-level magnification of an originally untestable s-a-1 fault at the “Sandwich

barrier” valve (the block in red). All the sandwich barriers are intentionally closed

except MUX/2 and DeMUX/3. In the fault-free case, because the activations of the

MUX and DeMUX do not match, no pressure is propagated to the outlet. If there is
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a s-a-1 fault at the labeled position, a pathway out, colored in red in the lower half of

figure, is generated. As a result, high pressure is detected at the “Sample collection”

outlet.

Next we evaluate the proposed DfT method using another fabricated biochip,

whose layout is shown in Fig. 4.15. This chip can perform automated cell culture

with 192 individually addressable culture chambers. The block-level circuit model

is shown in Fig. 4.23(a). The chip consists of an input manifold, a mixer, two 1-96

DeMUXs, two 96-1 MUXs and 192 culture chambers. After running ATPG on this

chip, we found 16 untestable s-a-0 faults, one at each purge valve instance in the

“Input manifold” module.

One baseline DfT solution is to add 16 outlets at these faulty sites in the flow layer

and to add 16 ports in the control layer to control their open/close states. Hence,

the total cost is 32 extra ports. Another solution is to use the DfT pseudocode

presented in Fig. 4.21 to identify which necessary line settings create conflicts. Using

the algorithm, we determine that conflicts occur at each purge valve because they all

share the same control line. As a result, a fault that occurs in a purge channel will be

masked by the other purge channels because all of the purge channels must open and

close with the same timing. To remove this interdependence, we can lengthen the

control channels of v1-v16, which are independently controllable, to form valves on

purge channels (see Fig. 4.23(b)). Therefore, if an s-a-0 fault shown in Fig. 4.23(b)

is targeted, we can test it by closing all of the valves except the “Purge” valve and

valve 13. One more control channel is needed to seal ports 1-16 because v1-v16 now

control both P1-P16 and the Purge channels. In this way, 16 untestable faults are

made testable and 100% fault coverage is achieved at the cost of only one additional

port.
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4.9 Conclusion

We have presented techniques for automated testing and DfT of flow-based flow-

based microfuidic chips. The proposed test technique is based on a behavioral

abstraction of physical defects in microchannels and valves. We have described a

hierarchical, block-level technique for designing a logic-circuit model for a complex

layout. The flow paths and flow control in the microfluidic device have been mod-

eled as a logic circuit composed of Boolean gates, which allows us to carry out test

generation using standard ATPG tools. Only primary inputs in the logic circuit

model, which correspond to valves in the biochip, need to be targeted during test

generation. The 0-1 tests derived using the logic circuit model can be easily mapped

to fluidic operations involving pumps and pressure sensors in the biochip. For ex-

ample, a logic value of “1” (“0”) at a primary input in the circuit model indicates

that the corresponding valve is open (closed). Feedback from pressure sensors can

be compared to expected responses based on the logic circuit model, whereby the

types and positions of defects are identified. An experimental test setup has been

developed and demonstrations have been presented for two fabricated biochips.

We have identified the underlying reasons for the untestability reported by ATPG.

We have shown that logic-level fault untestability does not imply redundant faults at

the fluidic level. We have developed an DfT method for ensuring complete testability.

The proposed test and DfT solutions have been highlighted using two fabricated

biochips.
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5

Techniques for Fault Diagnosis

Chapter 4 has shown how we can automate the testing of flow-based biochips. Di-

agnosis methods are now needed to identify the flaws in the fabrication process and

to facilitate the use of partially defective chips. Since disposable biochips are being

targeted for a highly competitive and low-cost market segment, such diagnosis meth-

ods need to be inexpensive, quick, and effective. In this chapter, we present the first

approach for the automated diagnosis of leakage and blockage defects in flow-based

microfluidic biochips. The proposed method targets the identification of defect types

and their locations based on test outcomes. It reduces the number of possible defect

sites significantly while identifying their exact locations. We use a graph representa-

tion of flow paths and a formulation based on hitting sets for the analysis of observed

error syndromes. The diagnosis technique is evaluated on three fabricated biochips,

and the localization of defects and their classification are achieved correctly in all

cases.

The remainder of this chapter is organized as follows. The motivation for this

work is presented in Section 5.1. Section 5.2 describes the diagnosis problem and

the proposed diagnosis method, including syndrome analysis and the formulation of
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diagnosis as a hitting-set problem. The details of the algorithm for biochip diagnosis

are presented in Section 5.3. Experimental results on three fabricated flow-based

devices are presented in Section 5.4. Conclusions are drawn in Section 5.5.

5.1 Motivation and Challenges

In Chapter 4, a pass/fail testing method was presented. However, the diagnosis

problem for flow-based microfluidic biochips has not yet been addressed. To date,

no automated solution has been proposed and visual inspection under a microscope

is the only method available [49, 50]. The entire defective chip must be inspected

visually with a microscope to determine the locations and types of defects. Such a

diagnosis method is impractical because it is too labor-intensive to facilitate yield

learning for timely process improvements or design refinements. In addition, defects

are small enough in size that even skilled observers cannot scan the entire chip at

high resolution to detect and identify all of them. As in the semiconductor industry,

a manufacturing test procedure for flow-based chips should not only detect defects

in devices but also identify physical defects, i.e., defect locations and types, in order

to improve yield, reliability, and design practices.

Furthermore, mere discarding of defective biochips without any attempt to iden-

tify defects can lead to significant yield loss because a defective chip may be partially

functional, and thereby be usable for some applications. For example, a cell culture

chip (Fig. 4.15) contains dozens of identical culture chambers connected in paral-

lel [10]. Such a chip can be used (with lower throughout or parallelism) even if some

of the chambers are defective. Hence, if defects can be identified by diagnosis, we

can retain “partially good” chips and avoid unnecessary yield loss.

In this chapter, we target defect diagnosis in flow-based microfluidic biochips.

We consider leakage and blockage defects in both the control and flow layers. The

proposed method targets the identification of defect types and defect locations based
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(a)

(b)

Figure 5.1: (a) Layout of a simple microfluidic biochip with a mixer (the circle)
and a branch. The junctions of flow channels are labeled as n1– n6. Rectangles
indicate the positions of valves; (b) Logic circuit model of the biochip shown in (a).

on test outcomes, i.e., readings of pressure meters connected to chip outputs. The

proposed approach can significantly reduce the set of possible defect locations for all

four defect types in these devices. In many cases, it can exactly identify the defects

through syndrome analysis and a graph-theoretic hitting-set problem formulation.

Three fabricated biochips are used to evaluate the proposed diagnosis technique.

For these chips, the proposed approach exactly locates and identifies defects in all

cases.

5.2 Problem Description

During diagnosis, a list of candidate defects is continuously screened until the root

cause is identified. In this section, we first demonstrate the validity of the single-

defect assumption for flow-based microfluidic biochips. A combination of two tech-

niques, syndrome analysis and formulation as a hittingset problem, is then proposed
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to reduce the number of defect candidates. Finally, the likely defect candidates must

be validated by a fault simulation step.

5.2.1 Single-Defect Type Assumption

Although multiple faults may occur simultaneously in a biochip, a chip will rarely

contain multiple fault types. The assumption of a single defect is justified on the

basis of the following two reasons:

1. Each root cause of a defect typically produces the same type of defect. For ex-

ample, a particle pollutant is likely to block channels (Fig. 4.1(a)-(c)), whereas

a fiber pollutant is likely to cause leakage between channels (Fig. 4.1(d)-(f)).

Because the feature size of microfluidic fabrication (˜5 micron) is large com-

pared to that of semiconductor chips, it is rare that a defect blocks a channel

and also connects adjacent channels. Even if such a situation (i.e., simultane-

ous blockage and leakage due to a single defect) occurs, the defect is likely to

be so large that it can be easily located by visual inspection.

2. There are no inter-layer defects because the control and flow layers of these

devices are fabricated separately. As a result, even though different fault models

represent the defects in different layers, it is still acceptable to assume that a

faulty chip contains only one type of defect in either the control layer or the

flow layer.

Although the single-defect assumption simplifies biochip fault diagnosis, the same

type of defect may occur multiple times in a layer. For example, the faulty chip

shown in Fig. 4.17 contains multiple blockage defects that resulted from a scratch on

the silicon mold for the control layer. Because faults at different positions may mask

each other, the diagnosis method for flow-based microfluidic biochips must effectively

handle situations with multiple defects.
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For the purpose of diagnosis, we must not only directly compare the responses

of test patterns but also analyze the erroneous responses in order to identify the

locations and types of defects. Note that the logic-circuit models for flow-based

biochips are composed only of AND gates and OR gates; there is no inverter in the

model. This characteristic of the logic-circuit model causes errors due to the 1/0

(a fault-free value of 1 and a faulty value of 0) and 0/1 (a fault-free value of 0 and

a faulty value of 1) to be propagated from the defect sites to the primary outputs

without inversion. Hence, we can make a preliminary determination of the defect

type by simply observing the type of erroneous responses. For example, if a fault 1/0

is observed at the Outlet O1 in Fig. 5.1(a), we can exclude the possibility that the

chip contains blockage in the control channels or leakage in the flow channels under

the single-defect assumption. Similarly, if a fault 0/1 is observed, it is impossible that

the chip contains blockage in the flow channels or leakage in the control channels.

5.2.2 Syndrome Analysis

The number of suspicious defect combinations increases exponentially with the size

of the chip, even though it has been significantly reduced by single-defect type as-

sumption. To reduce the size of search space, syndrome analysis is used to efficiently

eliminate single-defect candidates by simply comparing pre-computed defect syn-

dromes with the observed syndromes.

Definition 5.1. Syndrome(A) for a given pattern is the set of erroneous observations

at outlet ports for that pattern if fault A occurs in the logic-circuit model.

For example, in Fig. 5.1(b), Syndrome(stuck-at-0 fault at Input i) = {1/0 at O2,

1/0 at O3} if all valves are open.

Theorem 5.1. Assuming a single defect in the biochip, SyndromepAqYSyndromepBq “

SyndromepA,Bq in the logic-circuit model, where SyndromepA,Bq represents the
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erroneous observations if both Fault A and Fault B occur.

Proof. Because only AND gates and OR gates are contained in the logic-circuit

model, the faults D (0/1) and D (1/0) can be propagated without inversion. Fur-

thermore, due to the single-defect assumption for the biochip, a faulty logic circuit

cannot simultaneously contain both D and D. For the fault to be observed, D/D

must propagate along paths from the fault sites to the primary outputs. All of the

logic-gate inputs in the fault-propagation path should be set to their non-controlling

values. If the fault-propagation paths of Fault A and Fault B do not intersect, both

faults can propagate independently, and therefore pSyndromepAqYSyndromepBqq “

SyndromepA,Bq. If the paths intersect, we assume that they intersect at Gate A.

Hence, the inputs to Gate A have multiple Ds or Ds that are propagated from

Fault A and Fault B, and the remainder of the inputs are non-controlling values

due to the fault observations. Because DpDq `DpDq “ DpDq and DpDq ¨DpDq “

DpDq, no fault-propagation paths will be masked when Fault A and Fault B oc-

cur simultaneously in the logic circuit. Hence, pSyndromepAq Y SyndromepBqq “

SyndromepA,Bq.

Based on Theorem 5.1, we can reduce the number of possible defects for a chip

by analyzing the syndrome for each single defect. The possibility that Fault A is

one of the root causes of a defective chip can be eliminated unless Syndrome(A) is a

subset of the observed syndrome. For example, in Fig. 5.1(a), if all of the valves are

open and only the pressure sensor at O1 reports an error, i.e., observed syndrome“

tO1u, we can conclude that there is no blockage defect at Channel a because Syn-

drome(blockage at Channel a)“ tO1, O2, O3u is not a subset of the observed syndrome.

Note that syndrome analysis is applicable to all four defect types in flow-based mi-

crofluidic biochips.
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Figure 5.2: Graph model corresponding to Fig. 5.1(a). An edge in the graph
represents a valve, while a vertex represents a flow channel.

5.2.3 Formulation as a Hitting-Set Problem

Once we have determined that a defect exists and determined the possible defect

types through preliminary response comparison and syndrome analysis, we then pro-

ceed to identify the actual defect type and location. In this subsection, we propose

an efficient approach to reduce the number of defect candidates through a hitting-set

formulation for the different fault types.

Blockage in the Flow Layer

We first introduce the term “active pathway”. A pathway is a path that connects

a pressure source to a pressure sensor, and a pathway is considered to be active

for a certain test pattern if all of the microvalves along the pathway are open for

the pattern of interest. We use a graph G “ pV,Eq to model the continuous fluid-

flow topology for a given chip layout to facilitate the search for active paths. The

vertices denoted by the set V in the graph represent channel junctions, while the

edges denoted by the set E represent not only valves but also their downstream flow

channels. Fig. 5.2 illustrates the graph model for the design shown in Fig. 5.1(a).

A pathway p can be represented by a set of edges (valves/channels) along the path.

Hence, p Ď E. Table 5.1 shows the pathway dictionary corresponding to Fig. 5.1(a).

We next discuss how to locate blockage defects. If there is an active pathway
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Table 5.1: Pathway dictionary corresponding to Fig. 5.1(a).

# Pathways # Pathways
1 a, b, c, d, O1 4 a, g, h, i, j, O2

2 a, g, h, f, e, d, O1 5 a, b, c, e, f, i, k, O3

3 a, b, c, e, f, i, j, O2 6 a, g, h, i, k, O3

between pressure sources and pressure meters, the pressure meters will detect a high

pressure injected by the pumps. Conversely, if all active pathways are blocked, the

pressure meters cannot sense high pressure. Hence, if a chip suffers from a blockage

defect and the faulty observation is 1/0, we can conclude the following: (1) the

blockage defects are in the flow layer, and (2) all of the active pathways are blocked,

that is, there is at least one blockage defect in each active pathway, blocking the

pressure propagation from the pressure source to the pressure sensor.

We next show that the problem of locating blockage defects in the flow layer can

be modeled as a hitting-set problem.

Definition 5.2. A hitting set H of a collection S is a set having a non-empty inter-

section with each subset S P S; that is, S XH ‰ H, @S P S [67].

Theorem 5.2. The set of blockage defects in the flow channel must be a hitting set

of the active pathways between the pressure source and the pressure sensors reporting

errors.

Proof. Let H denote the set of blockage defects in the flow channels and S denote

the collection of active pathways S ending at the pressure sensors reporting errors.

The high pressure that is injected from the pressure source can be detected by a

pressure sensor as long as there is at least one active pathway between them. If the

pathway contains one or multiple blockage defects, pressure propagation is blocked.

Therefore, a 1/0 error observation at a pressure sensor implies that all of the active

pathways between the source and the sensor are blocked, which can be described
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as S X H ‰ H, @S P S. Hence, the set of blockage defects H is a hitting set of

Collection S.

Next, we describe how we can establish the active pathway collection S. Before

the start of the diagnosis process, we establish a path dictionary Ω by backtracking

and then indexing pathways for a given chip. An active pathway collection S can

therefore be obtained by removing the inactive pathways in the pathway dictionary

Ω. In Section 3.3.1, two path-search algorithms were presented for the generation of

the path dictionary. The first approach for dictionary generation is based on depth-

first search (DFS). The search starts at the pressure source and transverses the entire

graph until an outlet is reached. Since DFS requires traversal of the complete graph,

its worst-case complexity grows exponentially with the size of a biochip. The second

approach is to extend a path by randomly selecting an adjacent vertex. Without

traversing the complete graph, this search technique can potentially provide full

coverage of vertices in the graph with low CPU time. This method however suffers

from the limitation that some valid candidate paths might be overlooked. However,

Theorem 5.2 holds even if the collection of active pathways is incomplete.

Let T denote the set of test patterns for the biochip. For a test pattern t P T and

an Outlet o, we let St,o Ď Ω represent a collection that is composed of all of the active

pathways between the source and Outlet o for test pattern t. Active pathways for

a test pattern can be identified by determining whether the pathway p P Ω contains

a valve j P E that should be closed. For a given test pattern, only pathways with

all valves open are considered as active pathways. Hence, by screening (and thereby

eliminating) paths in the path dictionary Ω, we can obtain a sub-collection S that

includes the active pathways for each faulty observation for each test pattern, i.e.,

S “ YtPT,oPptSt,o “ YS, where pt is the set of outlets where the pressure sensors

report errors.
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After finding the collection of active pathways S, the number of possible blockage

defect locations can be further reduced by determining the hitting set of Collection

S. If the chip has multiple defects, the hitting set contains multiple elements. A

collection can have multiple hitting sets as long as the condition described in Defini-

tion 5.1 is satisfied; each hitting set of S can block all active pathways and produce

the observed erroneous responses of pressure sensors (Theorem 5.1). In other words,

the hitting sets of S can reduce the list of suspicious defects.

Let us revisit Fig. 5.1(a) as an example. All valves are open except Valve i.

An error 1/0 is observed at O1. Hence, S consists of Pathway 1 and Pathway 2 in

Table 5.1. Because an error 1/0 cannot be observed unless all of the pathways in S

are blocked, the defects must be located within the hitting set of S, namely tau, tdu,

tb, hu, tc, eu, etc.

Blockage in the Control Layer

We can formulate the diagnosis problem for blockage in the control layer as a hitting-

set problem as well. If there is a blockage in the control channel for a valve, the

corresponding valve can no longer be closed and an error 0/1 (a fault-free state 0

and faulty state 1) may be observed. Recall that a ‘0’ readout of a pressure sensor

indicates that there is no active pathway between the pressure source and the outlet.

Definition 5.3. A Cut c of Outlet o is a partitioning of the set of edges (valves) in

the graph model that separates the pressure source and the Outlet o into two disjoint

subsets, thereby cutting off all of the active pathways.

Hence, a ‘0’ output at Outlet o implies that there is a Cut c of Outlet o that

disconnects all of the active pathways in the graph model. If an error 0/1 is observed

at Outlet o, we can conclude that one or more valves on the cuts of this outlet that

are expected to be closed in the fault-free case are actually open, which results in an

active pathway between the pressure source and the pressure sensor.
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We next show that the problem of locating blockage defects in the control layer

can be modeled as a hitting-set problem of cuts.

Theorem 5.3. The locations of blockage defects in the control layer must be a hitting

set of cuts of the outlets reporting errors.

Proof : Let H denote the set of blockage defects in the control channels and pt denote

the set of outlets where the pressure sensors report errors. Let Ct,o denote a cut of

Outlet o P pt for test pattern t. If there is a blockage defect in the control layer,

the corresponding valve cannot be closed. If a fault 0/1 is observed at Outlet o P pt

for test pattern t, we can conclude that there is at least one defective valve on the

Cut Ct,o, i.e., H X Ct,o ‰ H. Thus, the pressure injected by the pressure source will

reach the pressure sensor at Outlet o through the defective valve. Let S denote a

collection composed of the cuts of all of the faulty observations in each test pattern,

i.e., S “ YtPT,oPptCt,o. Hence, H X Ct,o ‰ H, @Ct,o P S. According to Definition 5.2,

the defect set H is a hitting set of Collection S.

Next, as in the diagnosis procedure for blockage defects in the flow layer, once

the cuts have been found for each erroneous response and test pattern, the number

of possible blockage defects in the control layer can be reduced by determining the

hitting set S of the cuts. If the chip has multiple defects, the hitting set should

contain multiple elements. A collection S can have multiple hitting sets as long as

Definition 5.2 is satisfied; each hitting set of S can produce the observed erroneous

response. Hence, more effort is needed to further identify the defects. For example,

in Fig. 5.3, a test pattern t with all valves open except Valve c and Valve h, is applied

to the chip of Fig. 5.1(a). For this example, Edge c and Edge h should be removed

in the graph shown in Fig. 5.2. The pressure in the flow channels cannot be sensed

at O1 because the removal of Edge c and Edge h forms a cut that prevents the high

pressure injected at Inlet n1 from reaching the pressure meter at Outlet O1 (Fig. 5.3).

145



Figure 5.3: Graph model for pattern t, where all valves are open except Valve c
and Valve h. A cut is generated because Valve c and Valve h are closed.

If there is a blockage defect in the control channels of either Valve c or Valve h, the

corresponding valve is prevented from closing, and an error 0/1 is observed at Outlet

O1. Hence, S “ tc, hu and these defects must be included in the hitting set of S,

i.e., either Valve c or Valve h or both.

Leakage in the Flow Layer

We next present a method to locate leakage defects in the flow layer. If a leak

occurs in the flow layer, the fluid flow will permeate the adjacent microchannels.

Most leak defects are caused by fiber pollutants in the fabricated microfluidic de-

vices. Fig. 4.1(d)-(f) shows a typical example of a leakage defect. A fiber can usually

perforate multiple channels if the distance between two adjacent channels is smaller

than the length of the fiber pollutant in air. Hence, multiple leakage defects at adja-

cent flow channels always occur simultaneously for flow-based microfluidic biochips,

which further increases the difficulty of diagnosing leakage defects.

The problem of locating leakage defects in the flow layer can also be modeled as

a hitting-set problem.

Definition 5.4. A virtual edge f is used to represent a potential leakage defect

connecting two adjacent channels in a chip represented by a graph G “ pV,Eq, where

V refers to the set of vertices and E refers to the set of edges in G. We define F as
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the set of all of the virtual edges in this chip, i.e., f P F for any virtual edge f . An

extended graph G1 “ pV,E 1q is derived from G and F as follows: E 1 “ E
Ť

F .

Fig. 5.4(b) shows the graph model G “ pV,Eq for a simple chip, whose layout

is shown in Fig. 5.4(a). Because defective spots in the channel wall cause leakage,

the candidate defective channels must be adjacent to one another. The number of

virtual edges is therefore limited. The virtual edges corresponding to this example

are shown in Fig. 5.4(c). We can generate a new extended graph by taking the union

of F with E and removing the edges that represent the closed valves in a given

pattern. Fig. 5.4(d) shows the corresponding extended graph G1 if all of the valves

are open. In the diagnosis of leakage defects, the connected virtual edges must be

considered as prime suspects due to the defect mechanism, as leakage defects are

caused by perforations in the channel walls. For example, in Fig. 5.4(a), a long

fiber that simultaneously perforates the channel walls of n21, n31, and n41 leads to a

combination of leakage defects tL2, L3u. However, two fibers are required to create

the separate leakage defects at L1 and R2 because the defects are not connected.

Therefore, if we assume that there is at most only one fiber pollutant in the chip-

under-test, the corresponding leakage defects must be connected.

Theorem 5.4. The set of leakage defects in the flow channel must be a hitting set of

the virtual edges in all active pathways between the pressure source and the pressure

sensors reporting 0/1 in the extended graph G1.

Proof. The proof is similar to that of Theorem 5.2. In the fault-free case, the pressure

sensors cannot detect a high-pressure signal (Output ‘0’) because no active path

exists between the pressure source and the pressure sensors. Due to the leakage

defects, the corresponding set of virtual edges F in the extended graph G1 leads

to new active pathways. The high pressure passes through the virtual edges and

propagates to the pressure sensor along the active pathways. Therefore, a 0/1 error
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Figure 5.4: Graph models for the diagnosis of leakage defect in the flow layer.
(a) Chip layout of a simple chip. Red rectangles indicate the positions of potential
leakage defect connecting two adjacent channels in the chip. (b) Graph model G for
(a). (c) The set of virtual edges F corresponding to (a). (d) The extended graph
model G1.

observation at a pressure sensor implies that new active pathways are generated due

the leakage defects and that the corresponding virtual edge must be located on the

pathways. Let S denote the collection of the virtual edges from all of the active

pathways that end at the error-reporting pressure sensors in the extended graph.

Hence, the set of leakage defects is a hitting set of Collection S.

We can localize leakage defects since the root cause must be the hitting set of

the virtual edges in the active pathways of G1. Let us revisit Fig. 5.4 as an ex-

148



ample. Valve b, c, e and Valve f are closed (shown in black). In the fault-free

case, only the pressure sensor at Output O4 can detect a high pressure. All of

the other pressure sensors cannot detect pressures because all of the active pathways

between them and the pressure source are blocked. However, the test measure-

ments report that erroneous results are observed at Output O2 and Output O3.

Further analysis shows the active pathways for Output O2 in the extended graph

(Fig.5.4(c)) are Path A, a, L1, d, O2, PathD, g, L3, L2, d, O2, PathD, g, h,R3, R2, O2,

and Path A, a, L1, L2, L3, h, R3, R2, O2. Similarly, the active pathways for Output

O3 are Path A, a, L1, d, R2, O3, Path D, g, h,R3, O3, Path g, L3, L2, d, R2, O3, and

Path A, a, L1, L2, L3, h, R3, O3. Hence, for this given pattern, if a high pressure

is detected at Output O2 and Output O3, the Collection S consists of Set {tL1u ,

tL2, L3u , tR2, R3u , tL1, L2, L3, R2, R3u} and Set {tR3u , tL1, R2u , tL2, L3, R2u ,

tL1, L2, L3, R2, R3u}. The minimum hitting set of S is tL1, R2u or tR2, R3u. Be-

cause connected leakage defects are more likely to be the root cause of the erroneous

observations, we can conclude that the root cause for this example is the combination

of leakage defects tR2, R3u.

We next discuss the method used to generate Collection S. Recall that the

erroneous observation of leakage defects in the flow layer is 0/1, which means that

a leakage defect cannot be observed unless no active pathways exist in the fault-free

case. Hence, in the fault-free case, the graph model of the chip-under-test must lend

itself to being completely partitioned into three disjoint subsets. The first set S

consists of all of the flow channels connected to the pressure source; the second set

M consists of all flow channels connected to the pressure meter reporting errors; the

remaining channels are assigned to the third Set U . The leakage defects in the chip-

under-test must connect the channels in Sets S and M ; the new active pathways are

therefore generated in the extended graph, and Error 0/1 is observed by the pressure

sensor. Subset S and Subset M can be identified by breadth-first search on G starting
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from the pressure source and the pressure meter reporting errors, respectively. All

of the remaining channels are classified into Subset U . Therefore, the root cause can

be identified by searching the set of virtual edges F to determine which connected

edges have one end in Subset M and one in Subset S.

Let us once again consider Fig. 5.4(a) as an example. We open Valve a, d, g

and Valve h, and close all the others. Errors 0/1 are observed at Output O2 and

Output O3. Hence, Subset S consists of n11, n41, and n42, i.e., S “ tn11, n41, n42u.

For Output O2, Subset M consists of n21 and n22, i.e., M “ tn21, n22u, because

Valve b is open. Hence, Subset S and Subset M can be connected by edges n11 Ñ

n21, n41 Ñ n21, n42 Ñ n22, or n42 Ñ n22 in G1, i.e., the combination of leakage

defects tL1u , tL2, L3u and tR2, R3u. Similarly, for Output O3, M “ tn32u. Set

tR3u is added to Collection S because Channel n42 is the only channel in Subset S

that can connect to Channel n32 in Set F . Therefore, S consists of {tL1u , tL2, L3u ,

tR2, R3u} and tR3u, and the minimum hitting set of Collection S is tR2, R3u, which

is identified as the root cause.

Leakage in the Control Layer

Leakage defects in the control layer connect control channels for two independent

valves. Thus, a high-pressure signal to either valve will activate both. Leakage de-

fects in the control layer can be mapped to AND bridging faults in the logic-circuit

model, whose faulty behavior can be modeled as conditional stuck-at faults (Sec-

tion 4.2). Consequently, we can locate leakage defects in the control layer by using

the same method for diagnosing blockage defects in the flow layer and then checking

whether the following two necessary conditions for the corresponding bridging faults

are satisfied for all test patterns:

1. Leakage defects are caused by the defective areas of the channel wall. Therefore,

all of the candidate defective channels/valves in the hitting set must be adjacent
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to each other in the physical layout.

2. The faulty behaviors of a pair of AND bridging faults are identical to that of

a stuck-at-0 fault if and only if at least one valve in the bridging pair is “0”.

Hence, if all of the candidate defective channels/valves in the hitting set are

open in a pattern, no errors should be observed.

The possibility of leakage defects can be excluded if the above two necessary condi-

tions are not satisfied. If the necessary conditions are not satisfied but an erroneous

response is observed, we can conclude that the chip suffers from blockage defects

rather than leakage defects.

5.3 Algorithm Design

In this section, we describe an algorithm for diagnosing defects in a flow-based mi-

crofluidic biochip. The layout description of the chip-under-test, and a set of test

vectors and their observed responses are provided as inputs. The locations of possible

leakage defects are also needed as we have restricted them only to the channel-pairs

that are adjacent in the physical layout. By analyzing the actual responses, the

diagnosis algorithm outputs the defect types and their locations.

The proposed algorithm has two main parts: data preparation and diagnosis.

The data-preparation stage (Steps 1-3) is completed before the start of experiment,

without any knowledge of the particular characteristics of a chip. This off-line data-

preparation step needs to be performed only once but it significantly accelerates

the diagnosis process. After applying the test patterns to a defective biochip, we

simply use the syndrome dictionary for syndrome analysis and the path/cut dic-

tionary to establish a collection of active pathways or cuts. In the diagnosis stage

(Steps 4-8), a specific biochip is tested and the responses are reported by pressure

meters. Syndrome analysis and the hitting-set problem formulation are used to re-
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Figure 5.5: Flowchart of the proposed diagnosis algorithm.

duce the number of defect candidates until the possible root causes are determined.

Furthermore, an element of a hitting set cannot be regarded as a root cause unless

the fault-simulation results are identical to the observed responses at each pressure

sensor for each test pattern. This validation must therefore be carried out for each

hitting set of the active pathways/cuts. The flowchart of the proposed algorithm is

presented in Fig. 5.5. We next explain the flowchart step-by-step.

Step 1: A graph model is generated to model the continuous fluid-flow topology

for a given chip layout. The vertices in the graph represent channel junctions, and

the edges represent not only valves, but also their downstream microchannels in the

flow layer.
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Step 2: Syndrome analysis can dramatically reduce the complexity of the hitting-

set problem by reducing the number of fault-candidates. We simulate and store a

priori the syndrome of each fault-candidate for each test pattern. As stated in

Theorem 5.1, the likelihood of Fault-A causing a defect can be eliminated unless

Syndrome(A) is a subset of the observed syndrome. Since this should hold for each

test pattern, we can trim the potential fault list considerably.

Step 3: The path/cut dictionary is established before the execution of exper-

iments. For example, Table 5.1 is the path dictionary of the biochip shown in

Fig. 5.1(b).

Step 4: See Subsection 5.2.2 (Syndrome Analysis).

Step 5: If Fault 1/0 is observed, the defect type is either blockage in the flow

channels (stuck-at-0) or leakage in the control channels (AND bridging). Otherwise,

the defect type is either blockage in the control channels (stuck-at-1) or leakage in

the flow channels (OR bridging).

Step 6: Identify the collection S. If the erroneous responses are 1/0, the number of

defect candidates can be reduced by identifying the hitting set of the active pathways.

The active pathways for a test pattern can be identified by checking whether a

pathway S P Ω contains a valve that should be closed. For a given test pattern, only

the pathway in which all of the valves are open is considered as an active pathway.

If the erroneous responses are 0/1 and it is assumed that the observed syndrome is

caused by blockage in the control channels, the collection of S consists of the cuts in

graph model G for each test pattern and each erroneous response. Alternatively, if

the observed syndrome is caused by leakage in the flow channels, the extended graph

G1 is generated first. Then the Collection S consists of the virtual edges in the active

pathways in G1.

Step 7: Defect candidates are identified by determining the hitting set H of

Collection S. Section 5.2.3 has demonstrated that the number of candidate defect
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combinations can be reduced by finding the hitting set of Collection S. Collection S

consists of different types of components for different types of observed syndromes.

Moreover, an element of the pathway/cut s P S can be removed if it is not present

in the list of fault candidates. As syndrome analysis reduces this list, the input size

of the subsequent path/cut search problem is also significantly reduced. Though a

collection has multiple hitting sets, a smaller hitting set is preferred because it has

a higher likelihood of being the root cause. The problem of finding a hitting set for

a given collection is known to be NP-complete [67], so we use an efficient heuristic

solution. To avoid a local minima, the hitting set is searched using simulating an-

nealing (SA) [76]. The SA algorithm introduces a state variable xi that takes a value

of 1 when element (flow channel/valve) i is contained in H and 0 otherwise. The

algorithm proceeds as follows:

1. Generate a random hitting set and set an initial temperature T0. The random

hitting set does not need to be of minimum size. We generate it by randomly

selecting one element (flow channel or valve) from each set (active pathways or

cuts) in S.

2. At each iteration, randomly select an element a. If it has been selected, i.e.,

xa “ 1, and removing it from H does not lead to an uncovered set (active

pathways or cuts), then set xa to 0. If it is not selected, i.e., xa “ 0, then set

xa to 1 with probability e´1{T , where T is current temperature in classical SA

terminology.

3. Reduce the temperature T , T Ñ αT , where 0 ă α ă 1, and return to the

previous step. Halt the loop when T “ Tmin.

Note that the first solution provided by the SA algorithm is one possible hitting

set, and it may not necessarily represent the actual defect set. Hence, we re-run the
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SA algorithm ten times to provide ten hitting sets, in one pass, as possible fault-

candidates. We select among them a valid solution by simulating their responses as

follows.

Step 8: In this step, we validate the solutions of the hitting set using fault

simulation, in ascending order of their sizes. If the simulated responses of blockage

and leakage defects are identical to the observed responses at each pressure sensor for

all applied test patterns, the corresponding hitting set (i.e., the fault-list) is said to

pass the validation, and is announced as the source of defects. Otherwise, we continue

simulations with the remaining solutions. Note that if Fault 1/0 is observed and the

two necessary conditions that are presented in Section 5.2.3 are not satisfied, we can

conclude that the chip suffers from blockage defects rather than leakage defects. If

all of them fail, we rerun the SA algorithm for one more pass (Step 6 as in Fig. 5.5)

to generate ten new solutions, and repeat the simulation steps.

Note that the diagnosis of defect type is not necessary because, as long as the

defect sites are located correctly, the defect types can be easily determined with a

microscope. The inspection is rapid because the hitting set significantly reduces the

number of possible locations of suspect defects.

5.3.1 Complexity Analysis

We next evaluate the worst-case computational complexity of the proposed algo-

rithm. Assume that the number of edges in the graph model, i.e., valves in the

biochip, is v and the number of test patterns is n. In addition, assume that the

chip-under-test has p outlets and the maximum number of active pathways or cuts

for each outlet is c. We now analyze the algorithm step-by-step. Step 4 takes O(v)

time for each test pattern. Hence, the complexity of Step 4 is O(nv). The worst-case

complexity of Step 6 is O(np), which means that all the sensors report errors. The

complexity of the SA algorithm at Step 7 is O(i1cp), where i1 denotes the num-
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ber of iterations, which set to a constant (“ 500) in our experiment of SA, i.e.,

i1 “ pβmax ´ β0q{∆β. Step 5 and Step 9 take O(p) and O(vpn) time. Note that

in the worst-case, the number of solutions of hitting set may be exponential in a

graph. After 500 iterations of the inner loop, SA outputs one solution for the hitting

set. For the purpose of validation by simulation, we re-run the SA algorithm ten

times in one pass; let i2 denote the number of passes needed until we find a valid

solution. Our experimental results (Section 5.4) indicate that our algorithm always

finds a valid solution within a few passes, and for practical purposes i2 can also be

assumed to be constant. Hence, the time complexity of the diagnosis algorithm is

given by: Opcpnq `Opvpnq. Note that, c, the number of active pathways in a graph

may also be exponential in the size of the graph; however, during implementation, we

do not explicitly prepare the path list. In the graph description, which can be stored

as a linked-list, we only check whether the removal of the set of vertices randomly

chosen by SA indeed disconnects the pressure-source node from the output-sensor

node. This connectivity can be checked in Opv ` wq time by making a depth-first

traversal starting from the pressure-source node, where w denotes the number of

flow channels, and therefore, the overall time complexity becomes Opv`wqpn in our

case. Hence, the runtime of the proposed diagnosis algorithm grows slowly with an

increase in chip complexity.

5.4 Results: Application to Fabricated Biochips

This section evaluates the effectiveness of the proposed diagnosis method using three

fabricated flow-based biochips. The specification of each chip is listed in Table 5.2.

As the work described here is the first approach to fault diagnosis in flow-based

microfluidic biochips, we compare it with a baseline solution based on exhaustive

search. The two methods are described below.
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Table 5.2: The specification of fabricated chips used as examples. “# Pc”denotes
the number of ports in the control layer, “# Pf” denotes the number of ports in the
flow layer, “# AND” and “# OR” denotes the number of AND gates and OR gates
in the logic circuit model.

Chip Name # Valves # Pc # Pf # P # AND # OR

ChIP 28 28 15 30 28 5
WGA 235 23 19 12 235 49

Cell Culture 720 48 24 92 720 94

• Baseline method: All possible combinations of candidate defects are obtained

through exhaustive search. The symptoms for all the combinations are sim-

ulated, and the simulated results are compared the observed responses. The

order in which the sequences are simulated is determined according to the

size of defect combinations: the smaller combinations are simulated first. For

example, the chip-under-test has n defects. The symptoms corresponding to

single defect are simulated first. Then larger defect combinations are simulated

until the simulated results match the observed responses. Note that all of the

combinations of n defects should be simulated in case there are multiple com-

binations whose simulated results match the observed responses. Hence, the

computational complexity of the baseline method is always Op2nq.

• Proposed method: The number of possible defect combinations is reduced by

syndrome analysis and the search for hitting sets. Hence, significantly fewer

fault simulations are needed in order to find the root cause.

5.4.1 Results for ChIP chip

The flow-based biochip used in the first example is the chromatin immunoprecipita-

tion (ChIP) chip (Fig. 4.6). This biochip contains 28 valves and 15 ports in the flow

layer [9].

A total of 34 paths are found and then stored in the path dictionary Ω. For
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Table 5.3: Additional information about the proposed method. “# D” denotes
the number of defects in the chip, “# C” denotes the number of fault candidates
after syndrome analysis, “i2” denotes average the number of passes for SA needed
to find the root cause, “LS” denotes the number of activated pathways/cuts in the
dictionary.

each defect, the corresponding syndrome is simulated and stored in the syndrome

dictionary. The test patterns are reported in Table 4.5. The pressure source is

connected to Port P3. Two tests are performed to evaluate the proposed method. In

each test, we evaluate the proposed method using 50 independent simulations, where

each simulation has n random defects and n ranges from 2 to 6. Because of the single-

fault-type assumption, all defects in each simulation are the same type. The proposed

method successfully finds the defects for all cases. Details of experimental results

including the number of erroneous observations, the number of fault-candidates, are

shown in Table 5.3.

The average CPU time for the proposed method and the baseline method are

shown in Fig. 5.6. The proposed method requires much less CPU time than the
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(a)

(b)

Figure 5.6: CPU time for ChIP chips with different defect counts: (a) the proposed
method; (b) the baseline method.

baseline method, especially when the chip under test has multiple defects. Further-

more, Fig. 5.6(b) demonstrates that the CPU time of the baseline method increases

exponentially. In the 6-defect case, the CPU time increases to 3.89 hours for the

baseline method. If we the extrapolate results, a chip with 7 defects will require a

diagnosis time of 4.7 days, which is obviously unacceptable. This simulations were

carried out using a computer with a 2.4 GHz AMD-FX4170 processor and 8 GB

memory.

5.4.2 Results for WGA Chip

In this case study, we reuse experimental data reported in Section 4.7.4. The biochip-

under-test is used for whole genome amplification (WGA). The chip layout and

magnified images of the defects are shown in Fig. 4.19. Control channels are shown

in red. The blue and green flow channels have different dimensions. Port “Pressure”
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is connected to a pressure source. Test patterns are shown in Table 4.7. During

the testing of the defective chip, the pressure sensors report errors for Test Patterns

10 and 11 due to blockage defects. The proposed diagnosis method then further

analyzes the experimental data for the two test patterns. A total of 144 active

pathways are found for Test Patterns 10 and 11, and then SA is used to search for

hitting sets. Finally, the proposed method correctly identifies the defect in 85 ms,

while the baseline method takes 249 ms.

Next, we evaluate the proposed methods for more general cases involving a larger

number of defects. Two tests are performed to evaluate the proposed method. For

each test, we evaluate the proposed method using 20 independent simulations. In

each simulation, n% of the valves or flow channels are randomly selected as defect

sites and n ranges from 1 to 5. All defects in each simulation are the same type.

The proposed method successfully locates the defects in all cases. More information

about the proposed method is available in Table 5.3.

The average CPU time for the proposed method and baseline method are shown

in Fig. 5.7. In the case that a chip has 5 defects, the CPU time of the baseline

method has increased to 14.4 hours. According to extrapolated results, the diagnosis

of a chip with 6 defects will take a month of CPU time.

5.4.3 Results for Cell Culture Chip

The last example presented to evaluate the proposed diagnosis method is a cell

culture chip shown in Fig. 4.15. The chip has a channel width of 0.13 mm, and hence

a 10x magnification is necessary to reliably inspect it. However, a 10x magnification

corresponds to a 1 mm by 1 mm field of view. Because the chip size is 32.6 mm by

66.6 mm, this implies at least 2200 observations to inspect the entire chip. Thus,

diagnosis using visual inspection is too labor-intensive to be practical.

For this chip, a total of 92 test patterns are generated and a total of 305 pathways
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(a)

(b)

Figure 5.7: CPU time for WGA chips with different defect counts: (a) CPU time
of the proposed method; (b) CPU time for the baseline method.

are found. The experimental test results of a defective chip with block defects were

reported in Subsection 4.7.3. Magnified images of the defects are shown in Fig. 4.17.

The proposed method correctly identifies the defects in 2.77 s.

Next, five tests are performed to evaluate the proposed method. In each test,

n defects are randomly chosen, where the number n ranges from 1 to 5. Each test

consists of 50 independent simulations. All defects in each simulation are the same

type. The proposed method successfully locates the defects in all cases. Additional

information is available in Table 5.3.

The CPU time for the proposed method and the baseline method (exhaustive

search) are shown in Fig. 5.8. The CPU time for the baseline method increases to

4 hours in the case that the chip has two defects. Because the CPU time of the

baseline method increases exponentially, the diagnosis process is expected to take
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(a)

(b)

Figure 5.8: CPU time for cell culture chips with different defect counts: (a) CPU
time of the proposed method; (b) CPU time for the baseline method. The extrap-
olated results show that the diagnosis of a cell culture chip with 3 defects will take
more than 20 days.

more than 20 days in the case of three defects.

5.5 Conclusion

We have presented the first approach for defect diagnosis in flow-based microfluidic

biochips. Given a set of erroneous responses reported by pressure meters for different

test patterns (valve conditions), a diagnostic technique based on syndrome analysis

and hitting set is used to reduce the number of suspicious defect sites for all four

types of malfunctions that may occur in flow and control channels. In most of the

cases, the defect locations were identified precisely. Hence, visual inspection of a

malfunctioning chip, if needed, is facilitated as a result of improved localization
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of possible defect sites. Three fabricated biochips have been used to evaluate the

proposed diagnosis method. Simulation results reveal that compared to a baseline

exhaustive-search method, the proposed approach localizes the defects with high

precision much faster, and the benefits become more obvious for bigger chips that

have a large number of defects.
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6

Conclusions and Future Work

This chapter presents the conclusions of this thesis and directions for future research.

6.1 Thesis Contributions

Because of the potential for automation and decrease in scale, flow-based microfluidic

biochips offer many advantages over conventional biochemical analyzers, e.g., higher

precision, simpler experiment setups, small consumption of samples and reagents, and

a lower likelihood of error due to limited human intervention. Recent advances in

fabrication techniques have enabled the evolution of flow-based microfluidic biochips

from simple topologies with only a few channels to large-scale channel networks that

can be used in realistic applications.

Despite the above developments, the increase in valve density and integration lev-

els introduce several new challenges in the further adoption and deployment of these

devices; these include design automation, wash optimization, testing, and defect di-

agnosis. This thesis has targeted all the above challenges and introduced practical

solutions based on rigorous optimization and formal models.

Chapter 2 presented a practical problem formulation for automated control-layer
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design and described a systematic approach for solving this problem. An efficient

routing solution for control-layer design with a minimum number of control pins

was presented. The pressure-propagation delay, an intrinsic physical phenomenon

in mVLSI biochips, was minimized in order to reduce the response time for valves,

decrease the pattern set-up time, and synchronize valve actuation.

Chapter 3 investigated automated wash optimization for cross-contamination re-

moval under physical constraints. The proposed approach targets the generation of

washing pathways to clean all contaminated microchannels with minimum execu-

tion time. We first analyzed and simulated the execution time required for a single

wash path under physical (fluidic) constraints in these devices. A path dictionary

is established by pre-searching all physically implementable paths in a given chip

layout. When wash targets and occupied microchannels are defined, the proposed

methods determine an optimized path set with the least washing time by calculating

the priorities of wash targets. The proposed approach is also applicable to the case

where the chip contains multiple contaminant species.

Chapter 4 described an approach for automated testing and design-for-testability

in flow-based microfluidic biochips. The proposed test technique is based on a be-

havioral abstraction of physical defects in microchannels and valves. The flow paths

and flow control in the microfluidic device are modeled as a logic circuit composed of

Boolean gates, which allows test generation to be carried out using standard ATPG

tools. The tests derived using the logic circuit model are then mapped to fluidic

operations involving pumps and pressure sensors in the biochip. The pass/fail test-

ing therefore can be realized by comparing the feedback from pressure sensors to

expected responses based on the logic-circuit model.

Finally, Chapter 5 addressed the automated fault-diagnosis problem for large

designs. The proposed method targets the identification of defect types and their

locations based on test outcomes. It reduces the number of possible defect sites
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significantly while identifying their exact locations. We have developed a graph

representation of flow paths and a formulation based on hitting sets for the analysis

of observed error syndromes.

In summary, this thesis has led to a set of optimization and testing methods for

flow-based microfluidic biochips. The results of this research are expected to not

only shorten the product development cycle, but also accelerate the adoption and

further development of this emerging technology by facilitating the full exploitation

of design complexities that are possible with current fabrication techniques.

6.2 Future Work

The results emerging from this thesis have opened up a number of interesting direc-

tions for research in the emerging area of automated biochip design, optimization,

and testing. These new directions are summarized below.

6.2.1 Balancing Control Channels by Modifying Channel Width

As discussed in Chapter 2, two valves sharing a single control pin must be driven

simultaneously. To avoid asynchronous valve actuation, the pressure-propagation de-

lay for different valves must be balanced. Chapter 2 addressed this problem by bal-

ancing the channel length. However, in addition to the channel length, the pressure-

propagation delay also depends on the channel width. Hence, this problem can be

also addressed by modifying the channel width instead of only the channel length.

This alternative solution may reduce the routing area and increase routability.

6.2.2 Washing in Parallel

In the wash-optimization problem discussed in Chapter 3, only one inlet is connected

to the wash buffer. Consequently, only one wash path can be executed during each

wash cycle. We can shorten the total wash time by adding more inlets and assigning
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them to the wash buffer. Although this results in a larger chip area, multiple wash

paths can be generated in parallel from different buffer inlets as long as they do not

intersect.

6.2.3 Testing for Dynamic Defects

The defects discussed in Chapter 4—which include blockage, leakage, misalignment,

faulty pumps, and valve degradation—can be categorized as being static. The con-

sequences of these defects can be described as either complete blocks or complete

leaks. However, instead of completely cutting off flow, some defects, which are called

dynamic defects, increase the hydrodynamic resistance and, consequentially, decel-

erate pressure propagation in the microchannels. Common dynamic defects include

a partial block, coarse channel surface, and erroneous channel dimensions. Dynamic

defects cause two problems:

1. A dynamic defect in a control channel delays the valve activation times. When

the pressure signal is generated by an external pressure source and injected from

a control pin, valves cannot be closed immediately. This delay is magnified by

dynamic defects, which results in errors in flow manipulation.

2. A dynamic defect in a flow channel leads to slow fluidic flow. As a result, the

execution time of an operation may be longer than expected. An error occurs

if the follow-up operation starts before the previous one has finished.
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