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ABSTRACT OF THE DISSERTATION

Design Automation of Paper Microfluidic Devices
by
Joshua Matthew Potter

Doctor of Philosophy, Graduate Program in Computer Science
University of California, Riverside, June 2022
Professor Philip Brisk, Chairperson

The emerging demands for healthcare where access is limited due to political,
environmental, or socio-economic factors have been driving research into bio-medical devices
that perform in both diagnostic and therapeutic roles at lower costs and greater accessibility.
Paper microfluidic devices are used in many applications, particularly medical diagnostics
and offer an excellent combination of utility and low cost making them particularly valuable
in resource-limited applications and point-of-care usage across a wide variety environmental
conditions. Microfluidic biological diagnostics continue to mature as researchers discover
new ways to exploit the technological possibilities, and address liabilities. The increasing
complexity of paper-based microfluidic devices beyond home pregnancy tests is driving the
need to produce new tools and methodologies that enable more robust biological diagnostics
and potential therapeutic applications. However, the process of developing new paper
microfluidic devices is limited due to having to manually design and fabricate designs to
research. Often, researchers must design scores of different devices to find a combination of

parameters that functions as expected.

vii



In this work, a novel software framework to support automated development of
paper-based microfluidic devices is introduced to facilitate both research and fabrication to
accelerate the investigative process and reduce material utilization and manpower. Unlike
to existing lab-on-a-chip technologies, paper-based microfluidics differs in terms of sub-
strate technologies and use a passive flow method to deliver fluids and reagents for assays.
While numerous analogies between microfluidics and semiconductor technologies have been
espoused, the physical differences between the fluid dynamics and electrical current are sig-
nificant which suggests that current trends in physical design for microfluidics must change
course in order to be of practical use to designers. Within this framework, a methodology
is introduced to address design automation such as dynamically placing and routing mi-
crofluidic components in a non-discrete design space while avoiding invalid design layouts,
accounting for fluid volume usage, surface area utilization, and the timing required to per-
form specified biological assays and also optimizing device parameters, enabling researchers
to focus on the science and thereby accelerating the development of new, low-resource paper

microfluidic devices for a developing world.
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Chapter 1

Introduction

1.1 Motivation

The gap in healthcare accessibility continues to widen as negative health outcomes
are rising in all strata where resources are scare, economic and political systems are weak,
and/or financial means and incentives directly oppose the needs of the populace. Along
the spectrum of therapies from easily treatable conditions up to potentially life threatening
diseases seen each year, approximately 5 million people worldwide die from AIDS and
tuberculosis, another 4.3 million die from respiratory infections, around 2.9 million die from
enteric infections, and about 1 million die from malaria. Virtually all of these deaths occur
in developing countries [68] that may not have necessary economic or logistical resources to
provide adequate healthcare to their populations. Those regions subjected to dysfunctional
political systems or social upheaval also have the additional obstacles of sporadic access
to the most basic necessities for everyday survival. Furthermore, the threat of a global

pandemic on the scale of tens of millions of people infected and deceased like the 1918



Spanish flu [78] or a strain of influenza like HIN1 [30] has been of concern for nearly
100 years and the COVID-19 pandemic underscores this need for rapid, inexpensive, and
widely-available medical diagnostics.

Most of these diseases can be successfully managed or cured if they are diagnosed
in time, but developing diagnostics for use in resource-limited settings is challenging. Di-
agnostics suitable for use in resource-limited settings have the potential to save millions
of lives each year and improve the quality of life worldwide. Even in first-world countries
— where financial incentives in the marketplace directly oppose the needs of the populace
— a lack of adequate diagnostics makes healthcare less efficient and a financial burden to
society. Better point-of-care diagnostics can play a crucial role in health care by providing
doctors with rapid diagnoses, enabling treatment to begin while the patient is still at the
hospital. This reduces the number of hospital visits and helps patients recover faster; how-
ever, developing diagnostics for successful use in resource-limited and point-of-care settings
is a formidable challenge. Consequently, there is an urgent need to develop and provide
both diagnostic and treatment technologies that can improve healthcare for those who live
in these areas.

Meanwhile, efforts to identify and mitigate global threats of diseases [81] 26] are
continually being developed and deployed wherever resources are limited and needs are
greatest. In this context, many researchers have designed and developed a wide variety of
microfluidic diagnostic devices that can reduce materials costs while lowering the volumes
of reagents and fluids needed for testing [94] [33] 89]. Moreover, they have the potential to

enable doctors and researchers to perform diagnostics and provide treatments while in the



field, and to reduce the need for time-consuming formal laboratory work. These devices
may enable doctors to provide rapid diagnoses and to enable treatment while patients are
still at the hospital, reducing the number of visits and speeding up recovery times [I18].
However, these technologies are too expensive and cumbersome to make a significant impact
in the developing world [98].

The World Health Organization (WHO) has determined a set of characteristics
essential for diagnostic and point-of-care applications in resource-limited settings [68] known
as the ASSURED criteria: (Fig.

Affordable by those at risk of infection

Sensitive (few false-negatives)

Specific (few false-positives)

User—friendly (requiring minimal training)

Rapid (treatment at first visitt and Robust (no refrigerated storage)
Equipment-free (no additional equipment needed for use)
Delivered to those who need it (small and portable)

Figure 1.1: The World Health Organization’s ASSURED Criteria

No single diagnostic technology satisfies all of these criteria, but paper microfiu-
idic devices (PMD’s) may come the closest [74]. While other microfluidic technologies
directly actuate fluid transport via pressure [103] or electrical current [83], paper-based
devices are passive, cheap to produce, and disposable making them attractive for potential
consumer products like simple lateral-flow home pregnancy test, perhaps the most com-
mon paper microfluidic device. These advantages are why paper microfluidic devices are

currently being used to detect COVID-19 antibodies in blood to determine if a patient



was previously infected by the novel coronavirus SARS-CoV-2 [6]. Much more compli-
cated paper microfluidics can also be developed that include complex networks of paper
channels,[72, [73] paper-based valves and other flow-control structures,[I1], [14] and even
origami-inspired designs.[62, [51].

Low-cost and easy-to-use diagnostic technologies have the potential to positively
impact healthcare outcomes in these situations, and many researchers look to microfluidic
technologies for its potential to achieve that impact [I08]. Microfluidic devices can reduce
costs of materials through reducing their size in construction as well as lowering the volumes
of reagents and fluids needed for testing. Moreover, they have the potential to enable doc-
tors and researchers to perform diagnostic and treatments while in the field and reducing
the need for time-consuming formal laboratory work as well as cutting the time to treatment
and recovery of patients. In contrast to expensive conventional laboratory-scale instruments
or integrated laboratories-on-a-chip, paper microfluidic devices are made from inexpensive
materials, are easily mass-produced, and exhibit the high sensitivity and specificity that are
hallmarks of more complicated microfluidic technologies. While other microfluidic technolo-
gies directly actuate fluid transport via pressure [I03] or electrical current [83], application
specific, paper-based microfluidic devices are passive, cheap to produce, and disposable.
Meanwhile their simple operation is user-friendly and easy to use and have the potential to
directly impact the everyday healthcare of any population.

Within this context, many researchers have designed and developed a wide va-
riety of microfluidic diagnostic devices that can reduce costs through miniaturization and

automation. Low-cost and easy-to-use diagnostic technologies have the potential to posi-



tively impact healthcare outcomes, especially in developing countries and in impoverished
communities. These devices enable doctors to provide rapid diagnoses and to enable treat-
ment while patients are still at the hospital or even in the field potentially reducing the
number of visits and speeding up recovery times. While significantly beneficial for persons
living in the developed world, many of these cutting-edge technologies are too expensive
and cumbersome to make a significant impact in the developing world, especially in remote
areas. As a result, negative health outcomes are rising in all strata that limits or otherwise
fractures access to cost-effective healthcare. There is an urgent need to develop and provide
both diagnostic and treatment technologies that can address and improve the healthcare
for the disaffected groups burdened with obstacles to care that the more affluent groups do

not have.

1.2 Paper Microfluidic Application Devices

Paper microfluidic or lateral flow devices have several advantages over traditional
lab-based analyses, including low materials cost, ease of use, and little or no additional
equipment needed [42] [65, 22]. In a simple but powerful example, the home pregnancy
test consists of a single strip of paper; when one end of the paper is immersed in urine,
capillary action drives the urine past antibodies specific to human chorionic gonadotropin
(hCG), a protein present in the urine of pregnant women. If hCG is present in the urine
sample, it participates in a set of binding reactions that culminate in a color change at the
opposite end of the paper (and therefore a confirmed pregnancy diagnosis) [13]. In a much

more complex example (Fig. , the fluidic multiplexer device [72],[86] is a multi-layer,



multi-channel device that allows the end user the ability to route fluid from a single source
to two or more sinks after the device has been fabricated.

Paper microfluidic devices use paper and capillary action (wicking) to drive sam-
ples, reagents, and other fluids through a series of processing and analysis steps inside porous
channels. They requires no external valves or pumps to control it; thus significantly reducing
the cost and size of paper microfluidic devices compared to traditional laboratory diagnostic
instruments. Using dehydrated reagents immobilized in the paper eliminates the need for
refrigeration and making them more robust than laboratories-on-a-chip or laboratory-scale
instruments. Being small and disposable, paper microfluidic devices can easily be delivered
to doctors in the field and stocked at the point-of-care. As such, these devices are poised
to proliferate as healthcare diagnostic solutions throughout the world. By operating on ex-
tremely small sample volumes (nanoliters to microliters), paper microfluidic diagnostics can
be very rapid. Paper microfluidics often integrate the readout into the paper itself (e.g., as
a color change), eliminating the need for equipment like microscopes or sensors and makes
paper microfluidics essentially equipment-free; in fact, recent work has shown that cellular

phone cameras can provide effective readout capabilities for paper microfluidics.

1.3 Other Microfluidic Technologies

The vast majority of papers published on design automation for microfluidics over
the past 15-20 years have targeted two specific microfluidic technologies: electrowetting on
dielectric (EWoD — often called “Digital Microfluidics”) [83] and channel-based microfluidics

featuring integrated microvalves which are controlled via external solenoid valves [103].



Fig. depicts fluid transport and mixing in these three technologies. In paper
microfluidics (Fig. ) liquid expands in a radial pattern from the application point, in
accordance with the theory of capillary action; the underlying physics is no different than
using a commodity paper towel to mop up a fluid spill. Transport and routing of fluids
within the paper is handled through various printed hydrophobic barriers, such as wax-
based inks [11) [88] 22 84]. The wax barrier impedes radial flow, but there is no external
source beyond the substrate itself which pumps the fluid. This is significantly different than
either the actuation mechanisms employed in other popular microfluidic technologies or the
transport of electrical current in semiconductors, as the forces that are applied to fluids
(or electrical currents) in the aforementioned technologies are inherently directional. In
electrowetting microfluidics (Fig. |5.1p), the hydrophobic surface coupled with the pattern
of electrodes that are actuated by an externally supplied voltage controls the direction of
wetting (transport). In channel-based microfluidics (Fig. [5.1k), an external syringe pump
creates a force which becomes directional due to channel geometry; the same is true of
peristaltic pumping, which is internal to the chip, but is controlled by external solenoid
valves.

The geometry of a paper microfluidic device determines the volume of the liquids
and reagents that are required to successfully complete an assay. The time required for fluid
to travel through a (portion of) the substrate can be constrained by both upper and lower
bounds, depending on the assay: the upper bound may be due to evaporation, the rate of
chemical interactions, and ultimately the amount of time that a person may be willing to

wait for results or possible sample spoilage, while the lower bound is typically determined



by the minimum time for chemical processes to complete. Further, the materials used in
the device (substrates, inks, fluids, reagents, etc.) need to be limited to avoid waste in order

to maintain low cost while still delivering efficient, effective, and accurate results.

1.4 Passive Flow Devices vs. Traditional Circuits

The microfluidic field is experiencing a similar design trajectory in general and
paper-based microfluidics is also beginning to approach the same boundaries as silicon-based
counterparts but with additional constraints unique to the field. In principle, automated
design of paper microfluidic devices — and the individual components that are used to con-
struct them — takes inspiration from semiconductor design automation: paper microfluidics
feature components (like standard cells or IP blocks) connected by fluid transport channels
(similar to wires). Although there are many parallels between traditional circuit design
and the proposed passive-flow technologies, the fundamental difficulties stem from the dif-
ferences between electricity and fluids. When working with electricity, our design concerns
stem from resistance, voltage, amperage, and heat. As long as we complete a circuit, the
electrons will get there eventually.

When dealing with fluids, there are similar concerns when it comes to resistance
to flow, capacity of flow and rate of flow, however, paper microfluidic devices are subject
to limitations not found in silicon. Paper microfluidic physical design must account for the
underlying physics of passive fluid transport (e.g., wicking)[42] 25], the physical properties
of the paper substrate[18], reagent and test sample requirements, timing boundaries for both

sufficient reaction time and test duration. The volume of liquids and reagents necessary for



the assay must be present in sufficient amounts to assure successful completion. Additional
concerns related to fluid dynamics include: gravitational effects, fluid surface tension, and
substrate resistance.

Further complicating placement and routing, locations and distances are not neces-
sarily discrete as successful device and layout generation may need fractional modification,
therefore we have a continuous range of viable locations. The time required for fluid to
travel through a (portion of) the substrate can be constrained by both upper and lower
bounds, depending on the assay: the upper bound may be due to evaporation, the rate of
chemical interactions, and ultimately the amount of time that a person may be willing to
wait for results, while the lower bound is typically determined by the minimum time for
chemical processes to complete. The materials used in the device (substrates, inks, fluids,
reagents, etc.) may also need to be limited to avoid waste in order to maintain low cost
while still delivering efficient, effective, and accurate results.

Any researcher or developer may have to take into account any number of the
variables when developing new devices and device design automation must also account for
non-discrete and non-polygonal geometries as components can be located anywhere within
the device — unlike traditional circuit placement which is restricted by grid-oriented standard
cells — which complicates the validation of placement legality. Lack of standardization
suggests that design constraints akin to standard cells for paper microfluidic devices are
unlikely to emerge in the foreseeable future. Thus, straightforward adaptations of existing
physical design algorithms are inappropriate for paper microfluidics, and design tools and

methodologies to address these challenges are needed.
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1.5 Current Paper Microfluidic Design Practices

All paper microfluidic devices share certain advantages over traditional laboratory-
based analyses, including low cost, ease of use, and little or no additional equipment needed
[42] 65, 22]. However, the process of developing new paper microfluidic devices requires
actually finding a design that works as expected. And once a functional device is found for
one application, it may not work as intended for a different application, so the design process,
including optimization, must be repeated again. While there are some mathematical models
available for predicting the flow of fluids through paper [107, [63], [I8], usually several rounds
of device design and testing are necessary before a functional device design is found.

Despite the aforementioned advantages, designing, testing, and validating paper
microfluidic diagnostics remains a significant hurdle, as the task is presently done by hand
using software such as AutoCAD® or Adobe Illustrator®. Each design is therefore specific
to the particular conditions and parameters under test as well as limiting the complexity of
designs and potential biochemical reactions. During the development phase, the designer
must then create multiple device variations to evaluate design performance and assay accu-
racy to ensure that the device performs as intended within varying environmental conditions.
A researcher wishing to test variations in channel count or reagent combinations would nec-
essarily have to manually re-draw each variant before even beginning to test any particular
design for the desired assay environment. Under the current paradigm, these design vari-
ations must therefore be re-drawn for each application by hand. Such a process involves
error-prone and intensive labor as well as requiring greater time and resource demands for

the designer — instead of performing research into a paper microfluidic device.
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Even though paper microfluidic devices are one-time use and disposable, during
the development phase, researchers must create multiple variations to compare design per-
formance and accuracy, and possibly to adapt the device for use in varying environmental
conditions. Under the current design paradigm, the researcher nneds to hand-design each
variation, essentially a “hard-coded” ASPMD (application-specific paper microfluidic de-
vice; analogous to an ASIC), which is time-consuming, labor-intensive and prone to inaccu-
racy. These issues also limit the potential complexity of the biochemical assays (step-by-step
chemical reactions) that a paper microfluidic device can realistically be designed to perform.

As a specific example of the challenges facing designers, consider the paper mi-
crofluidic multiplexer [72], versions of which have been designed that contain two, four, six,
or eight user-selected channels. Now suppose that a designer requires a paper microfluidic
multiplexer with a different number of channels, or a different arrangement of the channels,
or countless other possible modifications to the design. Currently, this would require the
designer to manually edit one of the existing designs, or draw a new design complete from
scratch, using a computer drawing program, prior to fabricating and testing a new device
[66]. This process could iterate numerous times before a satisfactory new device design is
found.

As the research into PMD’s develop, the increasing complexity and array of po-
tential applications that the topic provides is driving the need to produce new tools and
methodologies to handle the increasing sophistication of devices and further enable robust
biological diagnostics and - potentially - new therapeutic applications. Increased complex-

ity comes with the increased challenge of accounting for and incorporating the abilities
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and specifications that would provide the potential capabilities. The exponential growth of
processor design very early on necessitated the development of design automation software

that could generate and validate processor designs for fabrication.

13



Chapter 2

Related Works

To the best of our knowledge, there has been no prior work on design automation
for paper microfluidic devices based on passive flow substrates; many individual devices,
designed manually, have been reported [65] [68]. There has been some prior work on physical
design and droplet routing [106], control pin optimization [104] and test [105] for paper-based
electrowetting devices patterned using conductive ink [2] 56]; these devices transport liquid
through the application of high-voltage electrostatic forces, as opposed to passive capillary
flow. In principle, our framework could be used to print the conductive ink patterns on the
paper. In the future, we may try to use our framework to build paper devices that integrate
electrowetting circuitry with passive flow substrates.

Some work has been done using computers to automate the generation of microflu-
idic device designs; however, most of these approaches are limited to normal channel-based
or “continuous flow” microfluidics, not paper microfluidics. For example, ten years ago,

an AutoCAD plugin was designed to help optimize the generation of the control layer for
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valve-based devices fabricated using multi-layer soft lithography [4]; however, it requires the
flow layer to be designed manually and does not offer design analysis or validation capabili-
ties. More recently, a number of algorithmic approaches have been put forward which adapt
principles originally established for semiconductor/silicon design automation, in which com-
ponents are defined on a traditional grid [44] [79] [76], [16], 17]; however, they explicitly assume
that fluid is contained in pressurized channels, which provide far more reliable and longer
travel distances than can be realized using paper microfluidics. More directly related to
this work is an open source Java program that aims to simplify paper microfluidic device
design [19]. The application provides a graphical user interface from a set of basic geometric
primitives, such as rectangles and circles, which lack behavioral descriptions. Thus, the end
user is required to predetermine the desired and expected behavior(s) of each shape. To
its credit, the application provides a scripting language to assist with design automation
tasks for users with a programming background; however, it does not automate analysis or
correctness checking for the paper microfluidic devices that it generates.

Most work recently published on design automation for microfluidics has focused
on either paper-based electrowetting or channel-based devices. Chips using electrowetting
[83] have fluid traveling on a hydrophobic surface that is routed via electrical signals. Several
works [106], 104, [T05] have investigated using a paper form factor whereby the signal circuitry
is printed onto the paper, but still utilizes an external power source to actuate droplet
movement, and 1/O is presumably performed by pipetting, rendering the devices difficult
to use. On channel-based devices [103], routes are fabricated in a solid material and fluid

travels under external pressure and regulated by microvalves. These approaches can more
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appropriately utilize silicon strategies and methods due to adhering to a standard cell
and grid approach and therefore do need a collision detection methodology or multi-layer
considerations.

The use of indexing trees is well researched in the computer graphics field [57].
The oriented bounding box (OBB) tree is analogous in approach [34] but is limited in
dimensionality. Several other variants [117, [67] employ a partitioning schema to reduce the
zones for testing; in our case, extending the R-Tree guarantees minimal bounding containers
in multiple dimensions serving a similar purpose. The bounded deformation (BD) tree [50]
and general form sphere trees [82] are also applicable to 3-D models but lack the multi-layer
generalization of the ND-Tree, as reported here.

Multi-dimensional work has been extended to 4 dimensions of spacetime collision
detection [10] using binary tress and division of spacetime in a divide-and-conquer approach
using basic bounds. Other approaches expanded to using polyhedra [15] and streamlined to
using using sphere trees [45], [46] as well to progressively tighter spheres to gain additional
speedup. A more complex approach uses discretely oriented polytopes [55, [117] as the basis
for bounds testing and is the closest approach similar to the one used in this paper but
without the orientation and equal number of dimensions requirement. Other approaches
involve inclusion of physical dynamics [611 [80} [82] but are geared toward computer animation
and gaming applications.

Canonical techniques for standard cell and discrete routing inform application of
non-standard, non-discrete microfluidic spaces. For placement, the RADAR approach is

based on simulated annealing [54] where optimal locations are search for through compar-
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isons of local minima and maxima over the global function which the properties of Bézier
curves provide. For routing, the use of probes was taken from [77, [41] for finding valid
routes for fluid channel generation. Grimmer [35] and Amin [4] used similar approaches but
were limited to standard cell approaches but able to use pressure and control to constrain

the design space.
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Part 11

Design Automation
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Chapter 3

Design Automation

3.1 Framework

To support the automated development of paper-based microfluidic devices (PAD),
this chapter introduces a novel software framework that is intended to target both re-
searchers and developers ultimately service the general population. Compared to existing
lab-on-a-chip technologies, paper-based microfluidics differs in terms of substrate technolo-
gies and point-of-care usage across a wide variety environmental conditions. This chapter
addresses the contexts in which the software can address these challenges and presents
several initial case studies that demonstrate the capabilities of the framework to produce
workable and usable paper microfluidic devices.

Using the framework, paper microfluidic device developers can specify, prototype,
dynamically generate, and test their designs. The framework provides the capability to
reliably reproduce designs streamlined for in-situ fabrication. Additionally, the framework

integrates with tools to test and analyze each paper microfluidic design to enable automated
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Figure 3.1: Framework overview which includes a library of paper microfluidic components,
which can be rapidly assembled into netlists which form new devices. Once the netlist is
assembled, the framework renders the device using established file formats (PDF, DXF,
SVG).

or semi-automated design space exploration. For example, the framework could generate
different variations of a design to account for the effects of environmental conditions, impact
on physical substrates, and dynamic fluid conditions, providing the designer with a greater

understanding of how these physical factors influence accuracy under test.
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3.1.1 Segments, Paths, and Primitives

Segments, paths, and primitives refer to the elemental geometric shapes that can
be printed onto a paper substrate. A segment is a Bezier curve, featuring source and sink
coordinates that indicate a direction of drawing when rendered by the framework. The
source and sink have handle coordinates that define the curve. If the handle coordinates
are the same as the source and sink coordinates, then the curve degenerates to a line segment
(Figl3.2|(a)) otherwise, they form a curve (Fig[3.2{b)).

Paths are constructed by concatenating multiple segments (Fig(c)). Primitives
are closed paths, representing geometric shapes such as quadrilaterals, circles, ellipses, and
polygons (Fig(d)). Union and intersection operations applied to Primitives can form
complex shapes and Primitives with negative space (Fig(e)). The Zero-sum Winding
Rule [48] can identify overlapping and negative spaces to determine the underlying paths

that characterize the final shape.

/KCAXA)PQ

Figure 3.2: a) line segment, b) curve segment; c) a path constructed from two curve
segments; d) a circle and a polygon primitive constructed from curve and straight segments;
e) a component formed from multiple primitives.

e)
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3.1.2 Components and Devices

A component is a dynamically generated, re-usable object whose geometry is de-
fined by one or more primitives, coupled with its functionality in terms of fluidic actions
and abstract dynamics, such as mixing, transport, timing, etc.

A device consists of at least one or more components that encapsulate the de-
sired actions and parameters needed to characterize biochemical behavior as described in
the assay protocols. Individual components may be scaled or rotated as needed. Large
devices may be specified hierarchically in terms of smaller devices, facilitating composition

of multiple assays, either in sequence or in parallel.

3.1.3 Parameterization

The framework supports parameterized components and devices; for example, a
straight fluid transport channel can be characterized in terms of its length and width. The
device designer can then iterate over multiple versions, for example, to assess behavior of
an assay under various loads, conditions, configurations, etc. This can be automated via
dynamic drawing based on user-specified parameters. As the designer varies parameter

values, the software adjusts and re-renders the component or device as needed.

3.1.4 Substrates and Substances

It is necessary to understand the properties of both the physical materials that the
fluids that are expected to flow through it. The substrate abstracts the production of the
output to individual pages (for printing) or other options (e.g., computer controlled-paper

cutters). It encapsulates physical properties of materials, such as dimensions, margins, out-
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put area, expected flow rate, and fluid capacities. Attributes such as base flow rate for a
given substrate can be used to calculate flow and dispersion times which can then deter-
mine expected execution time, timing variability, fluid consumption, and the probability of
successful assay completion. Paper dimensions can be specified including margin size, along
with mean flow rate for a fluid to travel within the substrate.

The substance encapsulates the physical characteristics of the various fluids, reagents,
solutes, flow rates given a particular environment, etc., which are used to evaluate assay

feasibility and accuracy, given a substrate.

3.1.5 Registries

Each device or component has a registry, which tracks and resolves the substrates
onto which it will be printed. When two components or devices are merged, their registries
are merged and reconciled to determine if the substrates and layers are compatible; if not,
the device cannot be fabricated. If the device is feasible, a layer registry is built to determine
which primitives, components, and devices will be printed on each layer. When appropriate,
duplicates may be eliminated and components may be transferred from one layer to another,
if needed. This reconciliation process produces a distilled list of substrates which the user

can then verify for correctness.

3.1.6 Layouts

Paper dimensions can be specified including margin size, along with mean flow
rate for a fluid to travel within the substrate. The layout represents the context in which

a paper-based biochemical assay operate, including environmental information, substances
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and substrates, and the base units of measurement. The layout contains the netlist repre-

sentation of each device, as well as its layer registry.

3.1.7 Scale and Color

Scale and color are application-level attributes that speak to the accuracy of com-
ponents and may define the basic operating modes of a device. Scale refers to units of mea-
surement (e.g., mm-scale devices), including conversion between units. The default internal
unit of measurement is millimeters. Storing and maintaining a metric standard minimizes
rounding error accumulation and reduces measurement error that can occur when multi-
ple conversions between non-metric measurements cascade. The notion of color includes
standard four to six color inks as well as non-ink materials such as wax or metallic ink for

printing.

3.1.8 Environment

The environment provides measurements that may influence assay performance
and accuracy, such as temperature, barometric pressure, and humidity; this allows designers
to characterize the environmental conditions under which a device will properly operate.
For example, should a warm temperature prolong flow rates, then various channels and
other components should be shortened to maintain the expected runtime; in a humid en-
vironment, runtime may increase or cause incorrect mixing. Thus, it may be necessary to
produce a general family of devices that are capable of executing one assay under different

environmental conditions.
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Figure 3.3: Parameterized fMux designs with a) two channels; b) four channels; c¢) six
channels; and d) eight channels

25



3.1.9 Rendering Engines

The framework’s initial rendering engine outputs the PDF format, which is ubiq-
uitous, and supports vector graphics with high resolution output; in practice, the print or
output device, not the PDF format, will limit the achievable resolution of our framework.
PDF is platform independent, which simplifies distribution of device designs and enhances
reproducibility.

The second rendering engine targets AutoCAD’s DXF file format, which has been
a stable of computer-aided design (CAD) for decades. The DXF is a platform-agnostic
drawing technology that can produce highly accurate vector drawings. Due to the ubiquity
of AutoCAD in computer-controlled machining (CNC) applications, the DXF format is
compatible with cutting and pen-based drawing devices.

The last rendering engine targets W3C’s Scalable Vector Graphics (SVG) format,
an XML-based platform-agnostic file format. As SVG is widely used for web content, we
expect to use this engine to distribute images primarily rendered for visual display and

scientific dissemination.

3.2 Case Studies

We briefly summarize a set of successful case studies which demonstrate that our
framework can be used to print a variety of useful parameterizable components and devices.
These case studies validate the practical usability of the framework, along with its basic

capabilities.

26



3.2.1 Fluidic Multiplexers

We used the framework to reproduce a fluidic multiplezer (fMuz) [12] (Figl3.3),
which is constructed from multiple layers of paper and tape. The user “programs” the
fMux by squeezing the layers together at pre-specified locations (buttons) on the top layer,
connecting two passive flow substrates; the tape layer ensures that each button remains
pressed (i.e., the two passive flow substrates remain in contact) after compression.

The user can program a K:1 fMux so that any subset of K input fluids will merge
and mix (by passive diffusion) at the fMux output. Parameterization allows the design to
generate fMuxes with any desired number of inputs; the user may also adjust the fMux
dimensions, channel length, and well size. The framework then draws the fMux channels

algorithmically using the rendering engine.
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Figure 3.4: Well and channel components in 8 configurations: a) 1-out; b) 2-out; ¢) 1-in,
2-out; d) 1-in, 3-out; e) reduced well size with 1-out; f) increased well size with 2-out; g)
1-in, 2-out with channels of varying width; and h) increased well size with 3-in (narrow
width), 1-out (wide width).
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3.2.2 Channel and Well Components

Channels and wells (Fig can be parameterized to change dimensions, capaci-
ties, orientations, and signal counts.

A channel is specified by its source and sink coordinates, along with its width;
it may also be specified as a vector with a source coordinate, angle, length, and width.
The framework can assess the impact of channel design parameters on issues such as assay
execution time, reagent consumption, etc.

A well is a circular region that contains one or more fluids; the primary parameter
of interest is its radius. Using the framework, we produced two calibration devices that
capture performance data across varying environmental conditions. These devices can en-
hance reproducibility of scientific findings across a variety of external conditions which are

often beyond the control of the practitioners.

3.2.3 Calibration Devices

The Raceway Calibration Device (Fig(a)) comprises a varying number of fixed-
length lanes (channel segments) with varying width. The Raceway allows a researcher to
compare fluid transport velocities over time, enabling characterization of dispersion rates.
Running multiple “races” using a median benchmark fluid under fixed environmental con-
ditions will enable a researcher to characterize the +/- margin of the substrate with a high
degree of confidence.

The Bullseye Calibration Device (Fig[3.5(b)) allows for lanes to be specified at vari-

ous angles in a radial distribution around a central source or sink. It includes a measurement
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scale that expands out from the central point in concentric marks giving appearance of a
bullseye target. Paper substrates may exhibit a flow orientation as a result of manufactur-
ing processes; unlike the Raceway, the Bullseye device allows for the calibration process to
take the flow orientation into account, as it may influence accuracy and performance.

Once the calibration profiles are obtained, they may be incorporated into the
layout of a device, especially when tuning the device for specific environmental conditions.
We anticipate that this will increase accuracy, reproducibility, and efficiency in terms of
time and material utilization, both in laboratory and point-of-care settings.

[ OO EESERRT

| I T ;|

a) b)

Figure 3.5: a) Raceway Calibration Device; b) Bullseye Calibration Device.
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3.3 Experimental Results

This section summarizes the experimental setup, preliminary tests performed, ob-
served difficulties, and solutions and processes that were develoepd to mitigate those dif-
ficulties. The reported experiments 1) determined a reliable width of the printed barrier
walls to contain fluid transfer; and 2) assessed the reliability and replicability of experiments

performed with devices produced by the software.

3.3.1 Experimental Setup

Microfluidic layouts generated by the framework for testing were printed using a
Xerox ColorQube 8570DN wax-based ink printer connected via USB cable directly to a PC
used for development. The printer driver’s output resolution was set to 1200 dots-per-inch
(dpi) with zero-scaling during output to maintain accurate rendering of files to substrates.

The wax printer delivers color solid wax “inks” to paper by activating an internal
heating element, which melts the wax to a fluid state before depositing it on the surface
material, where it rapidly cools before being ejected from the printer. Although the wax
ink is hydrophobic, it resides on top of the paper, so fluids delivered to the substrate at
this stage would penetrate beneath the ink, bypassing the desired barrier on the surface.
Passing the printed page over a heating element re-melts the wax, which then flows into the
substrate to create the desired hydrophobic barrier.

A 100-1000 pL range pipette was used for measurement and delivery of a solution
of filtered water colored with a standard food colorant. LabNerd® filter paper cut to 200

mm X 123 mm served as the substrate.
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3.3.2 Test Rig

In initial tests, the ends of the paper were folded over to create a rigid support
(Fig[3.6] Left), which elevated the test area, but did not create a taut and level surface;
consequently, when liquid was applied to the substrate, undesired flow would occur. Even
with a 2 mm border to contain liquid flow to the desired regions, the uneven surface caused
warping and uncontrolled and transport (Figure [3.7). The solution was to design and
construct a test rig which isolates the substrates from other surfaces and maintains a level

flow surface such to ensure that fluid is not under the influence of gravity while under test

(Fig Right). Results for subsequent experiments are reported using the test rig.

Figure 3.6: On the left, the first tests when creating wax-based channels for fluid flow. On
the right, the test rig isolates the material and fluids from contact while under test.

3.3.3 Fluid Containment

The goal of this experiment was to determine a border width for reliable fluid
containment for channels and wells under test. We ran several passes on the Raceway and
Bullseye calibration devices using fluid volumes of 1000uL, 500uL, 300uL, and 250uL. For

the Raceway device, 500uL of fluid caused a failure in the reservoir section, while 300uL
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reliably filled a Bullseye device with a 40mm radius. Subsequent experiments to test fluid
containment were performed on the Bullseye device using 300uL of fluid with border widths

of 0.5mm, 1.0mm, 1.5mm, and 2.0mm.

——

Figure 3.7:  Simple experiment to test the Raceway Calibration device’s containment
efficacy. From left, @t=0 min, prior to dispensing fluid, @t=1 min, fluid contained by 2mm
borders, @t=2 min, fluid flows beyond borders due to improper handling of substrate.

As shown in Figure 3.8 border widths of 0.5mm and 1.0mm failed to contain the
fluid delivered to the source location in the center with fluid seeping through the channel
barriers. The 1.5mm width performed better, but exhibited a failure at the 30mm mark
(as indicated by the arrow in Figure , but otherwise contained most of the fluid. The
2mm width reliably contained the 300uL fluid, which was delivered to the source and then
flowed to each of the eight sinks. In principle, this will allow for testing flow rates over
varying device sizes; additional testing will attempt to determine the relationship (if any)

of fluid volume to barrier size.

3.3.4 Flow Characterization and Replicability

Thirty 40mm-radius Bullseye devices were fabricated, two per sheet, and pipetted

200 pL of fluid to the source. For each device, the fastest and slowest times were measured
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Figure 3.8: Fluid containment experiment to determine reliable border thickness for fluid
containment. Note: photos had contrast adjusted to more clearly show fluid location)

at which fluid reached one of the eight 40mm sinks. The results (Table suggest excep-
tionally high variability: fluid transport time ranged from 144 — 560 s, with a median of 427
s and a standard deviation of 76.54 s. The primary cause for the variability turned out to
be inconsistent pipetting, which, in turn, led to inconsistent fluid transport. Taken in its
proper context, this variability is likely to manifest itself in real-world use cases, where the
user of a paper-based diagnostic is a layperson, not a trained healthcare professional. Thus,
there is likely to be similar high variability between different users of otherwise identical
devices. Thus, experiments such as this can provide, at a bare minimum, upper and lower
bounds on the time required to execute a biological assay on a paper microfluidic device;
this type of information can and should be included in experimental protocols to ensure
that the user has a realistic estimate of how long to wait before trying to interpret the

results.
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Table 3.1: Maximum and minimum fluid transport times recorded using the Bullseye device
with eight 3mm sinks and 40mm long channels, having a 2mm border width, with 200uL
fluid delivered to the source.

Trial | MIN | MAX || Trial | MIN | MAX
1 488 s | 560 s || 16 392s | 440 s
2 468 s | 480s || 17 396 s | 428 s
3 432 s | 462s || 18 354s | 414 s
4 416 s | 446s || 19 144 s | 157 s
5 374s | 456 s || 20 157 s | 384 s
6 374s | 432s || 21 334 s | 468 s
7 450s | 504 s || 22 426 s | 468 s
8 458 s | 488s || 23 368 s | 440 s
9 372s | 372s || 24 438 s | 438 s
10 358 s | 358 s || 25 360 s | 398 s
11 392 s | 432s || 26 338s | 376 s
12 406 s | 406 s || 27 438 s | 476 s
13 376 s | 480 s || 28 442 s | 462 s
14 408 s | 482s || 29 328 s | 446 s
15 452 s | 452s || 30 314s | 422s
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Chapter 4

Detecting Valid Placement across

Multiple Dimensions

While numerous analogies between microfluidics and semiconductor technologies
have been espoused, the physical differences between fluid dynamics and electrical current
are significant which suggests that current trends in physical design for microfluidics must
change course in order to be of practical use to designers. As a step in this direction, this
chapter studies the problem of collision (overlap) detection during placement of components
when designing multi-layer paper-based diagnostic devices. In this context, standard cells
do not exist, components may have arbitrary geometric shapes, and dedicated layers for
fluid transport may not be possible.

Determining valid placement of components in an effective and efficient way be-
comes a precursor to enable subsequent study of physical design algorithms in this domain.

The solution put forward in this chapter is a generalization of the R-Tree, which is widely
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Figure 4.1: Multi-layer design version of a radial fluidic de-multiplexer (rMUX) based off
a previously published fluidic multiplexer [72] as represented in our framework. The rMUX
device accepts fluid delivered to the center well of the device and the user can indent the
areas indicated by the grey circles to route fluid to the corresponding receptacles at runtime.

Additional details are shown in in Figs. and

used in spatial databases, to address valid placement across multiple substrate layers and
complex shapes. The new data structure called an ND-Tree can validate a placement across
the entire substrate design space, down to the actual complex shapes of primitive compo-
nents. Experiments demonstrate that the ND-Tree is as efficient as the R-Tree method to
detect collisions between components yet provides additional encapsulation to span multiple
substrate layers and fluid dynamics in a paper microfluidic device.

The increasing sophistication of paper-based microfluidic devices — such as the

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7

Figure 4.2: The individual layers of the rMUX showing the alternating layers of printed
papers and cut hydrophobic barriers.
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radial de-multiplexer (rMUX) featured in Fig. — is driving the need to produce
new tools and methodologies that enable more robust biological diagnostics and potential
therapeutic applications. Multi-layer paper microfluidic devices introduce greater sophis-
tication, which introduces the need for design automation techniques to place and route
components, and to verify potential layouts during device development. The question that
this paper addresses is how to efficiently detect collisions (overlaps) between two elements
during placement, while accounting for the fact that the collision may occur on only a sub-
set of the device layers. Our collision detection employs a data structure that we call the
ND-Tree, itself an extension of the R-Tree [5], a data structure widely used in information
retrieval for spatial data access. The ND-Tree enables collision detection among shapes of
arbitrary geometry in bounding containers that span multiple device layers and captures
other bounding criteria such as fluid volume, fluid transport distance, and arbitrarily more
dimensions.

After liquids are delivered to devices to the application point (Fig. , transport
and routing of fluids is handled by using defined hydrophobic barriers, such as wax-based
inks which can be printed directly to the paper [111 [88], 22, [84]. The various reservoirs and
channel paths formed by these barriers are themselves constructed by individual components
that when integrated into an application design creates the geometries that determine the
volume of the liquids and reagents that are required to successfully complete an assay.
Components such as the well and channels used to construct the rMUX (Fig. assay,
can occupy area and volume spanning multiple device layers (Fig. , and each of which

have their own volume and timing parameters complicating automated construction and
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Figure 4.3: A six channel rMUX has seven layers to accommodate selection of fluid travel
post-fabrication. The framework generates and configures six “via” Components that are
placed according the number of channels specified during instantiation.

revision. All of these parameters must be taken into consideration when assessing potential
locations of components in any assay being designed.

The diagram (Fig. illustrates a case where collision detection based on bound-
ing boxes alone can significantly affect the layout and the minimum sample requirements
for a valid test. Using the bounding boxes produces an area of 1.92em? of waste area in
the layout that would elongate the channels and require additional fluid volume and in-
creased fluid travel. Given the 2mm channels, and additional 6mm vertical deflection and
16mm horizontal deflection would mean at least ((2mm x 6mm)/100mm?/em?) + ((2mm x
16mm)/100mm?2/em?) = 0.12cc + 0.36cc = 0.48cc more fluid required in the layout. If a
10ce blood sample is to be tested, 5% of the sample is wasted due to the larger layout due to
just this one wasteful placement. However collision detection of actual complex shapes in-
volving curvilinear regions and boundaries requires far more intensive computation beyond

simple area calculation.
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(16x6mm)

BoundingB{A
Figure 4.4: The left case demonstrates the problem of inefficient placement using bounding
boxes only and the right shows placement according to actual shape with the dark grey
indicating the space savings. The margin represents spacing that may need to be maintained
due to ensure proper fluid containment.

Additionally, accurate placement evaluation necessitates comparison among all
elements in the component to be place with all elements already placed. A naive approach
would be to compare all elements against all elements. Consequently, multi-layer, multi-
dimension collision detection is a precursor to physical design algorithm development for
paper microfluidics. The use of a data structure like the R-Tree (Section , allows for

comparing only those elements whose bounds intersect other bounds.

4.1 Design Automation Framework Review

The technical contributions presented in this chapter have been implemented the
previously discussed for paper microfluidic design automation [86]. The framework includes
a library of paper microfluidic components, which are reusable objects that can be rapidly
assembled into netlists to form new diagnostic device designs. A component definition may

include functionality in terms of fluidic actions and abstract dynamics, such as mixing,
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transport, timing, etc. Each component ¢ = (p1, p2, ..., pn) is physically defined by two or
more geometric primitives. A primitive p; is constructed from one or more paths P;, each
of which using one or more Bézier curves. Bézier curves are parametric arcs defined with
start and end points and “handle” points that constrain the curve.

Within the framework, a device D = (c1,ca,...,c,) consists of at least one com-
ponent, and encapsulates the desired actions and parameters needed to characterize its
behavior. Each component is required to reside in exactly one device. Within that device,
a component may connect to other components. Components may also connect to other
components that reside within other devices. To create a device, individual components
may be scaled or rotated as needed. Large devices may be specified hierarchically in terms
of smaller devices, facilitating the concatenation of multiple assays in sequence or in parallel.

Devices reside on one or more layers, each of which corresponds to a particular
page. Pages may contain multiple layers but are effectively special layers that also encap-
sulate what type of material or substrate it consists of, and its physical properties such as
dimensions, porosity, density, etc. The terms “layers” and “pages” are used interchangeably
as the collision detection method used in this paper is not concerned with the distinction.

A layout L = (D1, Do, ...D,,) contains all devices residing on one or more pages
and also defines environmental variables such as temperature, humidity, and other variables
as defined by the end user. Once a layout is completed, the framework renders the device

using established file formats, such as PDF, DXF, and SVG.
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a) R-Tree b) ND-Tree

Figure 4.5: a) A tree contains n nodes, m children per node, and d dimensions per node.
The R-Tree [38] represents physical space as minimum bounding rectangles (MBRs) that
hierarchally contain other MBRs at the root and interior nodes, while leaves represent 2D
points. R-Tree construction allocates MBRs that cluster nearby data points and, hierar-
chically, nearby MBRs. Nearest neighbor query comparisons traverse the R-Tree from the
root toward the leaves, but may terminate early if the queried points are distant from one
another. b) In a paper microfluidics application using an n-dimensional ND-Tree, the root
establishes the overall layout, with the first set of nodes being grouped according to the
various substrate ID’s in which the primitives reside. Subsequent nodes contain bounding
comparisons in the form of n-dimensional containers. Collision tests among the Primitives
occur within the leaves.
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Figure 4.6: The rMUX with all primitives overlaid with its corresponding bounding con-
tainers.

4.2 The Naive Approach and The R-Tree

The Naive approach to detecting a collision between elements without any ad-
ditional data structures would require pairwise enumeration; moreover, collisions are not
transitive. However, logically grouping elements near to one other enables coarse-grained
collision testing on the granularity of groups.

The R-Tree [38] (Fig. ) was originally introduced for locating regional points
in a 2D spatial database stored in the leaves of the tree. Above the leaves, each node
represents a minimum bounding rectangle (MBR) that contains the m nearest data

points; the m children of the node are the leaves that represent those data points. Further
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up the tree, each node represents an MBR that contains the m nearest MBRs in an anal-
ogous manner. At the root, a single MBR contains all intermediate MBRs, which through
recursion, ensures that the root MBR contains all data points. The locality property by
which each MBR contains m nearby MBRs (as opposed to m arbitrarily chosen MBRs) is
highly advantageous in nearest-neighbor database queries. The R-Tree provides an efficient
nearest-neighbor indexing method that allows data points to be queried in O(log,,n) time.

Fig. illustrates the rMUX, shown with the associated bounding containers in
a single-layer approach, using only the x- and y-dimensions in a straightforward R-Tree
implementation. Fig. shows the same device in the ND-Tree revealing the multi-layer
aspect of the device. The R-Tree can capture each layer individually, and by using multiple
R-trees the entire device can be indexed, however, the conceptual linkages of elements be-
tween layers, such as fluid channels connecting reservoirs, are lost. Additionally, the R-Tree
must compare containers among all dimensions and does not encompass maximal bounding
nor prioritize the factors being compared. The ND-Tree addresses these limitations while

encapsulating all dimensions within a single unified data structure.

4.3 The ND-Tree

The proposed n-dimensional bounding tree (Fig. |4.5b), which we call an ND-
Tree, generalizes the structure of the R-Tree by allowing for any user-defined set of di-
mensions. These dimensions can be arranged in a sequence to enable determination of the
amount of overlap between objects to support efficient bounds detection in a multi-layer,

multi-dimensional space. One possibility is to optimize the sequence to minimize fluid vol-
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Figure 4.7: The primitives of the rMUX and the associated bounding containers in its
corresponding ND-Tree. Each layer is shown in a separate color and demonstrates that
even simple devices can be complex when determining their bounds.

ume by seeking to minimize the planar fluid area. Another option might be to ensure
that the fluid spends a minimum amount of time traveling through a particular component
to meet an timing requirement specified by the assay designer. A third possibility is to
optimize the sequence for optimal placement and verification during location exploration.
The ND-Tree follows the same overall structure as the R-Tree with a root node
which may have zero to m child nodes, n leaf nodes where n is the number of primitives
placed in the ND-Tree, and internal nodes that track the bounds for each node and each of
its m children. Fig. depicts an ND-Tree that encapsulates all elements in on each layer

of an rMUX device.

4.3.1 Nodes in an ND-Tree

An ND-Tree node (Fig. 4.8)) consists of: a memory address to a node’s parent
if present, an m-sized array of memory addresses to the children of the node, a memory

address to a primitive if present, and a minimum bounding container (MBC) that handles
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bounding dimensions in the internal nodes and primitives. There are five node categories:
1) a root, 2) a graft, 3) a branch, 4) a leaf, and 5) a fruit. The root node has no parent
and has exclusively graft nodes as children. The root is the only node type which has no
limits on the number of children that it may have. A graft node serves as the funnel point
for logical grouping of elements, e.g. by page. Graft nodes may contain any number of
other graft nodes as children or branches to accommodate hierarchical grouping of nodes.
A branch node has a parent node and a varying number of children ranging from m,;,
t0 Mmaz Wwith a default maximum of four children. The child capacity is an adjustable
parameter to aid in the balance of node distribution in the tree and to address performance
optimization concerns. The allowance for a variable m also accommodates the varying nodes
which can represent both a component constructed from primitives, and a complete paper
microfluidic device constructed from those components. A leaf node will always have one
parent node, but its children are exclusively fruit nodes. A fruit node stores primitives; all

maximum-length paths in the tree originate at the root and terminate at a fruit node.

4.3.2 Encapsulating Dimensions

The angular bounds of an R-Tree can be generalized into a series of one dimensional
bounds but in doing so, the concept of geometrical shape to define boundaries collapses be-
yond three dimensions. The minimum bounding container (MBC) supports additional
dimensions that can represent desired characteristics beyond spatial constraints, for exam-
ple, timing-related properties or fluid dynamic constraints. The MBC is defined as set of

dimensions A = (41, d2, ...,04) that define the bounding conditions such as ensuring mini-
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Figure 4.8:  An ND-Tree node contains memory addresses for its parent node and all
child nodes (black boxes). Child nodes are contained in an array to accommodate various
configurations of and quantities of child nodes, depending on the state of the node, with
4 being the default maximum. If the node state happens to be a fruit, it will contain a
pointer to the primitive (as indicated by the white shape) but will have no children. The
bounding container is determined by the dimensions specified by the end user and are not
limited to only z-, y-, and z-axes, but can feature any number additional dimensions that
the ND-Tree can track. Here, values for layer ID, d, and J, bounds, as well as d; fluid
distances are depicted, as well as any additional § values.

mum fluid travel and volume constraints. Dimensions are defined and ordered by the user
to ensure desired optimization parameters and to encourage early termination of a collision
test, noting that there is no collision if there exists no overlap in at least one dimension
(i.e., no layer violation). As an example, placing the page index as the first dimension to
be tested ensures the only primitives and bounding nodes existing on the same page could
possibly collide and thereby avoiding unnecessary testing.

FEach dimension in the MBC also has a flag for determining the optimization di-
rection, maximize, minimize, accrual, and neutral, which contributes to calculating optimal
bounds. As previously noted, some assay parameters may have minimum timing constraints
(e.g., a process must last for at least ¢t time units), so optimization strategies that uniformly
attempt to minimize execution time without accounting for these constraints may not gen-

erate a usable layout, even if all design rules are otherwise satisfied. The accrual mode
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sums each child’s contribution to the dimension, e.g., to maintain a running to total of fluid
volume required for a component. A page index does not have an optimization attribute,
so it would be flagged as neutral.

The MBC (Fig. of a node in the ND-Tree is constructed recursively as the
dimension-wise union of the MBCs of its children. In the example, the MBC is tracking page
ID, the x- and y- dimensions, and flow rate (as well as possible additional dimensions up to
d4). When performing dimension testing, page ID would occur first; should a “collision” be
detected, testing would proceed to x-, y-, and flow rate dimensions, until either no collision

occurs or all dimensions have returned collisions.

4.3.3 Constructing an ND-Tree

The initial (empty) tree consists solely of a root node. Node insertion proceeds
in a top-down manner where at each node in the tree, the insertion algorithm computes
the MBC expansion for each child that would occur if that child’s MBC was expanded to
include the MBC of the node being currently inserted. To accommodate the generalization
of dimensions and their according effects of minimizing and maximizing, node selection relies
on the order of dimensions presented during construction to determine what is considered
an “optimal” bounding container.

All the dimensions under consideration are approached as a Pareto set selection
[43] method by which a grouping of dimensions is optimized together instead of individually.
In an R-Tree, the expansion is determined as a function of area and/or volume of z, y, and

z dimensions. The Pareto approach can weight the desired characteristics without the
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Figure 4.9: There are 2 cases to consider when inserting a new node into the tree depending
on whether or not the node has room for more children. On the left, a new node with a
primitive is to be added into the tree at the node above it. There are currently 2 free
slots in this node and inserting the new node requires nothing more than selecting slot 3
and adjusting the bounds for the node. On the right, the node selected for inserting into
is currently has no slots available so the node must be split and its children distributed
between the now split node and the original node. Children are distributed to each node
depending on the amount of bounds expansion. The new node is then placed in the node
that also requires the least expansion.
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difficulties of a mathematical function that would have to take into account non-physical
dimensions that would have no meaning in a strict axial relationship.

The process is then recursively applied to the child whose MBC expansion is
minimal, and repeats until a free slot is found at some level of the tree, or it reaches a leaf
whose capacity is full (Fig. . In the latter case, the leaf is split into two new nodes,
partitioning the MBCs between them. The MBCs of the two node may overlap. For each
node, the objective is to minimize the weighted product of the dimensions of its MBC; the
default weights for each dimension are 1, but the user can override them with different
weights if they desire to do so. One-by-one, MBCs from the split node are processed. Each
MBC is added to the new node whose MBC expansion is minimized. Additional constraints
are imposed to ensure that both new nodes receive at least m,,;,, MBCs. The new nodes

are then re-inserted into the tree using the top-down approach described above.

4.3.4 Collision Detection between ND-Trees

The ND-TREECOLLISION function (Algorithm takes as input two ND-Tree
nodes to be compared, N1 and No, as well as a boolean flag, 3, to calculate overlap if
desired, and returns either true or false indicating collision (Fig. The algorithm is
called, initially, by passing in the root nodes of each ND-Tree and where collisions are
detected, the colliding nodes are recursively passed into the function. At each call, the base
case, which occurs at the leaf level, is tested. If either of the two nodes is a branch node,
the algorithm is called for each MBC in the source tree against each MBC in the test tree.

The algorithm accounts for differing heights in trees by recursively calling the children of
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Algorithm 1 ND-Tree Collision Detection

function ND-TREECOLLISION(Ny, Na, 3)
if Ny is a leaf and Ny is a leaf then
return PRIMITIVECOLLISION(Ny ,, N2 ,, JPJ3)
else if N; is a branch and N is a leaf then
return ND-TREECOLLISION(N1, N jeqf, 3)
else if Nj is a leaf and N; is a branch then
return ND-TREECOLLISION (N1 eqf, N2, 3)
else
for each child node 7 in N; do
for each child node j in Ny do
ND-TREECOLLISION(N1 4, Na j, B)
end for
end for
end if

end function
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the MBC in the taller tree with the leaf node of the shorter tree until the recursion bottoms
out for both trees, and two leaves are being compared. If the algorithm reaches the leaf

nodes, the more expensive PRIMITIVECOLLISION function is called.

Figure 4.10: The collision of two ND-Trees using the bounding containers as shown in Fig.
[4.7] Here, the red outlines show which containers are colliding among the all the elements
in each component, noting that there is no actual collision between any elements in the
components.

4.3.5 Detection of Primitive Collision

Once the collision detection algorithm (Algorithm [1)) has reached the leaf level,
the PRIMITIVECOLLISION algorithm selects the appropriate collision detection algorithm
for primitive pair. Relatively simple primitives such as rectangles and circles can use basic
geometric tests; in contrast, the computationally complex approach of searching for inter-
sections of Bezier curves [115] is required when both primitives are curvilinear objects or
basic geometric shapes that have been rotated or otherwise transformed.

As an example, Fig. shows a case where two primitives P and @ are tested for

a collision. Each segment in P is compared with each segment in @), looking for intersection
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Figure 4.11: a) A simple example of collision detection and overlap calculation over multiple
layers with a fluid travel limit. b) The calculate overlap of the 2 components existing on
the same layer. The values d, and ¢, returned from the collision test will be the needed
displace in those two dimensions to clear the device from collision. c) In this scenario, the
collision test returns not the collision of elements in the device, but the crossing of the fluid
travel limit barrier indicating that fluid will not make it to the end sink.

Figure 4.12: The collision of two primitives P and () necessitate computation of intersection
points between two or more Bezier curves. In this example (cropped to enhance detail), @
intersects P in two locations v; and v, and a sub-curve of ) bounded by those two points
lies within P. To determine the amount of overlap, each critical point on that sub-curve
has its distance to the edge of P calculated by drawing a line from the center of P through
the point v; to intersection with the edge of P. The largest distance d,,d, between v; and
the edge intersection is returned as the amount of overlap of P and Q.
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points between them. Bounding containers for segments are calculated during instantiation.
The bounding container for the path is the union of the bounding containers of each of its
segments. To determine if two segments intersect, each is recursively split into two shorter
sub-segments until the size of each sub-segment’s intersection bound is below threshold
[52]. At that point, if the bounds determine that a collision has occurred, the original
segments are determined to intersect and the location is registered as an intersection point
and stored in an array in primitive P. If there is no overlap at any point, then the curves

do not intersect.

4.3.6 Determining Displacement

The framework can optionally compute the amount and direction of overlap in
each dimension which is necessary to displace elements to a “safe” candidate location in
a layout. The user can leverage this feature to quantify the amount of movement needed
to incrementally rectify a collision. Since a collision can occur in both the positive and
negative directions, tt is therefore necessary to ensure that the amount of overlap detected
is calculated across all layers and all dimensions, as shown in Fig. This ensures that
objects contained in the ND-Tree can be displaced by exactly that amount to potentially
rectify a collision.

Overlap calculations occur within the ND-TREECOLLISION algorithm if the boolean
flag ( is set. As the calculations are performed the results for each dimension (41, d2, ..., d4)
are stored internally in the A tuple. The overlap is necessarily calculated from the bottom

of the colliding primitives at the leaves, and is propagated upwards toward the roots. As
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Figure 4.13: Collision detection cases: a) Without the use of MBC’s b) No collision between
two MBCss. ¢) MBC Rlml collides with MBC R2m1 indicating that additional collision
testing via ND-Tree recursion is needed. d) Collision at the primitive which will return a
non-zero overlap.

shown in the two colliding primitives P and () have previously had their intersection
points calculated. The WINDINGRULE algorithm is then applied to these intersection points
to identify the sub-curve of ) that is contained in P.

The WINDINGRULE [47] determines if a point is contained in a shape by comparing
whether or not the point is to the left or right of each segment in a primitive. If it is to the
left, the winding number is set to 1 and if it is to the right it is set to 0. Once all segments
have been checked, if the winding number is 1 the point is inside the primitive, otherwise
it is outside. For each point that is identified as being contained in the primitive, a line is
drawn from the center of the primitive through the point until it intersects with the edge
of the primitive (Fig, . The distance between that intersection point and the initial
point is calculated and the distance of point on the sub-curve that is farthest away from
the edge is returned as the overlap amount.

The MINMAXDELTA function is called to compare the returned value against the
running value of the recursive calls and returns the amount of overlap that occurs between
the trees and the direction in which the collisions occur relative to the point at which the

collision detection was initiated. The calculated overlap contains both the minimum and
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maximum of the two overlaps for each (41, da, ..., d4) in tuple A. This provides the caller with
enough information to clear the collision by relocating one of the two devices, components,

or primitives corresponding to the ND-Trees (Fig. [4.11]).

4.4 Complexity Analysis

This section analyzes the time complexity of three possible collision cases: 1) no
collisions of any MBC’s or Primitives between the two trees, 2) a complete collision of every
element in both trees (such as alignment between the trees), and the common case of 3)
partial collisions between the trees where there are collisions between two or more MBC'’s,
two or more Primitives, or a combination of MBC’s and Primitives. Let d be the number of
dimensions, v be the number of substrates, p be the number of primitives, m be the number

of children per node in the ND-Tree, and n be the number of MBCs.

4.4.1 Naive Method

The naive approach, which we use as a baseline, performs a pairwise comparison
of all primitives in objects A and B. Without any indexing or additional data structures,
the naive approach performs a pairwise collision between every element in one object to
every element in another object — and in every dimension. This approach yields an overall

time complexity of ©(Agp?) per layer.
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4.4.2 R-Tree and ND-Tree Collision Methods

Both the R-TREE and ND-TREE employ a dominance test among all of their di-
mensions in order to determine collisions. As the ND-TREE employs an arbitrary number
of dimensions, the order in which dimensions are tested can significantly impact perfor-
mance. Examining “critical” dimensions early can maximize the likelihood of early exits in
the common case where collisions do not occur. Additionally, logically grouping dimensions
to specific grafts can “prune” paths in the tree while also maintaining their conceptual
relationship. e.g. grouping by page or particular function, which may also provide further

reductions in the number of comparisons.

No Collision

The first case as shown in Fig. is a test of two components’ or devices’
ND-Trees in which the placements do not overlap on any layer. In this case, a minimum
test of the bounding containers can ascertain than the respective MBCs do not overlap.
This can be determined at the root of the tree, eliminating the need for a tree traversal.
This process repeats for each layer, yielding an time complexity of ©(A,;) where d is the

number of dimensions being tracked.

Total Collision

The worst case performance of the algorithm occurs when two or more identical
components or devices are fully aligned across all dimensions. In this case, all MBCs
intersect and induce a complete traversal of the ND-Tree, incurring a collision detection

test at each leaf; collision detection tests are far more time-consuming than tree traversals.
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This effectively degenerates to the naive method with the additional overhead incurred due

to ND-Tree traversal.

Partially Overlapped Components

Let CDgoyree denote the set of components or devices that have already been
placed, as indicated in Fig. [4.13b, and C'Dy.s; denote the set of components or devices
currently being tested for collision. Initially, page ID in the M BCsoyrce Of C Dgouree for pages
$1,82, ..., Sy are checked against 1, to, ..., t, of M BCies from CDyes to look for matches,
which indicate that the primitives in C'Dgyyree may potentially collide as they reside in
the same page. For each page s;, the MBC for CDy.s is compared against the MBC for
CDgsoyrce- If M BCsoyree intersects with M BCiegst, the ND-TREECOLLISION is recursively
called for each intersecting MBC of CDgyyree and CDyege until either no further MBC’s
collide (i.e., the primitives contained within the original MBCs do not actually collide), or
PRIMITIVECOLLISION returns the amount of overlap occurring in the collision (Fig. |4.13c).

Initial comparisons of CDgpyree page ID’s s1, 89, ..., 5y, against C Dy page ID’s
t1,t2, ..., ty yield u? comparisons, given there is a fixed number of pages in a layout. Next the
algorithm is called recursively for each M B Ctestj € CDyest that intersects with M BCsource; €
C'Dgource, all the way to the leaf level at the maximum height of the ND-Tree in the worst
case. Each MBC collision test requires two comparisons per dimension to test for inclu-
sion. Testing for non-exclusion is more efficient than testing for inclusion, and has a time
complexity of 0(d), where d is the number of dimensions being tracked. At the leaf, the
WINDINGRULE’s time complexity based on number of segments a is multiplied by the num-

ber of primitives p being tested giving it a O(a?p). The overall time complexity is calculated
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as number of pages in C'Dyet X C Dgouree Which is equal to u?. Then M B Csource; X M BCiest;
which is i x j nodes or n? nodes to a depth of log,,n. Lastly, the WINDINGRULE time com-

plexity, O(a?p), is added, yielding an overall time complexity of O(u? + n%log,,n + ma?p).

4.5 Experimental Results

We compared ND-Tree-based collision detection to the naive method and the R-
Tree (Section . To enable a fair comparison, we modified to the R-Tree structure to
have the same dimensionality as the ND-Tree: we added the z-axis, component area, and
fluid volume within a component. This extended the R-Tree’s MBR from a rectangle to
a cube, and the data structure computes and compares volumes rather than areas. Page
numbering does not conceptually contribute to the R-Tree’s MBR, so we did not include
it in volume-related calcusions. We implemented all algorithms in C++ v.11 and ran the
comparisons using a custom test harness within a previously-published paper microfluidic
design framework [86]. Experiments were performed on a desktop PC with an Intel Core i7

processor and 8 GB RAM running Ubuntu v18.0.1 Linux.

Figure 4.14: The 4 test shapes used in the random generation of devices that utilize the
ND-TRrEE for collision testing.
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Figure 4.15: A representation of the experimental devices that were randomly generated
for testing along with their associated ND-Trees. The source device is in blue and the test
device is in red.

4.5.1 Methodology

For experimental evaluation, devices were constructed by randomly selecting from
among four general primitive shapes (Fig. [4.14): ellipse/circle, rectangle/square, polygon,
and Bézier-based curvilinear paths. These are basic shapes that could be expected to com-
prise components in a device and are meant to be representative of the classes of collisions
being tested and therefore have the minimum shape complexity. Two test devices were con-
structed to evaluate collision detection for each experimental trial, similar to the example
shown in Fig. [4.15] Each device has the same number of randomly chosen components,
but with different configurations. Parameters detailing size and placement were random-
ized within a 40mm boundary to limit overall device area while maintaining a robust set of
constructions for testing. One device served as the source and remained stationary while

the its counterpart (the test device) was repeatedly placed at pre-defined locations.
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A set pattern was programmed to ensure that collisions occurred by placing the test
device in one of 10 positions. The initial placement positioned the center of the test device
at the center of the source device. The test device was then displaced in eight directions,
where the center of the test device aligned with the four corners of the source device as well
as the mid-points between each pair of corners yielding nine potential positions to detect
collisions. The tenth position placed the test device completely outside the bounds of the
source device to ensure at least one collision-free run.

Each trial run consisting of 10 locations was performed 3 times, yielding 30 total
collision tests per trial set. The number of components per device in each trial set were:
{8, 16, 32, 64, 128}, yielding n? potential comparisons per collision test, i.e., a total of {8 X

8,16 x 16, } comparisons.
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Figure 4.16: Scatter plot showing the runtime of each experiment, with the median high-

lighted. A logarithmic time scale was chosen to more clearly indicate the performance of
each approach.
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4.5.2 Results and Analysis

Fig. reports the run times of each test, with the median run times overlaid.
The median result characterizes the typical run time that would be incurred by an algorithm
that calls collision detection. Fig. includes some outliers in each case due to the
variability of the randomly-generated primitives that make up the test devices. The ND-
Tree has its greatest advantage when the devices increase in complexity. When this occurs,
the initial overhead of the grafts is subsumed by the rest of the levels of the tree. Fig.
shows these outliers as part of the total run time, however, it does not distinguish them in
terms of the complexity of the devices employed in the comparison.

The next step was to examine the best and worst-case performance of the nai,
R-Tree, and ND-Tree approaches when collisions do and do not occur, and to quantify the

additional performance load incurred when calculating device overlap.
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Figure 4.17: Runtimes for experiments in which no collision occurred among the devices
located on a single page and the processing of the trees was limited to bounding containers.
A logarithmic time axis is used to indicate the performance difference, which is in the
microsecond range for the R-Tree and ND-Tree.
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Collision Detection on a Single Page

The initial set of experiments involved a single-page device with varying component
complexity. Fig. shows that the R-Tree yields consistently better performance when
no collisions occur because it does not examine elements on multiple levels; meanwhile, the
ND-Tree suffers the overhead of graft construction which is not needed in a single-page
setting. The Nai method lacks a comparable early exit strategy, and always executes the
pairwise comparison to completion. The results for both the R-Tree and the ND-Tree exhibit
volatile execution times due to increasing device complexity. As device density increases,

the frequency of collisions increases.
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Figure 4.18: Runtimes where at least one collisions was detected between the devices
located on a single page, yielding full tree traversal and direct collision detection between
device elements. Full traversal and processing of the ND-Trees reached the processing of
the actual device elements. A logarithmic time axis is used to accentuate the performance
difference.

Fig. [4.18 reports the execution time when one or more collisions occur. Here, the

ND-Tree performs nearly as well as the R-Tree as the ND-Trees processing gains required
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to handle the complexity of the devices overcome the construction overhead. For dense
devices, the runtime of the ND-Tree can exceed that of the other methods due to the added
calculations of the tree itself. Notably, the median performance of the ND-Tree continues

to improve with increasing device density.

Collision Detection Over Multiple Pages

To test collisions across multiple pages, devices were constructed containing 128
components per page, with page counts ranging from 1 to 10, yielding a maximum of 1280
components. The runtime performance for multiple page devices are reported in Figs. [4.19
and Fig. reports the runtimes for the trials where no collisions occurred. As
noted previously, the ND-Tree yields better performance as device complexity increases,
but the addition of logical grouping at the graft level, allows for competitive performance
with the R-Tree, despite its additional construction complexity giving the end user the
ability to more tightly bind together fluid dynamic performance during layout and device
construction.

In Fig. reports the runtime for trials where one or more collisions occurred

Here, the ND-Tree not only yields better performance as device complexity increases,
but the addition of logical grouping at the graft level allows for competitive performance
compared to the R-Tree. The median runtimes are consistent with the R-Tree and the
ND-Tree tends to outperform the R-Tree when comparing upper bounds. Lower bound

performance still bears the brunt of the graft level overhead, but is negligible compared to
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Figure 4.19: Runtimes for Naive, R-Tree, and ND-TREE for tests where no collision
occurred among the devices. Devices consisted of 128 components on each page of each
device from a single page to 10 pages total. The processing of the trees was limited to
bounding containers only while the Naive method compared each component in one device
to every other component in the other device. A logarithmic time axis was used to more
clearly indicate the performance difference.
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Figure 4.20: Runtimes for Naive, R-Tree, and ND-TREE for tests where collisions occurred
among the devices. Devices consisted of 128 components on each page of each device from
a single page to 10 pages total. The trees were traversed until all collisions were found
while the Naive method simply checked for collision pairwise among all components. A
logarithmic time axis was used to more clearly indicate the performance difference.

64



10% E
= 10} :
2 . | |
=100 F T E

107t E
L | | | | | ]
8 16 32 64 128
nxn

ONaiveoyertap OND — Treeoveriap
Figure 4.21: Runtime of collision detection between devices for both Naive and the ND-
TREE methods, including the calculations needed to quantify the amount of overlap across
all dimensions between colliding devices. The number of components listed were on each
of 8 pages to gauge calculation response in the multilayer environment. The R-TREE does

not facilitate quantification of overlap, and was therefore omitted from this comparison. A
logarithmic time axis illustrates the performance difference.

the total runtime.

Additional Calculations due to Device Overlap

Fig. reports the execution time of collision detection when performing the
optional and computationally intensive calculations to quantify the amount of overlap that
occurs. The R-Tree is incapable of quantifying overlap, therefore we omitted it from this
experiment. Both the Naive and ND-Tree methods computed overlap in a consistent man-
ner. The ND-Tree remains generally faster than the Naive method, because it eliminates
the need to track non-colliding objects within devices. These observations correlate with

collision detection results shown earlier in Fig. [{.1§|
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Chapter 5

Dynamic Radial Placement and

Routing

In this chapter, a methodology is presented to dynamically place and route mi-
crofluidic components in a non-discrete design space where fluid volume usage, surface area
utilization, and the timing required to perform specified biological assays are accounted for
and optimized while also accelerating the development of potentially lifesaving new devices.

Many channel-based continuous fluid flow microfluidic systems have a linear layout
in which fluid enters on one side of the chip and travels, under a pressurized flow, to the
opposite side [95] [70]; in turn, many physical design algorithms targeting these technologies
are based on a similar assumption [16, 100, [I7]. Physical design algorithms for paper
microfluidics should work with, rather than against, the natural radial flow of fluid in a
porous medium; conversely, linear layouts, while simple to generate, are poor choices for

paper microfluidic devices; which this argument experimentally confirmed.
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Figure 5.1: A mizing operation using various platforms a) On paper, fluid and reagents are
delivered via pipette and fluid travels using capillary action bounded by printed wax barriers
(in pink). Fluid channels are non-discrete so travel can occur in any planar direction. b)
Electro-wetting utilizes an electric power source that controls electrostatic pads below a
hydrophobic surface material to induce droplet travel. Consequently, droplets may only
mode orthogonally from pad to pad. c) Pressurized channels and valves (represented by
orange blocks) force fluid through embedded channels in a block of material that may either
be machined with the channels, or 3-D printed.

Both pressure-driven flow through channels and capillary-force-driven flow through
paper are convective flows. In the absence of any external force, such as gravity, fluid will
flow equally in all directions (i.e., in a spherical direction in 3D or a radial direction in 2D).
Channel barriers, which can be realized for paper microfluidic devices via wax printing, may
constrain the otherwise uninhibited travel of fluid, but also introduce additional resistance
to fluid flow [49]. Furthermore, evaporation, surface tension, and backpressure [64] place
limits on the distance fluid can travel in a paper substrate.

Fig. provides empirical evidence that linear layouts, i.e., those that might be
generated by the algorithms described in Refs. [16] [100} [I7] appropriately adapted for paper
microfluidics, do not generate workable devices. Two linear paper microfluidic devices were
fabricated, as depicted in the top portion of Fig.

Both devices are simple branching routes where fluid is delivered to a large source
reservoir so that it will flow toward a control sink at the opposite end. In both devices,

twenty-four channels branch off from the main artery to divert the fluid to twenty-four
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sinks. In one of the two devices, the branches lie at a 90° angle to the main artery; in
the other, the design was modified to reduce the angle of fluid diversion when entering the
channels. In both of these tests, fluid only reached six of the twenty-four sinks, despite the
fact that the fluid delivered to the source exceeded the calculated volume for the device
and consequently encountered barrier failure. The second device, with less extreme fluid
diversion, offered at best a marginal improvement in the volume of fluid delivered to the
sinks, and likewise experienced overflow.

The second set of paper microfluidic devices, which serve to motivate this paper,
are shown in the bottom portion of Fig. In these “radial layouts,” the source reservoir
is placed at the center, and twelve sink reservoirs and one control reservoir were placed
equidistant from the source. The radial layouts exploit tendency of fluid to flow in an
expanding circle from the point of delivery, while the two linear devices shown on top
aim to counteract the fluid’s flow. In this experiment, the two radial layouts’ twenty-four
reservoirs were able to successfully fill, with less fluid, less paper area, and in less time than
the two linear devices shown at the top of the figure.

The two devices shown on the bottom of Fig. [5.2] are smaller and have shorter
channel lengths than the two shown on the top. As a matter of principle, similar device
geometries could be laid out by appropriately adapting optimal or near-optimal physical
design algorithms for continuous flow microfluidic chips that optimize these metrics [0, [36),
99, 113]. Fig. illustrates one key difference between these algorithms and the approach
presented here: existing physical design algorithms abstract away each component with

a rectangular bounding box, and impose physical layout constraints that bounding boxes
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Figure 5.2: Linear vs. Radial Layouts (Top): A linear paper microfluidic device layout with
24 test reservoirs (blue), one control reservoir (red), a large source reservoir, all with 2 mm
barrier widths. The device had a calculated volume of 117.4 L therefore 140 pL fluid was
delivered to the source reservoir. After 8 min 50 secs, only four reservoirs were filled, two
additional reservoirs were partially filled, and the 2mm barriers ultimately failed. (Middle):
A second linear device was fabricated but the channels were angled to aid in fluid flow. The
change in channels increased the device’s calculated volume to 137.5 uL, and therefore 160
L fluid was delivered to the second device. After 9 min 32 secs, four reservoirs were again
filled, two more reservoirs partially filled, and the device barriers failed. (Bottom): Two
radial device layouts were made with 12 reservoirs (blue) plus 1 control reservoir (magenta),
and only 1 mm barrier width. Using radial channels to aid in fluid flow, this device had only
a 54.9 pL calculated volume, and consequently 54 pl fluid delivered to the left device and
50 pL to the right device. After 3 min 36 secs all 24 reservoirs filled completely and fluid
reached both control reservoirs thereby successfully running to completion. The total fluid
delivered to both bottom devices is less than the amount of fluid delivered to the top and
middle devices, allowing two sets of tests to be performed using less fluid than the single
test and without failure, demonstrating the advantage of a radial layout.
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Figure 5.3: Using actual geometry versus abstract bounding boxes can significantly reduce
fluid area and consequently materials and sample usage. Layout a) using bounding boxes
for placement of components has a calculated volume of 284mm? while b) has a calculated
volume of 268mm? yielding a 6% improvement over the bounds dominated version. Layout
c) has a calculated volume of 618mm?2, d) has a calculated volume of 482mm? resulting in
a 22% reduction of fluid area versus the bounds dominated layout.

cannot overlap, and that fluid channels cannot intersect bounding boxes unless they connect
directly to an I/O port of the corresponding component. In contrast, the physical layout
algorithm presented here detects component overlap based on component geometry, which
is more accurate than the conservative bounding-box approach. As shown in Fig. this
yields tighter layouts and shorter routing channels.

The radial layout method presented here takes inspiration from the field of graph
drawing. A radial tree (also called a radial map) draws a rooted tree by placing the root at
the center of a circle and expanding the tree such that the levels are drawn on concentric
circles [23,[7, [1T6]. It has been observed that the layouts produced by the algorithms for tree-
shaped netlists do not resemble radial trees, but instead shares some principle similarities
to H-trees [59], which were used in early multiprocessor interconnection networks [§] as well

as VLSI clock tree routing [102], [9]. Radial tree drawing generalizes to radial graph drawing
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[21], in which the vertices of a graph are drawn on a set of concentric circles; while this
approach can place and route a netlist corresponding to any graph, and do not impose any
constraints comparable to radial graph drawing. Additionally, this approach to channel

route employs probes, taking inspiration from grid-based maze routers developed in the

%\5)@:

Figure 5.4: A Bézier curve is defined by 4 points in space: start and end points and 2
control points that define a parametric curve. The control points may or may not be on
the curve itself. The curve may contain 2-5 critical points where it potentially changes
direction, and possibly an inflection point where the curve changes direction. a) When
the start and end points are also control points, the Bézier curve degenerates to a straight
line. b) A curve defined by two control points, indicated by lines connecting them to the
start and end point, and one maximum point (indicated by a red arrow. ¢) A curve with
one maximum and one minimum point, along with inflection point between them where
the curve changes direction (all three points indicated by red arrows. d) A series of Bézier
curves defines a path; when the path starts and ends at the same point, a closed path
creates a shape. e) Simple shapes can be joined to create more complex shapes.

late 1960s [77, 41].

a) e)

Using the frameworks’ library of paper microfluidic device components of reusable
objects, rapidly assembled netlists form new diagnostic devices. Components are abstract
elements that must reside in one and only one device, but may connect to multiple devices.
A component definition may include functionality in terms of fluidic actions and abstract
dynamics, such as mixing, transport, timing, etc. Each component ¢ = (p1,p2,...,pn)
is physically defined by one or more geometric primitives. A primitive p; is constructed

from one or more paths P;, each of which using one or more Bézier curves (Fig. |5.4).
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Bézier curves are parametric arcs defined with start and end points and “handle” points
that constrain the curve. The curves may have 2-5 critical points: 1) the start, 2) the
end, 3) local maximum, 4) local minimum, and 5) an inflection point where the curve can
change from concave to convex. The placement phase of the algorithm processes the critical
points, as opposed to enumerating all sides, angles, and curves, in order to measure how
close objects are placed to one another and to determine whether or not overlap occurs.

A device D = (c1,ca,...,cp,) consists of at least one component, and encapsulates
the desired actions and parameters needed to characterize its behavior. To create a device,
individual components may be scaled or rotated as needed. Large devices may be specified
hierarchically in terms of smaller devices, facilitating the concatenation of multiple assays
in sequence or in parallel.

A netlist N = (cy,ca,...,¢cy) is a queue of components (Fig. which deter-
mines the order in which components will be placed. Both components and devices may
contain ports, which define an interface for fluid transport. For example, a port on device
D1 may connect to a port on component ¢; { Pp, < P, }; similarly, a port on device Dy may
connect to two ports on components ¢z and c3 respectively {Pp, < P, }. The physical
location of a port within a component is defined as part of the component’s specification.
The physical location of a port within a larger device is not known until the physical location
of the component containing that port has been placed within the device.

A layout L = (D1, Ds,...D,) (Fig. |5.5) contains all devices residing on one or
more pages and also defines environmental variables such as substrate type, composition,

and size, temperature, humidity, and other variables as defined by the end user. Once a
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Table 5.1: Variables used in the Algorithms

Vars Description

c Component to be placed

cf The cost factor of Component ¢ placed in relation to one or more
previously-placed Devices D

Chs A set of Channel Components

ch A Channel Component

D A Device that contains one or more Components that have been been placed
and possibly routed

JAY: The set of minima and maxima for each dimension

I A set of intersections
L A Layout containing one or more fully laid-out Devices
N The netlist; a set of Components to be placed ordered as collections

of sources to sinks

O The path that serves as an outline to a Device or Component
D A point (z,y)
P A Path object consisting of one or more Segments s

Pp A sub-path of the outline of D which consists of all its critical points and the
angle about the center each are located

P, Similar to P, but for a component ¢

Page Contains the finished Layout L along with information about substrate properties

d Port variable that describes the input (x;,y;) and output locations (z, y,)
between Components and/or Devices

Q, A priority queue consisting of the x, y coordinates and rotation 6 of Component ¢
to be placed that is sorted on cost factor cf

S A Segment object defined by a Bézier curve

(C] The aperture (0,,0,,) of exposure between a component ¢ that is the starting
angle 0, and the ending angle 6, about its center point

Oaw  The start and stop angles of an object that defines an arc angle

Q the starting value

the ending value
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layout is completed, the framework renders the device using established file formats, such

as PDF, DXF, and SVG.

5.1 Physical Design Algorithm

The approach to paper microfluidic physical design is to work radially outward
from source fluid reservoirs to sink reservoirs while seeking to maintain the minimum dis-
tance that fluid must travel. Components are placed one-at-a-time. Potential locations for
each new component are enumerated by a 360° sweep, motivated by the way that a radar
screen displays information. At each potential location, the component may also be rotated
360° to best fit the component into the subset of the device layout that has been generated
thus far.

In this manner, a listing of potential placement locations is sorted by how closely
they abut the existing layout, while minimizing any desired parameters such as shortest
critical path, fluid volume, time to complete, etc., as secondary criteria. A route is computed
for each potential location, based on the premise that the closest positions are likely to have
the shortest routes, although no such claim can be guaranteed in the general case. If a
suitable route is found, the component is permanently placed and connected to the layout.
The algorithm terminates preemptively if all other candidate placement locations are not
routable; it terminates successfully when successful placement locations are found for all

components.
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Algorithm 2 The RADAR Place and Route Algorithm

1: function RADAR(N)

2: D <« new Device()
3: L < new Layout(D)
4: while ¢ <+ N.pop()

5: Q, < RADARPLACE(D € L, ¢)
6: if Q,.empty()

7: return L

8: else

9: while !Q,.empty()

10: c.(x,y,7) < Qp.pop()
11: if IRADARROUTE(D, ¢)
12: return L

13: end if

14: end while

15: end if

16: MERGE(L, ¢, Chs)

17: L.center < Page.center

18: if L.w > Page.width —— L.h > Page.height
19: return L

20: end if

21: end while

22: return L

23: end function
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Component ¢

to be placed
Device D

D e

Layout

Figure 5.5: The RADAR algorithm generates a layout of one or more devices con-
structed from a mnetlist of components. Components are selected one-by-one for place-
ment; after each component is placed, it is connected to the existing layout by channels
that route fluid throughout the layout.

5.1.1 The Radar Algorithm

The RADAR algorithm (Alg. Fig. takes as input a netlist of components
and, optionally, a buffer value, which is the minimum allowable distance between compo-
nents after placement. At the onset of the algorithm, the layout L is initialized with the
environmental parameters determined by the user and an empty device to be constructed
from the netlist. Table lists and briefly describes all variables and data structures used.
The algorithm does not concern itself with the viability or the nature of the component
during placement, but does check for whether or not the component is a source, sink, or
internal, to determine whether or not routing needs to be performed. A source is a compo-
nent with no input channels, and a sink is a component with no output channels; the netlist
can have any number of source and sinks. At the start of each pass, the next component

¢ € N is popped from the netlist and attempted to be placed and routed. A priority queue
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Q, (Table is initialized to hold the set of potential locations and orientations for ¢ that
RADARPLACE will attempt to generate when called. @, is ordered by increasing cost fac-
tor, a value calculated for each candidate position that is calculated using a user-defined
method. The default approach is to only consider total surface area or fluid volume but more
complex methods can be considered, depending on the user’s choice of optimization criteria.
Should the list be empty, no suitable placement was found and the algorithm terminates.
Otherwise, c is set to the calculated values of each candidate placement in @, until either
a valid routing for ¢ is discovered, or @), is emptied, resulting in a failed routing. The final
placement and route of each component is then merged into L using the MERGE function
for the next pass. The device layout is then centered in the page layout and evaluated to
determine if extending beyond the page dimensions and returned if exceeded with an error.
If failure occurs at any point (Fig. , or N is emptied and the algorithm completed,
the finished or currently constructed layout L is returned and flagged with any appropriate

eITrors.

5.1.2 The RadarPlace Algorithm

RADARPLACE (Alg. |3|) generates an ordered positional and orientation queue @,
for evaluation of potential placements for component ¢ in layout L sorted on COSTFUNCTION
results. The sets Pp and P, contain tuples of critical points of the Bézier paths for D € L
and c respectively. The aperture ©(0,,0,,) is defined to be the start and end angles to
be checked for either D or ¢ and is initialized to a full 360° sweep. Pp obtains the results

of scanning D performing a full sweep of its border using an algorithm called CURVESCAN
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Figure 5.6: A component ¢ whose placement and orientation will be determined relative
to a device D comprising one or more previously-placed components. The objective is
to minimize the sum of the distances between each pair of critical points in ¢ and D,
which also aligning with either the center points or the registration points of each object
as chosen by the user. The two center points Ceepter and Deenter are defined as the mid-
point vertically and horizontally of the minimum bounding rectangles, ¢ and Dy,
respectively. The registration points ¢y and D,.4 are defined as local origin points (0,0)
for which all measurements within D are calculated and also where the location of D in L is
determined. In this example, ¢ and D have 29 and 44 critical points, respectively, resulting
in 1276 distance measures for each candidate location.

78



(Alg. 4] and Section [5.1.2)). CURVESCAN returns the set of critical points that ¢ will be
compared against during the for loop spanning lines 7-25 of Alg. [3| and depicted in Fig.

2.0l

Component ¢

Device D

Figure 5.7:  'When there are no ports to be connected, RADARPLACE rotates the component
¢ up to 360° for each candidate location to compare all critical points of ¢ to all critical
points of placed devices D € L.
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Algorithm 3 The RADAR Place Algorithm

1: function RADARPLACE(D, ¢)

2: Qp — @
3 O(f,,0,) « (0°,360°)
4: Pp < CURVESCAN(D,ustine, ©)

5: for p; € Pp

6: c.(z,y) < pi-(2,9)

T: c.moveby(COLLIDE(D, c))

8: if c.connected

9: ®p < D.ports.at([D.ports.size/2])
10: . < c.ports.at([c.ports.size/2])

11: c.rotate(GETPORTANGLE(®p, ®c))
12: c.moveby(COLLIDE(D, ¢))

13: Oy, 0,,) + VIEWWINDOW (D, c)
14: else

15: O (04, 0.,) < VIEWWINDOW(D, ¢)
16: end if

17: P. + CURVESCAN(Coutiine, ©)

18: for p; € P,

19: 0, < GETANGLE(D.center, c.center)
20: 0, < GETANGLE(p;.(x,y), c.center)
21: c.rotate((6, — 0,), c.center)

22: c.moveby(COLLIDE(D, ¢))

23: if COLLIDE(D,c) ==0

24: Qp-add({c.(z,y), c.rotation, CosT(D,c)) )
25: end if

26: end for

27: end for

28: return (),

29: end function
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Figure 5.8: When there are ports to be routed, RADARPLACE restricts the rotation of ¢
to ensure that the ports are oriented toward the points in D to which they connect.
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CurveScan

The CURVESCAN algorithm (Alg. [4]) generates a sub-curve comprising a set of
points contained in a Bézier path O bounded radially by a start/ending angle ©, and returns
the sub-path outline of the object bounded by those angles for analysis, as illustrated in
Fig. [5.91 Each segment s within the sub-path is examined to determine if it falls within the
aperture O, which is defined as the angle formed between the edges that are reachable from
the source object to destination object, similar to the visible face of the moon when viewed
from earth. If so, the curve and any connecting curves are added to sub-path P if not
already present in P. CURVESCAN increments the angle by the radianInterval formed by
the last curve added minus the current angle and terminates after examining all segments

in O and returns P within the aperture O.

Placing Components

At the start of each iteration (Line 7 of Alg. , ¢ is initialized so that it is placed
such that the center point of ¢ is set to the same coordinates as critical point p; to initialize
the location of ¢ to have some overlap with the already placed items in L. The COLLIDE
function computes the amount of overlap between ¢ and D. If the amount of overlap is
non-zero, then this information is used to move ¢ to eliminate overlap currently in L. For
example, should COLLIDE return {15.0, —5.0}, ¢ would be moved 15 units to the right along
the x-axis, and 5 units down the y-axis.

Depending on whether c is connected to the current layout or not — meaning a new

source — the algorithm then calculates the aperture of points to be considered from D and
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Algorithm 4 The CURVESCAN Algorithm

1: function CURVESCAN(O, 6, )

2 P+«

3: if ©, undefined

4: O, <« 0

5: end if

6: if ©, undefined

7: 0, « 360

8: end if

9: while 6, < 6,

10: line « (O.center(z,y),0,)

11: I + GETINTERSECTIONS(O, line)
12: forv el

13: Stemp < Si intersected farthest from O.center
14: if (!Stemp € P)

15: P.add(stemyp)

16: if (1((s€0;-1)€P))
17: P.add(s € O;—1 t0 Stemp )
18: end if

19: end if

20: end for

21: O, + O, + radianInterval

22: end while

23: return P

24: end function
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Figure 5.9: CURVESCAN retrieves a sub-path Pp from a device’s outline or P, from a
component’s outline based on a start and end angle (64,6,,), which were determined by
VIEwWWINDOW (Alg. 4|and Fig. . The start and end points are calculated in standard
polar orientation in a counter-clockwise manner with the rotational origin at the center point
of the outline and 0° aligning with the standard x-axis orientation. The right component’s
sub-curve is determined by the furthest point intersecting with the start angle P.(x1,y1)
(e.g. 110°) and end angle P.(z2,y2) (e.g. 270°). The left sub-curve begins earlier in the
rotation (e.g. 290°) but is internally converted to a negative value (e.g. —70°) to return
the proper sub-curve from points Pp(x1,y1) to Pp(z2,y2).
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¢ when calculating the distance between each candidate location to place ¢ to the closest
non-overlapping object in L. If ¢ has no ports to connect (Fig. , all points of ¢ are
compared against all points of all devices in L. The base case assumes c¢ is connected and
therefore retrieves the middle connecting port pair(s) from D and ¢ based on their indexed
location in an internal ports array in c. Port specification is determined by the user prior
to algorithm execution and therefore the order of indexing is fixed. The component c is
rotated to align the source in D to the sink in ¢ for the purpose of minimizing channel
crossing in the routing phase, as shown in Fig. By aligning the middle ports, the most
direct ports would be connected initially and then connected to each side in turn. In each
case, VIEWWINDOW is called to obtain the rotational angle of arc aperture (Table for
both D and ¢ and is assigned to © for passing into CURVESCAN (Alg. 4). CURVESCAN

then returns the points P. on ¢ that are to be considered in the inner for loop.

Determining Aperture with ViewWindow

It is necessary to calculate the viewing aperture from the bounds of one component
to the bounds of another component determined from their respective centers as shown in
Fig. VIEWWINDOW takes in two objects — devices or components — and begins by
identifying the angle 6, between their centers c,.(z.y) and c;.(z.y). 6y and 6, are the
perpendicular angles to that angle which are used to find the outermost intersections points
to find the start and end points p,.(x,y) and p,.(x,y) of the profile on each component.
The angle formed between those points for each component ©.a and ©.w is then returned

in the aperture ©.
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Algorithm 5 The VIEWWINDOW Algorithm
1: function VIEWWINDOW ¢y, ¢;)

2: O.(a,w) < (0,0)

3: 0, < GETANGLE(¢,.(2,y), ¢r.(x,y))
4: 0\ < 0, +90°

5 0, < 6, —90°

6: Po-(21, Y1) < INTERSECT(cy, 0))

T: pr-(21,y1) < INTERSECT(cC;, 6))

8: ©.a0 <+ GETANGLE(py.(z1,91),0r-(T1,91))
90 po.(x2,y2) < INTERSECT(c,, 6,)

10: pr.(22,Y2) < INTERSECT(c;, 0,)

11: O©.w < GETANGLE(py.(T2,Y2),pr-(T2,Y2))
12: return ©

13: end function

Figure 5.10: VIEWWINDOW identifies the profiles of the devices D in layout L that
would face component ¢ when drawing lines from the outer extrema of each device. This
determines the portion of the objects’ profiles that need to be considered when calculating
the closeness of the objects to one another. Devices and components do not have to be
connected to anything currently in the layout.
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Comparing Critical Points

For each point pair, ¢ is rotated to align p; and p; and their centers of rotation
(Fig. [5.6). The rotation angle is the difference between the angles formed from the line
connecting the centers of the place devices in L and ¢, as well as the line connecting p; and
the center of c. ¢ is then moved so that its center point is equal to the current critical point
pi, which ensures that overlap will occur. Next, ¢ is shifted by the amount of overlap to
a location expected to be outside the bounds of all devices in L. Should the new location
also result in an overlap as shown in Fig. 5.11] then the location is discarded and the loop
continues. If there is no overlap, the location, orientation, and cost factor of the location is

added to the priority queue. Once all desired points have been evaluated, @, is returned.

Figure 5.11: In this example, RADARPLACE is unable to place ¢ without colliding with
already placed components in L and the candidate location is discarded from consideration.
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Evaluating the Cost of Potential Locations

The placement phase of the algorithm requires a method of determining what is
“best” when identifying potential placements for components. The CoST function in Alg.
[Blis an abstracted method call that returns a numeric value which determines its rank in
the priority queue which sorts the candidate placements by that rank. Paper microfluidic
devices have several mitigating factors that affect performance of the fluid in the substrate
and depending on the specific application the end user is targeting, the relative importance
of each of these factor may alter what constitutes an optimal and/or effective device.

Several mathematical models exist [63] that characterize various physical proper-
ties that an end user may want to employ in determining a cost factor for a component
location. The Lucas-Washburn model (eq. [5.1)) applies to one-dimensional flow and cal-
culates length of travel of a fluid over a particular time — which is useful when seeking a
method to minimize channel lengths

l=k /=t (5.1)

o
M

where “k is a proportional constant, o the surface tension and p the viscosity of
liquid, and ¢ time. The proportional constant & depends on the material properties of the
porous medium including the pore diameter, contact angle between the liquid and porous
medium, and tortuosity of the porous medium.” [37] Alternatively, another useful model

[42] that accounts for capillary action and the fluid interaction with channel boundaries

might be
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d cosfy

I(t) = (1 + 5¢%w — ) o (5.2)

where « is an empirical co-efficient based on experimental results, S is a correction

co-efficient, W is the channel width, 6, is the contact angle with the barriers, 6 is the
contact angle with the substrate, ¢ represents the porosity value of the substrate, o the
vapor-liquid interfacial tension, and d the diameter of the capillary tubes in the medium.
The dynamics of modelling and optimizing cost factors in a paper microfluidic setting can
greatly increase the algorithmic complexity and computational overhead. While, the cost
functions can be determined by the paper microfluidic device designer based on the desired
metrics for optimization, the default approach, which is presented here, utilizes the paper
area, and, by extension fluid volume, as the primary objective. Specifically, this approach
tries to minimize the distance between placed components, and calculates how close they

are to one another, as discussed in the following subsection.

Quantifying “Closeness” with the Snugness Factor

The concept of snugness when evaluating relative placement of components is
defined as the minimal amount of space between 2 objects. The HOwSNuUG algorithm (Alg.
[6] takes in two Bézier paths and calculates the area between them which represents the
concept of snugness between components. Using the components passed in, VIEW WINDOW
is called to determine the aperture of exposure between the components which is then
passed into CURVESCAN which returns the sub-path from the outline of each component

which forms the paths where the area between is calculated.
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Algorithm 6 The HowSNuG Algorithm
1: function HowS~NuG(D, ¢)

2: © < VIEWWINDOW(D, ¢)

3: Pp < CURVESCAN(D, ©)

4: P. +~ CURVESCAN(c, O)

50 (22,42) = MAX(Pp.p1, Pp.pn, Pe-pr, Pe.pn)
6: (z1,91) = MIN(Pp.p1, Pp-Pn, Pe-p1, Pe-pn)

7: Box.area = (xg — 1) * (Y2 — y1)

8:  Pp.area < BEZIERAREA(Pp, box.(x1,11))

9:  P.area < BEZIERAREA(P,, box.(x2,15))

10: SnugFactor < (Box.area — Pp.area — P..area)
11: return SnugFactor

12: end function

Area bounded by ¢

"+, Path Orientation "+,

Area bounded by
placed devices D in L

Figure 5.12: The snugness factor of two curves, as computed by HOwWSNUG. The snugness
factor is defined to be the area between the two curves within a bounding box. The path
orientation (in red) cannot be vertical; if this occurs, both paths are rotated 90° prior to
computing the snugness factor.
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Figure illustrates computation of the snugness factor. The first step is to
generate the smallest bounding box that contains both curves. The start and end points of
both sub-curves Pp and P. are compared to find the maximum and minimum points of the
bounding box and the Bozx.area is calculated using these points. Second, the orientation
of the curves is determined; if the orientation is vertical, the bounding box and curves are
rotated 90°. Third, the area under both curves, but within the bounding box, is calculated
using a standard polygon decomposition method [53]; let Pp.area and P,.area denote these

areas. Then the snugness factor is computed as Boz.area — Pp.area — P..area.

MinMaxDelta

Designers of real-world paper microfluidic devices often need to minimize some
values while mazimizing others. For example, consider a home pregnancy test, probably
the most common example of paper microfluidics. These tests consist of a strip of paper;
urine is applied to one end, and capillary action transports the urine past two or more test
lines to an absorbent pad on the other end of the strip. The test lines change color when
exposed to human chorionic gonadotropin (HCG), a protein present in the urine of pregnant
women. It is advantageous to mazimize the amount of urine that passes through the test
lines, because more urine means more HCG detected (and therefore a more-pronounced
color change and an easier-to-read test result). Designers accomplish this by maximizing
the size of the absorbent pad, which functions as a pump to drive urine flow past the test
lines. It is also advantageous to maximize (up to a practical limit) the run time of the assay
(the amount of time spent flowing urine past the lines). Simultaneously, it is advantageous

to minimize the size of the paper strip, since it only serves to conduct urine through the test

91



lines, and minimizing overall device size reduces costs associated with device fabrication,
packaging, and shipping.

The function MINMAXDELTA supports maximization and minimization optimiza-
tions like these. The function computes a running tally of the minimum and maximum
differences in value for each dimension among a set of dimensions passed in as a parameter.
It returns the appropriate minimum or maximum value in either the positive or negative di-
rections along each dimension. For example, assuming a running tally of surface area (that
is to be minimized) and runtime (that is to be maximized) SA = {10.0,nin, 15maz }- The al-
gorithm has determined there is a potential placement with a value of Ta = {9.0min, 10/maz }
and when fed into MINMAXDELTA the resulting values are SA = {9.0min, 15maz }. Alter-
natively if Ta = {21in, 10maz }, then Sa would not change; or if Ta = {5min, 20maz} then

it would have SA = {5min, 20maz }-

5.1.3 Radar Route

RADARROUTE (Alg. [7)) is invoked when a candidate location has been identified
for a component ¢ and at least one of ¢’s ports has been matched with corresponding port on
the device D in the current layout L. RADARROUTE attempts to route one or more channels
to deliver fluid from D to ¢. The number of port pairs between ¢ and D determines the
number of routes required.

The algorithm initializes sets to hold Channels Chs constructed during the algo-
rithm and the intersections of the probes I (Line 2). The buffer value is set to 1/2 the
resultant width of the channel to be constructed (Line 3). In Line 4, the number of port

pairs is determined to be odd or even and then the middle index value of the port pairs is
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chosen (Line 5) and is used as the initial iterative values for 7 and j (Line 6). Finally, if the
port pair count is even, j is incremented to the next port pair index value (Line 7). The
example in Fig. shows three port pairs {®1, ®2, P3} to be connected by three channels.
The port pairs are ordered for routing from the middle toward the two perimeter of the

device. As shown in Fig. the routing order is {®q, &1, P3}.

Figure 5.13: RADARROUTE starts with component c¢ already placed and 3 port pairs to
be connected: @, ®9, and P3. Connections are routing starting with the middle port pair
®,, followed by ®; and @3 to reduce the likelihood that routes cross.

Figure 5.14: The probe generated for port pair ®- is unobstructed, so the corresponding
channel is routed. Port pair ®3’s probe collides with the outline at two distinct collision
points.

93



Algorithm 7 The RADAR Route Algorithm

1: function RADARROUTE(D, ¢)
2: Chs + @, I+

3: buffer < channel width/2
4: odd +1sODD(c.inputs.size)
5: midpoint < [c.inputs.size/2|
6: i, ] + midpoint
7: (odd)? j«i:j+i+1
8: while i >=0 —— j < c.inputs.size
9: pp,-(x,y) < D.®;.(z,y)
10: pp,;-(2,y) < D.®;.(z,y)
11: De; (2, y) < . ®;.(x,y)
12: Pe;(2,y) < c.@j.(z,y)
13: probe; < new Path(pp, (z,y), pe, (z,v))
14: probe; < new Path(pp, (z,y),pc, (7,y))
15: for each probe; ;
16: if I < INTERSECT(c, probe)
17: probe.addNode(I.node,,)
18: probe.addN ode(I.node,,)
19: curve < GETSUBCURVE(c, I)
20: precurve < GETSUBCURVE(probe, I,,)
21: for each node € curve
22: probe.addN ode(node)
23: MovVE(probe.node, buffer)
24: if INTERSECT (curve, precurve)
25: return Chs
26: end if
27: end for
28: end if
29: if HowSNua(D, ¢) < channel.width
30: c.moveby(channel width)
31: end if
32: end for
33: if odd && i == midpoint
34: if probe;.length < probe;.length
35: Chs.add( new Channel(probe;) )
36: else
37: Chs.add( new Channel(probe;) )
38: end if
39: j1
40: else
41: Chs.add( new Channel(probe;) )
42: Chs.add( new Channel(probe;) )
43: end if
44: MERGE(c.outline, Chs)
45: 14—1—1
46: j—i+1

47: end while
48: return Chs
49: end function

94



While there are channels to be routed, the algorithm pulls the port coordinates
pairs (Fig. {®1, P2, P3}) that will serve as the abstraction that will attempt to connect
the two locations on D and ¢ (Lines 9-12). A Bézier path for each connection is instantiated
to serve as the “probe” connecting the source and sink locations (Lines 13-14). If the probe
intersects with ¢ (Fig. [5.14) (Line 16), the intersection points are added to a set along with
the points that make up the sub-curve of ¢ between them (Lines 17-19). The precurve (Line
20) is sub-curve of the start of the probe to the point where it intersects ¢ and is used to

determine if the probe intersects with itself.

Figure 5.15: A sub-path is routed around the collision ports arising from port pair ®3’s
probe. The sub-path follows the contour of the new component that is added to the layout.

The points in the set curve are then each evaluated by creating a new node in
the probe (Line 22) corresponding to the original node in ¢ and moved away from ¢ by
half of the width of the channel component that will be generated (Fig. Line 23).
In this way, the probe will produce a curve running parallel to the previously intersected
sub-curve of c. Based on the current position of ¢ with respect to L, ¢ may be moved to

a distance away from L to allow for the width of the channel to be routed (Fig. [5.16)) if ¢
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collides with any already-placed components. The sub-curve is also tested for intersection
with the precurve (Lines 24-25); a positive answer here would indicate that the probe under
construction intersects with itself (Fig. ; if this occurs, the probe cannot complete the
route and the algorithm terminates. On Line 26, a quick check of the placement of ¢’s snug
factor will determine if ¢ needs to be moved away from D by the width of the channel before

channel construction begins.

Figure 5.16: The routed probe is adjusted to an offset equal to half of the width of the
channel being routed, plus any desired buffer distance between barriers of distinct channels.
This routes the channel to connect port pair ®3. Port pair ®; is also routed trivially.

The algorithm then handles the initial case of routing: where the starting channel
is either the middle value of an odd number of channels or if there is an even number. The
concern only occurs on the first route as all subsequent routings are performed as left /right
pairs. Therefore in the initial case where the number of channels is odd, 2 probes are run
with the same source and sink but are deflected each to the left and right (Lines 28-36).

At completion of probe generation, the probe length is evaluated and the shorter probe is

used to generate the Channel.
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Figure 5.17: Example of a probe failure. In this case, in attempting to connect port pair
®,4, the probe loops back and collides with itself indicating the probe is trapped by already
placed components.

Figure 5.18: Example of a routing failure. In this case, it is not possible to find a route
that connects port pair ®3 that doesn’t cross the routes for at least one of port pairs &
and (132.
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Once the probe is generated, a Channel component is instantiated for the probe
and merged (Lines 37) into ¢ using standard Bézier intersection and merging algorithms [91]
where it will become part of the outline for the next probes to avoid. If the probe cannot
be deflected around a routed channel, the routing fails and what was successfully routed is
returned along with an error (Fig. [5.18). The iterating values of ¢ and j are incremented
(Lines 38-39) and the next pairs are evaluate If the ports are all successfully routed, then

Chs is returned without error (Fig. Lines 40).

Figure 5.19: A successfully routed layout. The newly introduced component and routed
channels are integrated into the device. The algorithm is ready to place-and-route the next
component.

5.2 Experimental Results

5.2.1 Methodology

As the microfluidic space is non-discrete, the DICE[16] algorithm was chosen as
an appropriate benchmark to compare the RADAR approach. Although DICE is built to a

grid, the units are based on the physical dimensions of the components with a user-specified
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buffer between them. Components are placed down and to the right of placed components
yielding a diagonal placement that allows for routing to be performed in a mostly-linear
fashion. Once routed, the layout is then rotated 45° to reduce it’s footprint for fabrication

Testing harnesses were built to generate tests for area utilization. Three test
cases were developed for comparing DiCE (Fig. ,c,e) and RADAR (Fig. ,d,f):
a “chain” of components (Fig. 7b) that are directly connected one time from source
to sink for each component, an “orbital” approach (Fig. ,d) where a single source is
connected to any number of sinks surrounding it, and a “tree” (Fig. ,f) where each
component is connected to 2 sinks. All tests utilize a directed acyclic graph for maintaining
connections thus protecting against loops, however both DICE and RADAR can handle
cycles without indefinite loops. Several sets of component counts were chosen as initial

tests to illustrate potential trends due to layout growth.

) QQAQLQNQNAL b CTTITTSO
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Figure 5.20: Three test cases were developed to evaluate the quality of layouts produced
by DICE [16] (left column) vs. RADAR (right column): a,b) depict the ”Chain” test that
connects each source to the next sink sequentially; c¢,d) shows the ”Orbit” layout where

several sinks are connected to a central source; and e,f) the ”Tree” structure where each
component is connected to two sinks.
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Figure 5.21:  Area utilization in terms of fluid space, device occupancy, and total area
required for fabrication (in mm?).
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Figure 5.22: The “Chain” layout consisting of a number of components connected in a
series. DIiCE layouts of a) 4 components and b) 8 components, RADAR versions are c) 4
and d) 8 components. Times listed refer to completion of devices for the RADAR versions
and the state of the DiCE versions. Table lists the completion and/or failure times for
the DiCE versions.
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t=0m36s

Figure 5.23: The “Orbit” layout consisting of a single source feeding multiple sinks shows
the importance of compact layouts. Layouts a-b) use DICE, c-d) use RADAR.

Each layout was then output onto LabNerd® paper stock, reheated to sublimate
the wax ink into the paper, and a PCR backing tape applied to isolate the layout from the
work surface. Filtered water with several drops of green food coloring was pipetted into
the source region of each layout. Initially 40 uL of fluid was delivered with additional fluid
delivered in 20 ul steps if the device showed signs of drying out until the fluid movement
reached all sinks in the layout, or the fluid ceased to travel any further due to the leading

edge drying out forming a barrier to additional flow.

Figure 5.24: The “Tree” layout consisting of each node feeding 2 nodes. a,c) DiCE, b,d)
RADAR

101



Table 5.2:  Runtimes for each DiCE and RADAR for each layout test, along with the
number of components placed and routed. A indicates the difference in runtime. RADAR
was significantly slower in all cases; this is to be expected as RADAR is exhaustive while
DiCE is a heuristic.

Test Algorithm | # Time A

Chain DiCE 4 | 0:00:04
RADAR 4 1 0:05:48 | 0:05:44

DiCE 8 | 0:00:10
RADAR 8 | 1:25:54 | 1:25:44

Orbit DiCE 5 | 0:00:05
RADAR 5 | 0:14:55 | 0:14:50

DiCE 9 | 0:00:11
RADAR 9 | 1:16:11 | 1:16:00

Tree DiCE 7 | 0:00:09
RADAR 71 0:39:39 | 0:39:30

DiCE 15 | 0:00:27
RADAR 15 | 1:46:49 | 1:46:22

5.2.2 Algorithm Results

Results are plotted such that the vertical axis plots area usage measured in mm?

on a logarithmic scale (Fig. . The horizontal axis shows the individual test results with
the first letter being the algorithm (D)ICE or (R)adar; the second letter the test performed:
(C)hain, (O)rbit, or (T)ree; and lastly, the number of components placed and routed. In
each test and for nearly every metric, RADAR outperformed DICE in area utilization. In
terms of fluid area, RADAR would outperform DICE due to being able to more compactly
place components thereby shortening the channel and therefore the fluid travel. The chain

test allowed for a more level playing field due to reducing the amount of channel deflection.

102



Notable however, both DICE and RADAR initially failed routing of all 15 compo-
nents during the tree test which indicated a weakness in their approaches when the “greedy”
criteria of lowest snugnessfactor produces a layout too compact to route past the second
level of the tree. It was determined that presenting the tree netlist in a breadth-first man-
ner resulted in the algorithms’ inability to place and route and when the netlists were
traversed in a depth-first manner, both algorithms were able to successfully place and route
the netlists.

RADAR is intended to explore the paper microfluidic device layout space as com-
pletely as possible. High execution times are expected, and this will inevitably limit scala-
bility. As shown in Table RADAR runs several orders of magnitude slower than DiCE
(a heuristic), due to the ever-expanding set of critical points that it enumerates. RADAR
examines ©(m x n) critical points, per pass, as candidate locations for routing. While the
routing phase can terminate in (1) time if the first candidate is routed successfully, it is
also possible that routing may fail for all candidates. Consequently, runtimes can become
extremely large, for example, as RADAR took nearly 2 hours to complete route the 15-
component “Tree” benchmark. Even the smaller case, a 4-component “Chain,” required
nearly six minutes to complete. Future work may examines strategies to reduce the runtime
of RADAR, including techniques that limit the portion of the search space explored, as well

as a parallel implementations of key bottlenecks.

5.2.3 Physical Device Performance Results

The physical devices output from generated layouts were tested for real-world

performance by delivering fluid to each device’s source region and monitored for either
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failure to complete or time to completion. Although DICE did successfully generate placed
and routed layouts, not all devices were able to run to completion. Devices featuring long
channels and distant sinks would fail due to the leading edge of the fluid drying out and
forming a barrier to any further fluid travel — even when additional fluid delivered to the
device. As noted in Table[5.3] only two versions of the DICE layouts ran to completion even
though additional fluid (amounts listed) was dispensed. By comparison each RADAR device
was not only able to run to completion with only 20 pL of additional fluid required for the
eight component chain and tree versions (Figs. and respectively). As indicated
by the A column, devices laid out by RADAR devices have factors of improvement in the
range of 3.5 — 113x over those laid out by DiCE, while successfully running to completion

in all cases.
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Table 5.3: Experimental results listing the which test, algorithm used, the number of
components placed and routed, the volume of fluid delivered, and the time for the device
to complete or the time of failure (in bold) due to the leading edge of the fluid drying out
and blocking any further flow. A lists in red the additional time required for the devices
laid out by DiCE to run to completion, compared to the devices laid out by RADAR.

Test Algorithm| # puL | Time (h:m:s) A
Chain DiCE 4| 40.0 00:12:16 8:46
RADAR 41 40.0 00:03:30 | 3.5x%
DiCE 8 | 120.0 01:11:40 | 54:18
RADAR 8| 60.0 00:17:22 4x
Orbit DiCE 5 | 100.0 00:43:48 | 43:12
RADAR 51 40.0 00:00:36 73x
DiCE 9 | 200.0 00:52:38 | 52:10
RADAR 9 40.0 00:00:28 | 113x
Tree DiCE 7 | 120.0 00:45:48 | 40:04
RADAR 7 40.0 00:0544 8x
DiCE 15 | 140.0 00:45:30 | 39:22
RADAR | 15| 60.0 00:06:08 7x
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Part 111

Device Experimentation
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Chapter 6

Using Printer Ink Color to Control

Fluid Behavior

Many paper microfluidic devices are fabricated using the Xerox ColorQube line
of commercial wax-based color printers; the wax ink serves as a hydrophobic barrier to
fluid flow. These printers are capable of depositing four different colors of ink, cyan (C),
magenta (M), yellow (Y), and black (K), plus 11 combinations of these colors (CM, CY,
CK, MY, MK, YK, CMY, CMK, CYK, MYK, and CMYK), although most researchers use
only black ink to print paper microfluidic devices. While developing the software framework
it was unexpectedly observed that different colors of wax ink behave differently in paper
microfluidics. It was found that among the single colors of ink, black ink actually had the
most barrier failures, and magenta ink had the fewest barrier failures. In addition, some
combinations of colors performed even better than magenta: the combinations CY, MK,

YK, CMY, CYK and MYK had no barrier failures in this study. It was also found that
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the printer delivers significantly different amounts of ink to the paper for the different color
combinations, and in general, the color combinations that formed the strongest barriers to
fluid flow were the ones that had the most ink delivered to the paper. This suggests that
by simply weighing paper samples printed with all 15 combinations of colors, one can easily
find the color combinations most likely to form a strong barrier for a given printer. Finally,
to show that deliberate choices of ink colors can actually be used to create new functions
in paper microfluidics, a new color-based “antifuse” structure was designed and tested that
protects paper microfluidic devices from a typical operator error (addition of too much fluid
to the device). The results could provide a set of color choice guidelines that designers can
use to control the behavior of their paper microfluidics.

One of the most common techniques for fabricating paper microfluidic devices
utilizes the Xerox ColorQube line of color office printers. Instead of liquid ink or powdered
toner, ColorQube printers (like the one shown in Figure contain solid blocks of wax-
based ink, which the printer melts and deposits on the paper. Chandler et al. [12] showed
that since this wax ink is hydrophobic, it can be used to make channel walls and define fluid
paths in paper microfluidics.

Recently, as part of a project to develop a computer-aided design (CAD) framework
for use with paper microfluidics,[86] it was unexpectedly observed that the different colors
of ColorQube wax ink behave differently in paper microfluidics. This observation may have
gone unnoticed by previous researchers because even though ColorQube printers can print
wax of four different colors (cyan, magenta, yellow, and black) plus all combinations of

these colors, most researchers use only the black ink when printing their paper microfluidic
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devices. In one notable exception, Taudte et al. [93] used a few different ink colors in their
paper microfluidic devices for detecting explosive materials, and concluded that magenta
ink served as a more robust barrier to fluid flow than black ink. However, as far as is known,
no one has systematically explored all 15 possible combinations of cyan, magenta, yellow,
and black that can be delivered by ColorQube printers, or identified color combinations
with behaviors that make them suitable for functions other than fluid barriers, or offered a
possible explanation for the different behaviors of different ink colors.

In this chapter, the effect of ColorQube wax ink color on paper microfluidic device
behavior is systematically explored. The study required the creation of a large number
of different paper microfluidic device designs, and the paper microfluidics CAD framework
was leveraged to automate and expedite the generation of these device designs.[86] These
findings provide a set of rules on color selection that researchers can use to easily control
the behavior of their paper microfluidics. An explanation for why different colors behave
differently is provided that demonstrate that a series of simple mass measurements can
be used to determine which color combinations will likely provide the strongest barriers
to fluid flow for a given printer. Finally, a useful new paper microfluidic component—a
paper microfluidic “antifuse”—that uses different ink colors to create the desired behavior

is demonstrated.
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6.1 Materials and Methods

6.1.1 Overview of color printing with the CMYK model

Xerox ColorQube printers use solid blocks of wax-based ink in four different colors:
cyan (C), magenta (M), yellow (Y), and black (K). This means that the printers use the
CMYK model, a subtractive color model that uses secondary colors to reproduce the full
range of colors.[58] To reproduce primary colors, CMYK printers generally combine two of
the secondary colors (e.g., magenta and yellow are combined to form red; see Figure
for examples). The black ink is used to produce darker shades of the colors in the CMYK
model but is not generally used by itself where a full black color is desired when printing.
Rather, a percentage of cyan is also combined with black to create a more opaque black
color. Finally, a combination of all four inks known as “registration” black is used for
aligning inks when using presses that print each color separately. In summary, 15 different
combinations of ink colors can be generated by these printers: C, M, Y, K, CM, CY, CK,
MY, MK, YK, CMY, CMK, CYK, MYK, and CMYK. By controlling the color of a device
feature in a graphical design program, the user can easily create paper microfluidic device

features in any of these color combinations.

6.1.2 Automated design of paper microfluidic devices

Instead of designing the paper microfluidic devices by hand using graphic design
software, in this work the previously discussed computer-aided design (CAD) framework [36]
was used to automatically generate the necessary device designs. The framework can accel-

erate the development of new paper microfluidic devices and reduce the material required to
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Figure 6.1: (Left) Xerox ColorQube wax-based color printers (like this ColorQube 8570
model) are routinely used for creating paper microfluidic devices. (Right) Paper microflu-
idic test devices for six of the 15 different wax ink color combinations that were tested (from
left): cyan, magenta, yellow, magenta + yellow, cyan 4 yellow, and cyan + magenta.

make these devices. Developers can use the framework to prototype, dynamically generate,
and test new designs. These designs may account for the effects of different environmental
conditions, physical substrates, and fluid conditions, providing the designer with a greater
understanding of how these physical factors influence the behavior of a microfluidic assay.

The framework contains a library of components for developing devices, as well as
pre-defined devices that are parameterized to allow for quick alteration of specifications. In
this work, the library’s “bullseye” calibration device shown in Figure was used. This
design provides the user with a radial array of channels that connect a central “source” to
individual “sinks” around the edges of the device as well as markers alongside the channels
to facilitate measurements of fluid travel. The user specifies the various parameters of
the desired “bullseye” device, including the number, width, and angle of the channels, the
diameters of the sources and sinks, and the widths and colors of the wax ink channel barriers.
The software framework then generated a graphics file ready to print on the color printer.

In this manner, all 48 different “bullseye” device designs used in this study were easily
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generated in less than a second per device. Over the course of this study, the “antifuse”
design (described below) was added as a new component in the library to facilitate the

inclusion of this component in future paper microfluidics.

6.1.3 Fabricating paper microfluidic devices

Currently, Xerox ColorQube printers are the only wax-ink-based printers on the
market. Xerox has sold 12 different models of ColorQube printers, and the exact compo-
sitions of the inks used by the printers are trade secrets. However, close inspection of the
inks” Material Safety Data Sheets (MSDSs)[112], 110, 111] reveals that the inks used by all

12 of the ColorQube printers share the same basic chemical composition (by weight):

50-60% paraffin wax

10-20% resin

0-10% blue dye

0-10% red dye

0-10% yellow dye

0-10% black dye

In other words, the inks used by all 12 models of ColorQube printers are mostly
paraffin wax and resin, with the remainder consisting of one or more dyes that are specific to
each ink color. Additionally, the other ink data provided by the MSDSs (hazards, melting

point, flash point, solubility, specific gravity, chemical regulatory data, etc.) are all identical
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across the different ColorCube models. This suggests that the composition of each ink color
is very similar (and possibly identical) across the 12 different ColorQube printers, although
the exact compositions are trade secrets.

In this work,a Xerox ColorQube 8570 printer (Figure was connected via USB
to a PC loaded with the CAD framework running on the Linux operating system. The
generated device designs were printed on “Lab Nerd 101” fast qualitative filter paper (Ama-
zon.com). Since this filter paper comes from the manufacturer as 24 cm diameter circles
but the ColorQube printer requires rectangular paper for printing, each sheet was cut down
to a 200 mm x 123 mm rectangle for manually feeding into the printer. This provided
enough space for two separate paper microfluidic test devices per sheet. After printing,
each pair of devices was heated over a laboratory hotplate to re-melt the wax ink and form
a hydrophobic barrier across the full thickness of the paper. The hotplate was pre-heated to
166 °C (as measured using an infrared thermometer), then each printed paper sample was
held 5-7 cm above the heating element (with the printed side facing upward) until melting
was observed in the wax ink (ink color faded and the edges of the ink features blurred). At
this point, the Bullseye Calibration Devices were ready to use in experiments. The “anti-
fuse” test paper microfluidic devices had self-adhesive PCR plate sealing film (Microseal B;
Bio-Rad, Hercules, CA) applied to the backside (non-ink side) of the paper before use; this

tape keeps fluid from flowing through the backside of the paper.

6.1.4 Testing paper microfluidic devices

The “bullseye” paper microfluidic devices (shown in Figure [6.1)) were tested using

a custom rig built out of finished lumber (Figure . Each paper device was clamped into
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the leveled rig and suspended from the edges to eliminate any contact between the work
surface and the backside of the paper device. The devices were tested using deionized water
containing a small amount of food coloring (3 drops per 50 mL) delivered to the paper
using either a pipette (for the black ink color studies) or a mounted low-flow-rate nozzle
(Antelco; Longwood, FL; for the color ink studies, shown in Figure the nozzles delivered
300 pL of fluid to each paper microfluidic device at a rate of 200 uL per second). Along
with photographing each device during fluid delivery, the time was also recorded when fluid
reached the first sink and the time when fluid reached the eighth and final sink.

The “antifuse” paper microfluidic devices were tested on a bench top. A pipette
was used to repeatedly deliver 50 pul. volumes of fluid to the source reservoir of the device

until flow across a wax ink barrier was observed.

6.1.5 Analysis of the amount of wax ink deliverer by printer

For studies of the amount of each ColorQube ink deposited on the paper by the
printer, a laboratory analytical balance was used to weigh paper samples. Ink mass was
determined by first measuring the pre-print mass of a paper substrate along with a binder
clip used to hold the paper in a cylindrical shape to accommodate the interior dimensions
of the balance enclosure. The mass of the clip was then subtracted from subsequent mea-
surements. A 17 cm by 10 cm solid rectangle of ink was then printed on the paper. After
printing, the paper was weighed again and the two mass measurements were subtracted to
determine the mass of the ink deposited by the printer. Dividing this mass by 170 cm? (the

area of the ink rectangle) yields the mass of ink deposited per unit area. This measurement
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Figure 6.2: Custom-built test rig for dispensing known volumes of fluid at known flow
rates to paper microfluidic devices.
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was repeated and recorded for all 15 solid colors (single colors and combinations) that can

be generated by the printer.

6.2 Results and discussion

6.2.1 Barrier width testing with black ink

Preliminary experiments were performed to determine the necessary ink barrier
width for reliable fluid containment using black ColorQube ink (which is the usual ink
color used in paper microfluidics). The “bullseye” device was used from the framework
library, configured with 8 radial channels, 2 mm wide channels, 6 mm diameter sinks, 12
mm diameter sources, and 86 mm overall diameter. Ink barrier widths were varied from 1.0
to 2.0 mm (Fig. [6.3), and 16 devices were tested for each width (a total of 48 different tests).
A pipette was used to deliver 300 uL of dyed water to the central source of each “bullseye”
pattern, and the fluid was allowed to travel outward to the eight sinks on the perimeter,
stopping when the fluid had reached one or more of the sinks. Failures were categorized as
either “flow through barrier” (when fluid wicked through the ink-impregnated barrier) or
“flow over barrier” (when fluid flowed across the top of the ink barrier).

Results from the black barrier width study are summarized in Table row K,
and typical results are shown in Figure The thinnest black ink barriers (1.0 mm thick)
consistently failed by having the fluid flow over the thin barrier. At moderate barrier
thicknesses (1.5 mm), failures occurred most often due to flow through the barrier. Finally,

devices with the largest barrier thicknesses (2.0 mm) exhibited the fewest total failures.
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Figure 6.3: Sample results from experiments to determine reliable barrier thickness for
black ColorQube ink using the software framework’s “bullseye” test device. Consistent
barrier failure occurred at black barrier widths of 1.0 mm and smaller. The 1.5 mm barrier
did a much better job of containing fluid, but some failures were still observed (as indicated
by arrow). Ultimately, a 2.0 mm barrier width was found to have the fewest barrier failures.

Fluid took from 144 s to 488 s to reach the first of the eight sinks, with a median time of

392 s. Fluid took from 157 s to 560 s to reach the last sink, with a median time of 443 s.

6.2.2 Barrier color testing with individual cyan, magenta, and yellow inks

The barrier tests shown in Figure [6.3| were repeated, but this time using the other
individual ink colors provided by ColorQube printers (cyan, magenta, and yellow) instead of
black. The results summarized in Table (lines C, M, and Y) reveal significant differences
in how the different individual ink colors perform as barriers to fluid flow. Interestingly,
black ink (K), which is used most often in wax-printed paper microfluidic devices, actually
performed the worst of all the single-color barriers in every barrier width, with 21 failures
out of 48 total tests or a 44% failure rate. Magenta ink (M) performed the best, with only
three failures observed in the thinnest barriers and no failures in the other barrier thicknesses
(a combined failure rate of only 6%). These results are consistent with the observations of

Taudte et al. [93] and suggest that for maximum resistance to unwanted fluid flow
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Flow Flow Total Barrier Flow Flow Total
Ink Barrier | through over Total Ink Barrier | through over Total
colors | width barrier | barrier | failures colors width barrier | barrier | failures

C |1.0mm | 5/16 | 0/16 | 5/16 MY |1.0mm | 0/16 | 5/16 | 5/16

1.5mm | 1/16 | 0/16 | 1/16 15mm | 0/16 | 0/16 | 0/16
20mm | 1/16 | 0/16 | 1/16 20mm | 0/16 | 0/16 | 0/16
M |1.0mm | 0/16 | 3/16 | 3/16 YK | 10mm | 0/16 | 0/16 | 0/16
1L5mm | 0/16 | 0/16 | 0/16 1L5mm | 0/16 | 0/16 | 0/16
20mm | 0/16 | 0/16 | 0/16 20mm | 0/16 | 0/16 | 0/16
Y |10mm | 6/16 | 5/16 | 11/16 || CMK | 1.0 mm | 16/16 | 0/16 | 16/16
15mm | 3/16 | 2/16 | 5/16 1.5mm | 16/16 | 0/16 | 16/16
20mm | 0/16 | 5/16 | 5/16 20mm | 15/16 | 0/16 | 15/16
K |10mm | 0/16 | 6/16 | 6/16 || CMY |10mm | 0/16 | 0/16 | 0/16
1.5mm | 11/16 | 0/16 | 11/16 15mm | 0/16 | 0/16 | 0/16
20mm | 4/16 | 0/16 | 4/16 20mm | 0/16 | 0/16 0/1
CK |[1.0mm | 0/16 | 2/16 | 2/16 || CYK | 10mm | 0/16 | 0/16 | 0/16
15mm | 0/16 | 0/16 | 0/16 15mm | 0/16 | 0/16 | 0/16
20mm | 0/16 | 0/16 | 0/16 20mm | 0/16 | 0/16 | 0/16
CM |1.0mm | 2/16 | 2/16 | 4/16 || MYK | 1.0 mm | 0/16 | 0/16 | 0/16
1L5mm | 0/16 | 0/16 | 0/16 15mm | 0/16 | 0/16 | 0/16
20mm | 0/16 | 0/16 | 0/16 20mm | 0/16 | 0/16 | 0/16
CY |1.0mm | 0/16 | 0/16 | 0/16 | CMYK [ 1.0mm | 5/16 | 0/16 | 5/16
15mm | 0/16 | 0/16 | 0/16 1.5mm | 8/16 | 0/16 | 8/16
20mm | 0/16 | 0/16 | 0/16 20mm | 1/16 | 0/16 | 1/16

MK |1.0mm | 0/16 | 0/16 | 0/16
15mm | 0/16 | 0/16 | 0/16
20mm | 0/16 | 0/16 | 0/16

Table 6.1:  Occurrences of barrier failures using single ink colors black (K), cyan (C),
magenta (M), and yellow (Y), and all combinations of these colors, at various barrier widths.
“Flow through barrier” failures occurred when fluid was observed to wick through the ink-
impregnated barrier and out of the channel region, and “flow over barrier” failures occurred
when fluid was observed to flow across the top of the ink barrier and out of the channel
region. Among single-color inks, black ink (K) performed the worst (failing in 21 /48 or 44%
of tests), and magenta ink (M) performed the best (failing in only 3/48 or 6% of tests).
Among combinations of ink colors, the combinations CY, MK, YK, CMY, CYK, and MYK
had no flow failures at any of the barrier widths tested.
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through or across the ColorQube wax ink barriers, when choosing one of the
printer’s four individual ink colors, creators of microfluidic devices should use
magenta ink instead of black.

An unusual behavior in test devices with yellow barriers was observered. Table
shows that while no “flow over barrier” failures were observed in the thicker black,
cyan, and magenta barriers, several “flow over barrier” failures were observed in the thicker
yellow barriers. Figure [6.4] shows typical yellow “bullseye” devices both before and after a
“flow over barrier” failure; the blue fluid is flowing across two millimeters of yellow wax ink
barrier. These observations suggest that the surface of paper impregnated with yellow wax
ink may be less hydrophobic than the other colors. These observations also suggest that the
distinctive failure mode of yellow ink barriers could be used by designers to impart certain

behaviors to paper microfluidic devices, an idea which was then tested as well.

6.2.3 Barrier color testing with combinations of ink colors

As noted above, ColorQube printers are capable of printing colors other than cyan,
magenta, yellow, and black by simultaneously delivering combinations of two or more colors
to the paper. It was hypothesized that these combinations may result in more wax ink being
delivered to the paper (therefore creating a more effective barrier to fluid flow) compared
to the single ink colors. To test this hypothesis, the above tests were repeated using devices
made with all possible combinations of cyan, magenta, yellow, and black (CM, CY, CK,
MY, MK, YK, CMY, CMK, CYK, MYK, and CMYK). In each combination, each color is

specified at 100% density, meaning that the printer is instructed to deliver as much of each
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color as possible. This means that all color combinations that include black will appear
black when printed, but will still contain the additional ink colors.

The results in Table [6.1] show that most devices containing multiple color barriers
fared better than the single-color barriers. Of the 11 possible color combinations, 6 of
them (CY, MK, YK, CMY, CYK, and MYK) had no flow failures at any of the barrier
widths tested. These color combinations are excellent choices for robust barriers,
especially at thinner barrier widths. They outperformed all of the single-color barriers.
An additional three combinations (CK, CM, and MY) failed only for the thinnest barrier,
a performance on par with magenta (the best single-color barrier).

However, two combinations of wax colors performed far worse than the other
combinations. Specifically, all but one of the 48 test devices printed using CMK barriers
suffered from “flow through barrier” failures (a staggering 98% failure rate) and 14 of the
48 test devices printed using CMYK barriers suffered the same failure (a 29% failure rate).
It was hypothesized that these failures might be attributed to variation in the amount of
ink the printer deposits in the paper when printing these color combinations, a hypothesis

that was tested in the next section.

Measuring the mass of ink deposited on the paper

To gain insights into why different ink color combinations behave dramatically
differently in paper microfluidic devices,the mass of ink being deposited by the printer was
measured for each single color and color combination, both before and after heating. The

results (Table and Figure ) reveal significant variation in the total amount of ink
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Colors  Pre-heating ink mass (mg cm™2) Post-heating ink mass (mg cm™2) Ink mass loss (mg cm™2)
K 1.91 1.62 0.29
M 1.36 1.05 0.31
C 1.13 0.79 0.34
Y 0.96 0.68 0.29
CK 1.86 1.54 0.33
CY 1.86 1.55 0.31
YK 1.81 1.46 0.35
MY 1.68 1.35 0.34
CM 1.59 1.28 0.31
MK 1.22 0.92 0.30
CMY 1.90 1.63 0.26
MYK 1.26 0.90 0.36
CYK 1.09 0.85 0.25
CMK 0.89 0.62 0.28
CMYK 0.90 0.65 0.26
Table 6.2: Masses of ink deposited on the paper, for each single color (C, M, Y, and K)

and combinations of colors, before and after heating the paper, as well as the mass lost due
to heating. The results show a wide range in the amount of ink deposited for the different
colors (ranging from 0.89 mg/cm? for CMK to 1.91 mg/cm? for K), though all colors lost
roughly the same amount of mass during heating (about 0.3 mg/cm?).
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delivered by the printer for different color combinations. The color combination with the
largest mass of ink delivered to the paper (K; 1.91 mg/cm?), has over twice the mass of
the combination with the smallest mass of ink delivered (CMK; 0.89 mg/cm?). Also, it was
observed that a significant amount of this ink mass is lost when the paper is heated. A
plot of pre-heating ink mass vs. post-heating ink mass (Figure ) shows that each color
combination lost roughly the same amount of mass during heating (about 0.3 mg/cm?).
This suggests that for each color combination, the printed ink contains about 0.3 mg/cm?
of volatile components that are lost during heating, plus a variable amount of less-volatile
pigments and waxes that remain on the paper after heating.

Since paper microfluidic devices with wax inks must be heat-treated before use,
the remaining analysis was focused on post-heat-treatment ink masses. Figure plots
the rate of barrier failures vs. post-heating ink mass for all 15 ink color combinations. The
results show that (with one exception) the color combinations with largest mass of ink
delivered to the paper have the lowest rates of barrier failure. The one exception to
this trend is black ink (K), which had poor barrier performance despite having the second-
highest post-heating ink mass. This suggests that the black ink contains a relatively large
amount of pigment (necessary for a solid black color), and this pigment reduces the color’s
effectiveness as a barrier to fluid flow, perhaps by reducing the hydrophobicity of the ink,

or occupying space that would otherwise be filled by hydrophobic wax.
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Figure 6.5: (A) Plot of the mass of ink delivered by the printer for all 15 combinations
of ink colors, before (y-axis) and after (x-axis) heating the paper samples to re-melt the
ink and form a hydrophobic barrier. While the total mass of ink delivered by the printer
per square centimeter of paper area varies significantly with color combination, all samples
lost roughly the same amount of weight during heating (about 0.3 mg/cm?). (B) Plotting
the fraction of tests with barrier failures from Table vs. the post-heating mass of ink
delivered by the printer for the same combinations of ink. In general, color combinations
with more ink delivered to the paper resulted in fewer barrier failures. The main exception
to this trend was black (K), which suffers from significant barrier failures despite having
one of the largest masses of ink delivered to the paper.
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6.2.4 The paper microfluidic “antifuse”

Finally, to show that deliberate choices of ColorQube ink colors can actually be
used to create new functions in paper microfluidics, these findings were to design and test
a paper microfluidic “antifuse,” an ink structure that deals with excess fluid in a controlled
manner. In electronics, an antifuse is a component that functions as the opposite of a
fuse; it normally provides a high resistance to electric current, but becomes low resistance
when the voltage across it exceeds a certain level. The paper microfluidic antifuse functions
similarly by providing an initial hydrophobic barrier that resists fluid flow until a certain
volume of fluid is delivered to the component, at which point the antifuse becomes a low
resistance path that carries excess fluid to a desired location.

The main feature in the antifuse test device shown in Figure [6.6]A is a horizontal
channel for fluid flow; fluid is added to the circular pad on the left (marked “source”) and
flows by wicking through the channel and to the circular pad on the right (marked “sink”).
In a real application, this horizontal channel might contain immobilized reagents that serve
as readout lines in a lateral flow assay. Most of the hydrophobic barriers around this channel
are magenta, chosen because magenta offers the greatest resistance to fluid flow of all the
single ink colors. However, yellow ink was used for the barrier around the source pad which
receives added fluid. It was hypothesized that by using yellow wax ink for this antifuse
barrier, it could be possible to take advantage of the tendency of yellow ink to exhibit flow-
over failures like the ones shown in Figure Specifically, if excess fluid is added to the
source pad, the fluid would flow over the yellow antifuse barrier and be contained in the

large “moat” surrounded by the larger circular magenta barrier, instead of overflowing a
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Figure 6.6: Summary of results from 32 tests of an ink-color-based “antifuse” for paper
microfluidics. (A) When an operator adds excess fluid to the left-side circular pad marked
“source,” the excess fluid flows over the yellow antifuse barrier and is trapped in the large
circular “moat” in 15 of 16 tests, thereby protecting the rest of the device (where no failures
were observed in all 16 tests). (B) In contrast, when a magenta antifuse barrier is used,
excess fluid overflows into the “moat” less frequently (in 12 of 16 tests), meaning more fluid
flows toward toward the “sink” pad and causes more device failures (5 of 16 tests). These
results show that a yellow antifuse barrier can serve to protect paper microfluidic devices
from a common operator error (the addition of excess fluid).

barrier elsewhere in the device and likely invalidating the assay. In this manner, the yellow
antifuse structure would enable the paper microfluidic channel to automatically recover from
a typical operator error, the addition of too much fluid to the paper microfluidic device.
To test the antifuse structure, the software framework was used to create two dif-
ferent versions of the antifuse test device: one containing a yellow antifuse channel and ex-
pected to function as described above (Figure ), and one containing a magenta antifuse
channel and intended to serve as an all-magenta “control” expected to fail at unpredictable
locations (Figure [6.6]B). Sixteen of each of these designs were then fabricated and tested
each by delivering water via pipette in 20 — 50 pL increments to the source pads while

watching for either flow over the antifuse barrier or failures elsewhere in the device.
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Figure 6.7:  Photographs of two typical antifuse test devices while adding fluid to the
left-side circular source pad. As more fluid is added to the device with a yellow antifuse
barrier (A), the excess fluid flows over the yellow antifuse and into the surrounding “moat,”
protecting the rest of the device from barrier failures. In contrast, when excess fluid is
added to the device with a magenta antifuse (B), the barrier fails catastrophically in an
unpredictable location, likely invalidating the assay. These results show that yellow antifuse
structures can protect a paper microfluidic device from some types of failures.
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For the 16 tests with a yellow antifuse (Fig. [6.6/A), the excess water flowed over
the antifuse barrier in 15 of the 16 experiments; no failures occurred elsewhere in the
device. This means that the yellow antifuse functioned as intended, routing excess fluid
into a specified overflow area and protecting the rest of the device from barrier failures.
Photographs of a typical yellow antifuse test device in operation are shown in Figure [6.7A;
as the amount of fluid added to the Source pad increases, the flow across the yellow antifuse
barrier also increases, protecting the rest of the device from barrier failures.

In contrast, for the 16 tests with a magenta antifuse, flow over the antifuse barrier
was less common (occurring in 12 of the 16 experiments), meaning that more of the excess
fluid flowed down the horizontal channel and caused barrier failures in 5 of the 16 exper-
iments. The photos of a typical magenta antifuse test device in operation in Figure [6.7B
show that when enough excess fluid is added to cause a barrier failure, the failure occurs in
an unpredictable location and likely would cause a catastrophic failure of the device.

In summary, these results show that placing yellow antifuse barriers at loca-
tions where overflow is permissible can help protect other parts of the device

where overflow must be avoided.

6.3 Results

The results show that designers of paper microfluidic devices can use different
ColorQube ink colors to impart specific behaviors to their devices. Among the single-color
inks, it was observed that magenta had the fewest barrier failures, a finding that is consistent

with previous work.[93] But it was also found that certain ink color combinations perform
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even better than magenta: the combinations CY, MK, YK, CMY, CYK and MYK had no
barrier failures in this study. Therefore, for applications requiring the strongest possible
hydrophobic barrier, researchers are advised to use these combinations.

This study was limited to a single model of wax-based color printer, the Xerox
ColorQube 8570 printer shown in Figure [6.I] But based on the apparent similarity of the
inks used in the different ColorQube printers, it is expected that these results will apply to
other ColorQube models as well. Additionally, one can predict which colors will provide the
strongest fluid barriers on a new printer without repeating all of these experiments. Based
on the finding that ink mass correlates with barrier effectiveness (except for K), one can
easily create same-size printed samples of all 15 ink color combinations, weigh them, and
determine which non-K color combinations result in the largest amount of ink delivered to
the paper (and are therefore most likely to provide the strongest barrier to fluid flow).

The one notable exception to the observation that increased ColorQube ink mass
results in stronger fluid barriers was black, which had one of the largest on-paper ink masses
but provided one of the weakest barriers to fluid flow. Why is the behavior of black ink
so different from the other colors? The exact chemical compositions of the ColorQube
inks are trade secrets, and reverse-engineering Xerox’s products is beyond the scope of this
work. However, if one were to predict which one of the ColorQube’s four ink colors might
behave very differently than the others, that color would undoubtedly be black. Unlike
cyan, magenta, and yellow, which form a light and transparent coating on the paper to
allow the reflectiveness of the underlying white paper to show through, black must form a

dense and opaque layer that blocks all light from the paper. Consequently, black ink would
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be expected to contain a greater amount of pigments and dyes than other colors of ink,
which may explain why the mass of black ink delivered to the paper is greater than the
mass of almost all other colors (single and combinations). And if these black colorants are
less hydrophobic than wax (or if they occupy space that would have otherwise been filled by
hydrophobic wax), then it is reasonable to expect that black ColorQube ink will provide a
less-hydrophobic and weaker barrier to fluid flow than the other color inks, which is exactly

what was observed in this work.
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Chapter 7

Rapid development and
optimization of paper microfluidic

designs

In this chapter, the software was used to automatically generate all of the device
designs needed in the development of a real-world paper microfluidic assay (a test for de-
tecting glucose and protein in urine). Building on an earlier tool that allowed for selecting
among a few pre-configured paper microfluidic device designs, each having only one or two
user-selectable parameters [86], the software enables the user to specify all device design
parameters. The software then determines a valid device configuration, generates the device
geometry, and outputs a custom graphics file ready for fabrication and use. Additionally,
the framework uses the user’s specifications of the device design plus the characteristics of

the paper used to predict the total volume of fluid needed to operate the generated paper
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microfluidic device. Using this software, the designer of a complex paper microfluidic de-
vice (like the the fluidic multiplexer described above) could generate a new design (e.g.,
with a different number of selectable channels) by simply changing a couple lines of code.
Researchers developing their own paper microfluidic assays can use a web-based version of

the software provided at "http://www.binary7design.com/rfa_trial/’.

7.1 DMaterials and Methods

7.1.1 Supported paper microfluidic device fabrication techniques

The software framework presently targets the Xerox ColorQube line of wax-ink
color printers, which others have previous used for paper microfluidic device fabrication.
These printers contain solid blocks of wax-based ink which the printer melts and deposits
on the paper. Chandler et al. [12] showed that since this wax ink is hydrophobic, it can be
used to make channel walls and define fluid paths in paper microfluidics. The print process
uses four primary colors of printers: cyan (C), magenta (M), yellow (Y), and black (K)[58]
which can be used in various combinations to produce full color images. The software allows
users to customize the ink colors in the generated paper microfluidic devices, for use as a
color code, or for controlling the behavior of the chip using color-specific behavior. The
files output by the software are intended for use by these printers, although they could be
adapted for use in other paper microfluidic fabrication techniques like computer-controlled

cutting tools.
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7.1.2 Using the software

The software framework features several pre-built devices that researchers can use
to perform a variety of assays by specifying a small number of parameters for their desired
application. Additionally, the framework provides a parameterizable component library
including channels and reservoirs that a user can utilize to assemble a wide variety of multi-
component devices for different fluid usage and evaluation scenarios. Once a device has
been configured for usage, the user can select any of the standard file formats for output,
such as PDF for printing, SVG for printing or image usage, or DXF to drive machines that
plot lines or cut substrate materials.

To evaluate the software framework, the radial flow assay (RFA) component
from the library was used for this work. The RFA (Fig. consists of a central circular
source reservoir where a sample is added to the device, one or more sink reservoirs where
assay reagents are located, and a “control” sink that is further from the source than the
other sinks. If fluid added to the source reservoir flows all the way to the end of the control
sink, then it is likely that the fluid also traveled the (shorter) distances to all the other
sink reservoirs. The RFA component features multiple configuration options from which

the user may choose, including:

e The number of assays desired and the number of copies of each assay to
include, which allow the researcher to specify multiple tests and runs per test, all

from a single sample.

e The source reservoir, where fluid under test is deposited, has a radius sr, which

determines its overall fluid volume capacity, and a border width sb, which ensures
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Figure 7.1: Online web interface. The framework’s Radial Flow Assay (RFA) com-
ponent includes several user-customizable parameters, including the radius sr and border
width sb of the source reservoir, the radius skr and border width skb of the sink reservoir,
the length [ and width w of the channels, and the overall border width b of the assay. Once
these are specified by the user, the framework then calculates the angle 6 of the channels, the
minimum necessary channel length ¢l of the control channel, and the minimum necessary
channel radius cr for the control reservoir.

proper containment of fluid delivered as the size of the source increases in volume.

e Each sink reservoir has the same parameters as the source reservoir regarding size
and borders. The sinks are color-coded to provide an easy visual reference during

runtime for the user to monitor the progress and results.

e The channels that connect the source to each sink are parameterized in terms of
length [, width w, and border width b. These parameters influence the total

volume of fluid required per assay, the per-assay runtime, and the total device runtime.

After a user specifies these options, the framework then calculates the angle 6

between the channels, as well as the minimum necessary channel length ¢/ and channel
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radius ¢r for the control channel and reservoir based on the length of the longest channel
and largest sink value specified by the user.

The software framework defaults to a magenta (M) wax barrier, which was pre-
viously determined to be the most effective single ink option for fluid containment using
printed wax barriers [84]. Each assay/sink pairing has a color assigned to it from a selec-
tion of predetermined colors to aid in identification of which assay is being performed in
the device: cyan (C), yellow (Y), black (K), red (MY), green (CY), and blue (CM).

Once a device is configured, the software framework then generates a graphics file
ready to print on the color printer. In this manner, over 50 different device designs used in

this study were easily generated in less than a second per device.

7.1.3 Fabricating automatically designed paper microfluidic devices

All paper microfluidic device designs that were generated by the software were
fabricated via a standard process that utilizes a wax-ink-based color printer. Two types
of device testing were conducted in this study: flow testing (using dyes to visualize the
paths followed by fluid in the devices) and chemical analysis (a simulated urinalysis assay).
Finalized designs were output as PDF files that were then sent to a Xerox ColorQube 8570
wax-based color printer.

To calculate the fluid capacity of the paper, the framework needs to be informed
regarding the thickness and porosity of the paper being used in the physical device. The
paper used was “101” fast qualitative filter paper (“Lab Nerd” brand; Amazon.com) with a
measured thickness of a single sheet (100 um). A 50% porosity was assumed, meaning that

50% of the paper volume could be occupied by fluid. As this characteristic of the paper
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is particular to each brand and type, the number must be available to the framework for
accurate results. Determining actual porosity can involve microscopic inspection when not
supplied by the manufacturer, but the default of 50% serves as useful starting point. The
paper was trimmed to 200 x 120 mm for manual feeding into the printer. Once printed,
each layout was re-heated, printed side up, 5-7 cm above a 166 °C laboratory hotplate
(temperature measured using an infrared thermometer) until wax melting was observed via
color fading and blurring of printed edges. Reheating the wax re-melts the ink so that it
permeates the full thickness of the paper, which ensures an effective hydrophobic barrier
throughout. As a final step, a self-adhesive PCR plate sealing film (Microseal B; Bio-Rad,
Hercules, CA) was added to the reverse side of the printed piece, adhering both to the
paper and the wax barriers, thereby prohibiting fluid travel outside of the specified fluid

boundaries.

7.1.4 Testing automatically designed paper microfluidic devices

For testing the flow of liquids through automatically designed paper microfluidics,
deionized water containing a small amount of food coloring (3 drops per 50 mL) was deliv-
ered to the source reservoir of each device using a pipette. Each test run was photographed
for the entire duration from initial delivery to completion and/or failure of the device due
to either drying or wax barrier failure. For performing chemical analysis on automatically
design paper microfluidics devices, a modified urinalysis protocol was used based on the one
used by Martinez et al. [7T1] but with an additional analyte added. The test detects glucose,

protein, and nitrite in a urine sample.
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e Paper pads for detecting glucose were prepared by first depositing 2 ul. of 0.6 M
potassium iodide and waiting for a few minutes to allow the paper to dry. Next, 2 ul,
of a solution was added to the paper containing 700 units of horseradish peroxidase per
mL (Thermo Scientific) and 2500 units of glucose oxidase per mL (MP Biomedicals)
in 0.1 M potassium phosphate buffer at pH 6.0, then waited until the paper was dry
before using the devices. The glucose tests are brown in the presence of glucose and

colorless otherwise.

e Paper pads for detecting protein were prepared by first depositing 2 uL of 250 mM
citrate buffer at pH 1.8 and waiting for the paper to dry. Then, 2 uL of a 3.3 mM
solution was added of tetrabromophenol blue in 95% ethanol, then waited until the
paper was dry before using the devices. The protein tests are blue in the presence of

protein and yellow otherwise.

e Paper pads for detecting nitrite were prepared by depositing 2 ul. of Griess reagent
(Sigma-Aldrich), then waiting until the paper was dry before using the devices. The

nitrite tests are pink in the presence of nitrite and colorless otherwise.

To test these devices, eight simulated urine samples were prepared: one with
glucose (167 mM) in water; one with bovine serum albumin (BSA; 10 pM) in water; one
with sodium nitrite (500 mM) in water; three samples containing all pairwise combinations
of the three analytes; one sample containing all three analytes; and one “control” sample
containing only water with no added glucose or BSA. For each test, 36 uL of simulated
urine were added to the Input reservoirs of each paper microfluidic device. The remainder

of the fluid in the simulated urine was initially 1x phosphate-buffered saline (PBS) in Phase
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9 of this study, but was changed to water in Phase 10 after an undesired side reaction was
observed between PBS and two of the urinalysis reagents (details in Results and Discussion

Phase 9 below).

7.2 Results and discussion

The software framework was used to generate all of the paper microfluidic device
designs needed to develop a model urinalysis assay, thereby validating its practical efficacy.
This required 51 different device designs which were used in a total of 120 lab experiments.
This section provides a chronological account of the interactions with the software frame-

work during this development process.

7.2.1 Phase 1: Finding optimal wax ink border width

The first step in designing the model urinalysis assay was to determine an appro-
priate width for the wax ink border (b in Fig. that contains the fluid flow paths. A
border that is too narrow may not effectively block fluid flow and cause loss of containment
of the fluid, and a border that is too wide unnecessarily wastes both wax ink and space on
the device.

In this phase, the border width parameter in the framework was used to generate
device designs with border widths of 0.5, 1.0, 1.5, and 2.0 mm. The devices were otherwise
identical, each having a central Source reservoir with magenta-colored borders where fluid
is added to the device, a single Sink reservoir with cyan-colored borders where detection of

an analyte would occur, and a single Control reservoir with magenta-colored borders which
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Figure 7.2: Phases 1-5 Results from testing paper microfluidic device designs generated
by the software framework, for optimizing ink border width (Phase 1), channel width (Phase
2), channel length (Phase 3), source radius (Phase 4), and sink radius (Phase 5).
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will later be used to confirm that adequate fluid volume has been added to the device during
use. The framework predicted the same fluid capacity for all four device designs, 8.4 ulL,
because changing the border width does not affect the volume of fluid contained inside the
border.

As shown in Fig. (Phase 1), the software generated two copies of each device
design for evaluation. During testing, the left-hand copy of each device received 9.0 uL of
fluid, and the right-hand copy received 50.0 uL to observe effects from a user inadvertently
adding too much fluid to the device.

It was found that all four border widths successfully contained the smaller 9.0 uL
volumes. However, all four barrier widths failed to contain the larger 50.0 pL volumes, with
the largest fluid loss associated with the thinnest barriers (0.5 and 1.0 mm) and reduced fluid
loss associated with the thicker barriers (1.5 and 2.0 mm). Additionally, failures typically
occurred at cyan-colored borders; this indicates that cyan ink provides a weaker barrier to
flow than magenta ink, a observation consistent with earlier studies [84].

Based on these results, 1.0 mm was chosen as the wax barrier width to use in
subsequent devices. This determination required eight experiments using four different
device designs generated by the software framework. The experimental parameters used in

Phase 1 are summarized in Table [T.1]

7.2.2 Phase 2: Finding optimal fluid channel width

After finalizing the wax ink barrier width for the model urinalysis device in Phase

1, the channel width parameter was varied to generate a series of test device designs to
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Table 7.1: Experimental parameters used during Phase 1 (optimization of wax
ink fluid barrier width; Fig. [7.2).
Border Volume Volume Volume
Width | Calculated | Delivered | Delivered
(mm) (uL) Left (uL) | Right (uL)
0.5 8.4 9.0 (Pass) | 50.0 (Over)
1.0 8.4 9.0 (Pass) | 50.0 (Over)
1.5 8.4 9.0 (Pass) | 50.0 (Over)
2.0 8.4 9.0 (Pass) | 50.0 (Over)

Border widths were varied from 0.5 to 2.0 mm. All devices had one Source reservoir with
radius 2.5 mm, one Sink reservoir with radius 2.5 mm, one Control reservoir with radius
2.5 mm, a 5.0 mm channel length, and 2.0 mm channel width. Results were categorized as
having executed successfully (Pass), or having failed either due to under-filling (Under) or

overflowing fluid barriers (Over).

investigate the optimal fluid channel width (w in Fig. . Channel width is an important
parameter in part because the post-printing heating of a paper microfluidic device (described
above in Materials and Methods) causes the wax ink features to spread slightly as the wax
melts. A device that is printed with an excessively narrow channel can have these channels
sealed closed when the wax melts. Conversely, channels that are too wide waste space on
the device and consume additional fluids and reagents.

The software framework was used to generate device designs with channel widths
of 0.5, 1.0, 1.5, and 2.0 mm. All devices had the same overall design as in Phase 1 (one

Source reservoir for fluid, one Sink reservoir for detection, and one Control reservoir for
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verifying adequate loading of the device). Additionally, all devices had the 1.0 mm wide
wax ink borders and was found to be optimal in Phase 1. The software predicted fluid
capacities for the channel widths of: 6.5 pL @ 0.5 mm, 7.1 uL. @ 1.0 mm, 7.8 uL. @ 1.5 mm,
and 8.4 ulL @ 2.0 mm.

The software was again used to generated two copies of each device design, as
shown in Fig. (Phase 2). During testing, the left-hand copy of each device received 9
uL of fluid, and the right-hand copy received 50 pL of fluid (again, chosen to simulate a
user accidentally adding excess fluid to the device).

In the devices with the channel width of 0.5 mm, fluid added to the Source reservoir
failed to completely fill the Sink and Control reservoirs. When a small amount of fluid was
added to these devices (9 uL), it remained in the Source reservoir, demonstrating that the
0.5 mm wide channels are too narrow for reliable fluid flow. When an excess amount of
fluid was added (50 uL), some fluid did reach the Sink and Control reservoirs, but fluid
also overflowed the wax barriers. These results indicate that 0.5 mm wide channels are too
narrow for reliable use in the urinalysis device. However, all devices with wider channels
(1.0, 1.5, and 2.0 mm) worked as intended, filling the Sink and Control reservoirs without
losing containment of the fluid.

Based on these results, 2.0 mm was chosen as the channel width to use in sub-
sequent experiments. This phase of development required eight experiments using four
different device designs generated by the software. These experimental parameters are

summarized in Table [T.21
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Table 7.2: Experimental parameters used during Phase 2 (optimization of fluid
channel width; Fig. [7.2).

Channel Volume Volume Volume
Width | Calculated Delivered Delivered
(mm) (uL) Left (uL) Right (uL)

0.5 6.5 9.0 (Under) | 50.0 (Over)
1.0 7.1 9.0 (Pass) | 50.0 (Pass)
1.5 7.8 9.0 (Pass) | 50.0 (Pass)
2.0 8.4 9.0 (Pass) | 50.0 (Pass)

Border widths were varied from 0.5 to 2.0 mm. All devices had one Source reservoir with
radius 2.5 mm, one Sink reservoir with radius 2.5 mm, one Control reservoir with radius
2.5 mm, a 5.0 mm channel length, and 2.0 mm channel width. Results were categorized as
having executed successfully (Pass), or having failed either due to under-filling (Under) or

overflowing fluid barriers (Over).

7.2.3 Phase 3: Finding optimal channel length

With optimal values for border width and channel width found, the software frame-
work was used to explore the effects of channel length (I in Fig. on device operation.
Channels are necessary to provide fluid transport; however, if they are too long, the fluid
may be unable to travel to the end of the channel due to backflow pressure or the leading
edge of the fluid drying and forming a barrier [42]. Either case may result in the fluid being
unable to completely fill the device to the desired volume. Conversely, channels that are too
short may experience barrier failure due to overflow [49]. The software generated designs

by specifying channel lengths of 10, 15, 20, 25, and 30 mm in the framework. Aside from
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the different channel lengths, these devices were identical to those used in Phase 2, with 1.0
mm wide wax ink borders and 2.0 mm wide channels. The framework calculated volumes
for each channel length of 10.4 yL @ 10.0 mm, 12.4 L. @ 15.0 mm, 14.4 pyL. @ 20.0 mm,
16.4 pL @ 25.0 mm, and 18.4 puL. @ 30.0 mm.

Again, the software generated the two copies of each device (Fig. Phase 3). The
left-hand copies received fluid volumes that were roughly equal to the predicted capacities
of the devices: 11 pL @ 10.0 mm, 13.0 pL @ 15.0 mm, 15 pL @ 20.0 mm, 17.0 pL @ 25.0
mm, and 19.0 L. @ 30.0 mm. The right-hand copies all received 50 pL of fluid (a volume
larger than the predicted capacities of all of the devices).

The results shown in Fig. (Phase 3) provide several insights into both the
device design and the software framework. For the left-hand devices that received fluid
volumes roughly equal to the predicted capacity of the devices, none of the devices filled
completely (that is, the fluid delivered to the Source reservoir did not quite reach the Sink
and Control reservoirs). This suggests that the calculated volume of fluid alone does not
necessarily guarantee successful completion. As the fluid travels further from the source,
additional dynamics such as the aforementioned drying and backpressure begin to dominate
capillary action [63] and would need to be taken into account by the researcher by increasing
the volume of the liquid delivered (and ultimately addressed within the software framework
to account for the additional fluid dynamics). Future versions of the software framework will
allow for user-specified equations to be used for calculation and simulation of fluid volumes
and behaviors. In contrast, for the right-hand devices that received excessively-large fluid

volumes, all of the devices filled completely. Additionally, only one of the right-hand devices
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failed to contain the large volume delivered: fluid overflowed the borders of the smallest
device (channel length = 10 mm). All other devices contained the large (50 pL) volumes
without overflowing.

Based on these results, it was decided to continue using the 5.0 mm channel length
to mitigate device failures due to the fluid dynamics that begin to assert themselves at longer
lengths. This phase required ten experiments using five different device designs generated

by the software. These experimental parameters are summarized in Table [7.3]

Table 7.3: Experimental parameters used during Phase 3 (optimization of fluid
channel length; Fig. .

Channel Volume Volume Volume

Length | Calculated Delivered Delivered
(mm) (uL) Left (uL) Right (uL)
10.0 104 | 11.0 (Under) | 50.0 (Over)
15.0 124 13.0 (Under) | 50.0 (Pass)
20.0 14.4 15.0 (Under) | 50.0 (Pass)
25.0 16.4 17.0 (Under) | 50.0 (Pass)
30.0 18.4 19.0 (Under) | 50.0 (Under)

Channel lengths were varied from 10.0 to 30.0 mm. All devices had one Source reservoir

with radius 2.5 mm, one Sink reservoir with radius 2.5 mm, one Control reservoir with

radius 2.5 mm, a 1.0 mm border width, and a 2.0 mm channel width.
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7.2.4 Phase 4: Finding optimal Source reservoir radius

In this phase of device design, the software framework was used to aid in finding an
optimal radius for the devices’ Source reservoirs (sr in Fig. [7.1)). A larger Source reservoir
provides an easier target for a user delivering fluid to the paper microfluidic device. However,
as the Source grows larger, it retains more fluid that does not flow to the Sink reservoirs
for testing; this effectively wastes sample. So, the ideal Source radius is a balance between
user-friendliness and sample conservation.

The software framework was used to generate device designs varying the Source
reservoir radii to the values of 3.0, 3.5, 4.0, 4.5, and 5.0 mm. The other device parameters
were unchanged from the optimal values found in the previous phases: 1.0 mm wide wax
ink borders, 2.0 mm wide fluid channels, and 5.0 mm long fluid channels. The software-
predicted fluid capacities of these devices of 9.3 uLL @ 3.0 mm, 10.3 uL @ 3.5 mm, 11.4 uL
@ 4.0 mm, 12.8 u. @ 4.5 mm, and 14.3 p. @ 5.0 mm.

As in Phase 3, the software generated two copies of each device design shown in
Fig. (Phase 4), with the left-hand copy receiving a volume roughly equal to the predicted
capacity of the device: 10.0 pL @ 3.0 mm, 11.0 gL @ 3.5 mm, 12.0 xLL @ 4.0 mm, 13.0 uL
@ 4.5 mm, and 15.0 pgL. @ 5.0 mm. The right-hand copy received a volume of 50.0 uL, to
greatly exceed the volumes of the devices.

The results in Fig. (Phase 4) show that all devices filled to completion, regard-
less of Source reservoir size. Some minor leakage through the wax barriers was observed,
particularly in the right-hand devices that received excessively-large volumes of fluid. How-

ever, the amount of leakage was very small and all five Source reservoir radii were judged
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as successful. Additionally, as expected, the larger Sources were the best targets for fluid
delivery. Based on these results, in subsequent tests the Source reservoir radii of 2.5 mm
(for experiments utilizing smaller volumes of fluid) or 5.0 mm (for larger volumes of fluid)
was ysed. This phase required ten experiments using five different device designs generated

by the software. These experimental parameters are summarized in Table

Table 7.4: Experimental parameters used during Phase 4 (optimization of Source
reservoir radius; Fig. [7.2)).

Source Volume Volume Volume

Radius | Calculated Delivered Delivered

(mm) (uL) Left (uL) Right (pL)
3.0 9.3 10.0 (Pass) | 50.0 (Pass)
3.5 10.3 11.0 (Pass) | 50.0 (Pass)
4.0 11.4 12.0 (Pass) | 50.0 (Pass)
4.5 12.8 13.0 (Pass) | 50.0 (Over)
5.0 14.3 15.0 (Over) | 50.0 (Pass)

Source reservoir radii were varied from 3.0 to 5.0 mm. All devices had one one Sink
reservoir with radius 2.5 mm, one Control reservoir with radius 2.5 mm, a 1.0 mm border
width, a 2.0 mm channel width, and a 5.0 mm channel length. While some leakage across
the wax ink barriers were observed, this leakage was judged to be minor and categorized

all Source radii as passing the test.
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7.2.5 Phase 5: Finding optimal Sink reservoir radius

In Phase 5, the software was used to also explore optimal values for the Sink
reservoir radius (skr in Fig. [7.1)). This test was intended to both confirm that the observed
behavior of Source reservoirs is also consistent with Sink reservoir behavior, and observe
the Sink reservoir in isolation from the fluid delivery to see if there might be failures in the
destination of fluid that might adversely affect any chemical reactions occurring in the Sink
reservoirs.

By specifying the radii of the Sinks reservoirs used, device designs with radii of
3.0, 3.5, 4.0, 4.5, and 5.0 mm were generated. The Source reservoir radii were held constant
at 5.0 mm, and the other device features were unchanged from Phase 4. The software
predicted device fluid capacities of: 16.1 L. @ 3.0 mm, 18.3 L. @ 3.5 mm, 20.7 uL. @ 4.0
mm, 23.5 pLb @ 4.5 mm, and 26.6 pL. @ 5.0 mm.

As before, two copies of each device were generated: the left-hand copy received
approximately the volume predicted by the software of: 17.0 uL @ 3.0 mm, 19.0 uL. @ 3.5
mm, 21.0 uL @ 4.0 mm, 24.0 uL. @ 4.5 mm, and 27.0 uL @ 5.0 mm. The right-hand copy
received 50 puL. which is much larger than the capacity of each device.

The results shown in Fig. (Phase 5) show that devices with all five Sink
sizes filled completely, for all volumes of fluid added to the devices. However, all of the
devices that received excess (50 uL) volumes of fluid demonstrated leakage over the wax
ink fluid barrier. Based on these results, it was decided to maintain the 2.5 mm Sink radius
for subsequent experiments. The size of Sink reservoirs is ultimately dependent on the

amount of fluid and reagents needed for successful operation of the device, and this trial
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demonstrates the ease with which the size of the Sink reservoir can be adjusted using the

software to accommodate users’ needs. The experimental parameters are summarized in

Table [T.5
Table 7.5: Experimental parameters used during Phase 5 (optimization of Sink
reservoir radius; Fig. [7.2)).
Sink Volume Volume Volume
Radius | Calculated Delivered Delivered
(mm) (uL) Left (uL) Right (uL)
3.0 16.1 17.0 (Pass) | 50.0 (Over)
3.5 18.3 19.0 (Pass) | 50.0 (Over)
4.0 20.7 21.0 (Pass) | 50.0 (Over)
4.5 23.5 24.0 (Under) | 50.0 (Over)
5.0 26.6 27.0 (Pass) | 50.0 (Over)

Sink reservoir radii were varied from 3.0 to 5.0 mm. All devices had one one Source
reservoir with radius 5.0 mm, one Control reservoir with the same radius as the Sink
reservoir, a 1.0 mm border width, a 2.0 mm channel width, and a 5.0 mm channel length.
Although overflow failure was observed in Source reservoirs, all sizes of Sink reservoirs
were capable of receiving the increase of fluid. Barrier weaknesses like these in a device

design can be easily addressed by increasing barrier widths in the software framework.
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Figure 7.3: Phases 6-8 Further results from testing paper microfluidic device designs
generated by the software framework, for optimizing the number of assays (Phase 6), the
number of channels (Phase 7), and the combination of assays and channels (Phase 8). The
closeups in 8a and 8b show a device with insufficient separation between sinks; this is easily
remedied in the software by increasing the channel length.
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7.2.6 Phase 6: Finding optimal number of assays

At this point in the study, the software framework had generated all of the device
designs necessary to find optimal values for the wax ink border width (b in Fig. , the
fluid channel width (w), the fluid channel length (1), the source reservoir radius (sr), and
the sink reservoir radius (skr) — without manual intervention of the user to redraw and
refactor the design under test. These parameters define the low-level design of the desired
paper microfluidic device. The next step in development explores the high-level design of
the device—the number of assays it performs, and the number of channels per assay.

In Phase 6, designs intended to perform multiple assays were tested on a single
sample. FEach assay would be carried out in its own Sink reservoir. Performing multiple
assays in parallel is generally advantageous because it provides the user with more informa-
tion about the same sample, but adding additional Sink reservoirs to the device increases
the fluid volume requirements and overall complexity of the device. An optimal number of
assays would be a balance between these two constraints.

Using the software framework, 2, 3, 4, 5, 6, and 7 parallel assay designs were
specified which were then output for evaluation (Fig. [7.3] Phase 6). Each design also
incorporated a single Control reservoir for confirming successful loading of fluid into the
device. The software framework automatically assigns a different wax ink color to the
borders surrounding each assay’s Sink reservoir (a new feature for this work); aiding the
user in interpreting the results of a test. The other device parameters were those determined
as optimal during Phases 1 through 5 (b = 1.0 mm, w = 2.0 mm, [ = 5.0 mm, sr = 5.0

mm, and skr = 2.5 mm). The software predicted device fluid capacities of: 17.2 uL for 2
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assays, 20.2 pL for 3 assays, 23.2 uL for 4 assays, 26.1 ul for 5 assays, 29.1 uL for 6 assays,
and 32.1 pL for 7 assays.

As before, the software generated two copies of each device for fabrication. The
left-hand devices in Fig. E (Phase 6) received a volume of fluid roughly equal to that
predicted by the software for each design: 18.0 ul. for 2 assays, 21.0 ul for 3 assays, 24.0
ul for 4 assays, 27.0 uL for 5 assays, 30.0 uL. for 6 assays, and 33.0 ul for 7 assays. The
right-hand devices again received an excessive volume of 50 uL.

The results from testing these devices (Fig. ﬂ Phase 6) show that all designs
filled with fluid successfully. Some minor leakage across the wax ink barrier was observed
in the devices that received excess (50 pL) fluid, but in general the devices performed well
regardless of the number Sink reservoirs for assays on the device. Based on these results,
it was determined that the device can support at least 7 parallel assays without negatively
impacting the performance of the device. These experimental parameters are summarized

in Table

7.2.7 Phase 7: Finding optimal number of channels

In this phase, the optimal number of channels for each assay in the paper microflu-
idic device was explored. Adding channels can provide redundancy (in case some assays fail)
and statistical confidence. However, channels also occupy space in the device, leaving less
space for additional assays. The optimal number of channels is a balance between these two
requirements. The software framework was used to generate device designs shown in Fig.

m (Phase 7) containing 2 to 12 copies of a single sink reservoir (plus a Control reservoir).
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Table 7.6: Experimental parameters used during Phase 6 (optimization of num-

ber of parallel assays; Fig. [7.3)).

# Channels Volume Volume Volume
of per Calculated Delivered Delivered
Assays | Assay (uL) Left (uL) Right (uL)
2 1 17.2 18.0 (Pass) | 50.0 (Over)
3 1 20.2 21.0 (Pass) | 50.0 (Pass)
4 1 23.2 24.0 (Pass) | 50.0 (Pass)
5 1 26.1 27.0 (Under) | 50.0 (Pass)
6 1 29.1 30.0 (Pass) | 50.0 (Pass)
7 1 32.1 33.0 (Pass) | 50.0 (Over)

All devices had one one Source reservoir with radius 5.0 mm, Sink reservoirs with radius
2.5 mm, one Control reservoir with the same radius as the Sink reservoir, a 1.0 mm border

width, a 2.0 mm channel width, and a 5.0 mm channel length.

The devices with 2 to 7 sinks had constant channel lengths of 5.0 mm. For devices with 8
or more sinks, the software automatically increases the length of the channel leading to the
Control sink to place it outside of the radius of the other sinks. This provided more room
for additional channel sinks, and also helps the Control sink function as an actual control:
if fluid successfully completes the (longer) path to the Control sink, then the user can be
confident that the fluid also completed the (shorter) paths to the assay sinks. Additionally,
the devices having 9 to 12 sinks had longer channels lengths of 10 mm for the assay sinks
and 15 mm channel length for the Control sink. The length of the Control sink channel

was calculated by the framework using the length of the longest channel in the device and
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adding the diameter of the largest Sink reservoir (in this case, 10 mm + 2 x 2.5 mm = 15
mm). These longer channel lengths provide additional room for more assay channels. Apart
from these design details, the other device parameters were unchanged from Phase 6: b =
1.0 mm, w = 2.0 mm, sr = 2.5 mm, and skr = 2.5 mm. The software predicted device fluid
capacities of: 11.4 uL for 2 channels, 14.3 uL for 3 channels, 17.3 uL for 4 channels, 20.2
pL for 5 channels, 23.2 uL for 6 channels, 26.2 pyL for 7 channels, 30.0 uL for 8 channels,
43.0 pL for 9 channels, 47.0 pL for 10 channels, 50.9 pL for 11 channels, and 54.9 uL for
12 channels.

As before, two copies of each device were generated, with the left-hand copy re-
ceiving a fluid volume comparable to the predicted capacity of the device of: 12.0 uL for
2 channels, 15.0 pyL for 3 channels, 18.0 uL for 4 channels, 21.0 uL for 5 channels, 24.0 uL
for 6 channels, 27.0 uLi for 7 channels, 31.0 uL for 8 channels, 43.0 uL for 9 channels, 48.0
uL for 10 channels, 51.0 pl for 11 channels, and 54.0 pL for 12 channels. The right-hand
copy again receiving 50 uL.

The results in Fig. (Phase 7) demonstrated barrier overflow errors in the 2- and
3-channel devices when excess fluid was delivered. Additionally, a small barrier failure was
observed in the 3-channel device and attributed to a fabrication error where the backing tape
did not fully seal to the wax barrier. However, as the number of channels increased, overflow
errors subsided and underflow errors increased. Also, for the devices with the largest number
of channels (and the longer channels), even though the Sink reservoirs did successfully
fill, the Control reservoirs did not fill; this indicates to the user that the devices did not

successfully complete their operation. These results are consistent with those previously
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observed in Phase 3 (overflow in smaller devices and under-filling in larger devices) and
they confirm the need to account for additional fluid dynamics in test development and in

the software framework. These parameters are summarized in Table [7.7}

7.2.8 Phase 8: Finding an optimal combination of assays and channels

In the final phase before testing the devices in a chemistry application, the frame-
work was used to generate devices containing different combinations of assay and channel
numbers. Successful designs from this phase would be chosen for use as the simulated
urinalysis assay in the following phases.

The software generated designs (shown in Fig. Phase 8) supporting 2, 3, 4,
5, 6, and 7 assays with a single channel each, and 4, 5, and 6 assays with two channels
each. Again, the automatic color coding of the assay sinks assists the user in identifying
which sink corresponds to which assay and which channel. The other device parameters
were unchanged from Phase 6: b = 1.0 mm, w = 2.0 mm, sr = 5.0 mm, and skr = 2.5
mm) excepting the addition of the control signal as in Phase 7. As before, two devices
were prepared for each device design, with the left-hand copy receiving the fluid volume
predicted by the software framework of: 18.1 uL for 2 assays and 1 channel, 21.1 yL for
3 assays and 1 channel, 24.1 yL for 4 assays and 1 channel, 27.0 puL. for 5 assays and 1
channel, 30.0 uL for 6 assays and 1 channel, 33.0 uL for 7 assays and 1 channel, 35.9 uL
for 4 assays and 2 channels, 41.9 pL. for 5 assays and 2 channels, 47.8 pL for 6 assays and
2 channels. Another device was fabricated where the channel lengths were increased to 10

mm for the 6 assay and 2 channel device to avoid overlap and the new calculated volume
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was 60.8 uL. The right-hand copy receiving an excessively large 50 pL (with one exception,
described below).

The results in Fig. [7.3] (Phase 8) show that device behavior is mostly consistent
with behaviors seen in Phase 6. However, the addition of the control sink revealed that
although the 50 uL delivered to each device tended to fill the sinks, that amount was no
longer enough to also fill the control sink. This indicates that the fluid needed by the
device was more than the volume predicted by the framework based solely on geometric
considerations. As such, the aforementioned fluid dynamics of drying time, backpressure,
etc., also need to be factored in to assure proper execution of devices. Additionally, when
a 6 assay, 2 channels per assay device was tested, it was noticed that the device’s 5.0 mm
channel lengths caused the sinks to be placed so close together that they overlapped, as
shown in Fig. [7.3] (Phase 8a). Although the device did run to completion in Fig. [7.3] (Phase
8b), it was nonetheless concluded that the lack of space between the Sink reservoirs could
give this design a greater likelihood of cross-contamination between Sink reservoirs and
make barrier failures more difficult to detect. Increasing channel length by doubling from
5.0 mm to 10.0 mm in the software framework eliminated this risk which then increased the
fluid capacity of the device by 13 uL to 61 pL. Consequently, the amount of fluid delivered
to each device was then increased to 63 uL for the left device to accommodate the increase
proportionally to the previously delivered volumes, while the amount delivered to the right
device was also doubled to ensure that a overflow failure would be possible. Otherwise, the
fluid volume delivered to the devices with 5 mm channel lengths was: 19.0 uL for 2 assays

and 1 channel, 22.0 uL for 3 assays and 1 channel, 25.0 uL for 4 assays and 1 channel, 28.0
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L for 5 assays and 1 channel, 30.0 pL for 6 assays and 1 channel, 33.0 plL for 7 assays and
1 channel, 36.0 uL for 4 assays and 2 channels, 42.0 uL for 5 assays and 2 channels, 48.0
uL for 6 assays and 2 channels. Again, 50 uL was delivered to the right device except for

the aforementioned increase to 100.0 uL as noted.

7.2.9 Phase 9: Model urinalysis assay with three analytes

At this point, the software framework had generated 51 different designs that were
used in 102 separate experiments to arrive at device design parameters that are optimal for
this application. In the final phases of assay development, these newly discovered design
parameters were used to generate paper microfluidic devices intended to detect clinically-
relevant biomarkers in urine. In Phase 9 of assay development, the software was used to
specify and produce a device design that supported three different assays (glucose, nitrite,
and protein) with three replicates per assay, for a total of nine color-coded Sink reservoirs
(glucose in cyan-bordered sinks, nitrite in yellow-bordered sinks, and protein in black-
bordered sinks) plus a tenth Control reservoir (magenta-bordered) to confirm complete
loading of fluid into the device. The device was tested using samples of synthetic urine
consisting of 1x phosphate-buffered saline and containing the amounts of glucose, nitrite,
and bovine serum albumin (BSA; a protein) described in the Materials and Methods section.
Each device received 36 to 40 uL of synthetic urine and was left to sit for between 12 and
18 minutes before photographing the resulting color changes.

The results shown in Fig. (Phase 9) show that while the software-optimized

device design functioned as intended, the assay chemistry exhibited some unexpected prob-
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lems. All nine assay sinks plus the Control sink filled successfully, and the glucose assay
worked as expected, with a brown color appearing in the glucose-sensing sinks when glu-
cose is present in the synthetic urine (device on left in Fig. [7.4] (Phase 9) ) but no color
change in the glucose-sensing sinks when glucose was absent (right in Fig. (Phase 9)
). However, while the expected blue color change was visible in protein-sensing sinks when
BSA was present in the synthetic urine (left), a slight blue color was also evident in the
protein-sensing sinks when BSA-free synthetic urine was added (right). Even though the
magnitude of the color change was much greater for the BSA-containing sample than the
BSA-free sample, this nonetheless could lead to “false positive” errors and had to be ad-
dressed. After additional experimentation, it was determined that some component of the
PBS buffer (possibly the phosphate anion) seemed to be causing the unwanted color change
in the protein-free samples, and in Phase 10 of the assay development the PBS from the
synthetic urine was eliminated. Additionally, it was observed that a red color was visible in
the nitrite-sensing sinks regardless of whether the synthetic urine sample contained nitrite
anions. This was attributed to a poor choice of color-changing reagent: the Griess reagent
used is typically used to detect nitrites in solution, not in a dried spot on paper, so in Phase

10 of assay development the nitrite measurement was abandoned.

7.2.10 Phase 10: Model urinalysis assay with two analytes

In the previous phase, the initial experiments performing a urinalysis assay with
three analytes on paper microfluidic devices generated by the software illuminated some
issues that needed addressing. Fixing one of these issues (the problematic Griess test

for nitrite) required eliminating the test from the device, which would normally require
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redesigning the paper device. Leveraging the software, generating updated designs without
the nitrite test was simple and fast.

Fig. |7.4] (Phase 10) shows the updated device design. Eliminating the nitrite test
sinks provided enough room for four channels each of the remaining two tests (glucose and
protein), organized into two sets of two. Again, the software uses the wax ink border color
to provide a “key” for the assays: glucose testing in sinks with cyan and black borders, and
protein testing in sinks with yellow and red borders. Additionally, in testing these devices
a water-based synthetic urine was used (no phosphate anions).

The results from testing this device show that both tests functioned as intended:
all four glucose-detecting sinks demonstrated a dark brown color change when glucose was
present in the synthetic urine; all four protein-detecting sinks demonstrated a blue color
change when BSA was present in the synthetic urine; and none of the test sinks changed
color when their corresponding target was absent from the synthetic urine. Thus, the proof-
of-concept device functioned as desired. Creating this device required 51 different device
design iterations, all of which were generated automatically by the software framework.

In this chapter, the process of developing a paper microfluidic diagnostic was docu-
mented from an idea to an optimized and chemically-functional prototype, without manually
designing a single device. Using the software framework, it was possible to automatically
generate 51 device variations just through varying the newly introduced parametric capa-
bilities. Fabricating and testing these automatically-generated designs took a total of 16
hours in the lab. In other words, with the assistance of the software framework, it was

possible to go from an idea to a functional and optimized prototype in two business days.
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Table 7.7: Experimental parameters used during Phase 7 (varying the number
of channels per assay; Fig. (7.3]).

# Channel | Volume Volume Volume
of Length | Calc’d. Delivered Delivered
Channels | (mm) (uL) Left (uL) Right (uL)
2 5.0 11.4 12.0 (Pass) | 50.0 (Over)
3 5.0 14.3 15.0 (Over) | 50.0 (Over)
4 5.0 17.3 18.0 (Pass) 50.0 (Pass)
5 5.0 20.2 21.0 (Pass) 50.0 (Pass)
6 5.0 23.2 24.0 (Pass) 50.0 (Pass)
7 5.0 26.2 27.0 (Pass) 50.0 (Pass)
8 5.0 30.0 31.0 (Pass) | 50.0 (Over)
9 10.0 43.0 43.0 (Pass) | 50.0 (Under)
10 10.0 47.0 | 48.0 (Under) | 50.0 (Pass)
11 10.0 50.9 | 51.0 (Under) | 50.0 (Under)
12 10.0 54.9 | 54.0 (Under) | 50.0 (Under)

All devices had one Source reservoir with radius 2.5 mm, Sink reservoirs with radius 2.5
mm, one Control reservoir with the same radius as the Sink reservoir, a 1.0 mm border
width, a 2.0 mm channel width, and channel lengths of 5.0 mm for the devices with 2 to 8
channels and 1.0 mm for the devices with 9 to 12 channels. Overflow failure in 3 cases was
observed in the lower volume tests, but observed under-fill errors as the number of
channels increased. Note that although the Sink reservoirs did fill completely, the Control
reservoir did not fill completely, which would indicate to the user that insufficient fluid

volume has been added to the device.
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Table 7.8: Experimental parameters used during Phase 8 (varying both assays

and channels; Fig. |7.3|).

+# +# Volume Volume Volume
of of Calculated Delivered Delivered
Assays | Channels (uL) Left (uL) Right (uL)
2 1 18.1 19.0 (Under) | 50.0 (Over)
3 1 21.1 22.0 (Pass) 50.0 (Pass)
4 1 24.1 25.0 (Under) | 50.0 (Pass)
5 1 27.0 28.0 (Pass) 50.0 (Pass)
6 1 30.0 30.0 (Under) | 50.0 (Over)
7 1 33.0 33.0 (Under) | 50.0 (Pass)
4 2 35.9 36.0 (Under) | 50.0 (Over)
5 2 41.9 42.0 (Under) | 50.0 (Over)
6 2 47.8 48.0 (Under) | 50.0 (Under)
6 2 60.8 63.0 (Pass) | 100.0 (Pass)

Assay count was varied from 2 to 6 and channel count was either 1 or 2. All devices had
one Source reservoir with radius 5.0 mm, Sink reservoirs with radius 2.5 mm, one Control
reservoir with the same radius as the Sink reservoir, a 1.0 mm border width, a 2.0 mm
channel width, and a default channel length of 5.0 mm initially until the number of
channels increased to 12, after which the channel length was increased to 10 mm to

accommodate the additional Sink reservoirs without overlap.
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Figure 7.4: Phases 9-10 Results from using the software-designed and -optimized paper
microfluidic devices in a model urinalysis assay, detecting the presence (left sample) and
absence (right sample) of glucose, nitrite, and protein in a 1x phosphate buffered saline
(PBS) synthetic urine sample. While the glucose test sinks functioned as expected (with
a color change from clear to dark brown only when glucose is present in the synthetic
urine), the protein test exhibited at least some color change from yellow to blue in both
the presence and absence of the protein BSA, and the nitrite test similarly displayed some
color change from clear to red both with and without nitrites present. These issues were
corrected during Phase 10 when testing modified version of the paper microfluidic device
from Phase 9 updated by the software to now contain two different assays (glucose and
protein) with four channels of each (in two sets of two). The device functions as expected,
with color changes visible when the relevant analyte is present in the synthetic urine (left)
and no color changes when the analyte is absent (right).
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Chapter 8

Fabrication of multi-layer paper

microfluidic devices

Most paper microfluidic devices consist of a single layer of paper that contains
paths for fluid to travel via capillary action. To confine fluid to the intended paths, many
devices use hydrophobic barriers created by printing wax-based inks using a standard office
printer [11],[88] 22} [84]. This technique supports complex layouts of channels, reservoirs, and
other features, but these layouts are confined to a single two-dimensional surface, and two
fluid paths cannot cross each other. Recently demonstrated multilayer paper microfluidic
devices can route fluids not only laterally in one layer, but also up and down to other
layers [92, 311, 32], 73], (72, [114], 39, 87, [51), 60, 28]. This enables much more sophisticated
operations than would be possible using single-layer devices. For example, Martinez et al.
demonstrated multilayer paper fluidic multiplexers that allow the user to “program” the

path followed by fluid through the device by pressing button-like features on the device [72].
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A variety of methods for fabricating multilayer paper microfluidics have been pro-
posed, as summarized in Table However, these methods generally require specialized
fabrication equipment or specialty chemicals, both of which limit the feasibility of these
techniques in some settings. Many of these methods also incorporate additional materials
into the paper microfluidic device, materials like polymer sheets and films [92], polymer
treatments [31], wax [32], adhesive-backed tapes [73 [72, 114, B9, [87], and others. These
materials can have unknown compatibilities with the fluids and reagents used in an assay, so
when they come in contact with fluids during device operation, these materials could cause
the assay to fail (or conversely, exposure to fluids could cause these materials to weaken or
fail). Some multilayer paper fabrication techniques utilize spray-on adhesives to bond layers
together[60] 51, 28], but this indiscriminate delivery of adhesives can adversely affect fluid
flow in the device. Finally, combinations of both tape and adhesive have been proposed
[39], but again these complex fabrication processes raise technical and practical challenges
[69] 109].

In this work, a method for fabricating multilayer paper microfluidic devices is
presented that requires no specialized equipment, chemicals, or techniques beyond those
typically used to fabricate simpler, single-layer devices. The approach uses printed wax ink
barriers as not only the channel walls that constrain fluid laterally, but also the “floor”
and “ceiling” that constrain flow vertically. Since these wax barriers are already routinely
used in paper microfluidics, their compatibility with various biological and chemical sys-
tems is already well established. The approach uses adhesives to hold the wax printed

paper layers together and limits adhesive delivery to only the areas requiring bonding; this
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Table 8.1: Summary of approaches to fabricating and assembling multi-layer paper mi-

crofluidic devices.

Materials Equipment Assembly Comments
Paper, polylactic acid filaments, 3D printer, Paper cutouts in PET Uses specialized
PTFE films, polyethylene heater clamped together equipment

terephthalate holder [92]
Paper or polypropene film, wax,

glass [32]

Paper, photopolymers [31]

Paper, photoresist polymer,
cellulose powder,

adhesive tape[73] [74] [72]

Paper, wax, adhesive tape
polyester film, carbon ink|87]

Fast-flow and absorbent papers,
nylon membrane, adhesive
tape, plastic laminate, wax ink

[90] 20 27]

Laser cutter

Polymer
dispenser,
laser

Laser cutter,
UV lamp,
stencil

Wax printer
inkjet printer,
hot plate

‘Wax printer,
plotter /cutter,
heating element

Melt wax into paper sandwiched
between two glass slides, cut
channels, pump out excess wax

Dispense polymer into paper,
activate with laser, bond layers
with same process

Pattern photoresist onto paper, expose
to UV light, develop with acetone
and isopropyl alcohol, punch holes
in paper and tape, fill holes with
cellulose powder, use double-sided
tape between layers

Print barriers, reheat wax to flow into
paper, adhere single-sided adhesive
tape to rear of paper, punch holes,
print conductive pads and links on
film, apply double-sided tape,
fold and bake

Print barriers, reheat wax, cut and
adhere double-sided adhesive tape
between layers of paper and nylon
membrane, laminate top and
bottom of device for containment

not readily
available,
inter-layer
barriers require
additional
alignment with
printed layers

Paper, wax, spray adhesive,
poly(3,4-ethylened
ioxythiophene):polystyrene
sulfonate multiwall carbon

Wax printer,
inkjet printer,
heating method

Print barriers, reheat wax to flow
into paper, print PEDOT:PSS
and MWNTSs, print and reheat
overlying wax barriers, spray

Sprayed adhesive
covers fluid
channels
impeding fluid

nanotubes (MWNTSs)[39] adhesive, fold into final device flow

Paper, wax, uniform spray Wax printer, Print barriers, reheat wax to flow into

adhesive [114] heat gun paper, punch holes, spray adhesive

to entire paper, and adhere layers

Paper, wax, uniform spray Wax printer, Print pages, spray adhesive to one

adhesive [60] roller entire side of paper and adhere layers
Paper, nylon, wax Wax printer, Print barrier designs on paper and Patterned

patterned spray adhesive[28] oven, stencils nylon membrane, spray adhesive adhesives

Paper, wax, patterned
spray adhesive, tape [51]

Wax printer,
hot plate,
stencils

using stencils, adhere layers, bake

Print barriers, reheat wax to flow into
paper, spray adhesive using stencils,
fold, adhere layers, use single-sided
tape to prevent leakage

impact barrier
efficacy

This work: Paper, wax,
liquid adhesive

Wax printer,
hot plate

Print barriers, reheat wax to flow
into paper, punch holes, apply
adhesive to barriers, adhere layers
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minimizes contact between the adhesive and fluids and does not adversely affect fluid flow
inside the device. As a proof-of-concept, this fabrication method was used to create a
multilayer microfluidic demultiplexer that allows the user to control fluid routing in three
dimensions post-fabrication by simply pressing button-like locations on the device. This
ten-layer paper demultiplexer functioned as intended, confirming that complex multilayer

paper microfluidics can be fabricated quickly and easily using this method.

8.1 Materials and methods

8.1.1 Automated design of multilayer paper microfluidics

For this work, the software framework [86, 85] was used to generate different
multilayer paper microfluidic device designs using components native to the framework’s
library. The well component consist of a circular or polygonal shape of some minimum
border size enclosing an open disc of paper for fluid to wick into and/or through. Channel
components are used to move fluids in a planar fashion and consist of a path of a desired
width and length with hydrophobic borders of a minimum width on either side of the path.
A floor can be created by placing a copy of the well or channel with a solid ink interior on
a layer below the open component, thereby preventing fluid from seeping below the desired
fluid zone. Similarly, a ceiling can be created using the same approach on a layer above
the desired fluid zone, thereby preventing fluid from travelling upwards to another layer
and preventing evaporation during operation. Finally, junction points defined as vias can
connect various channels horizontally along the paper plane and vertically between layers

of paper.
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Three different multilayer paper microfluidic device designs were generated for this

chapter:

e The first device used for testing consisted of multiple copies of a multi-level via for fluid
to traverse multiple layers while still maintaining containment in both wax-bounded

and adhesive-bounded layers.

e The second device (Fig utilizes three vias connected by an open channel connect-
ing a central reservoir via where the fluid is delivered and a distant destination wvia to
which the fluid travels. A second closed channel connects the central reservoir and a
distant destination wia, following a fluid path that travels from the top layer of the

device to the bottom, then a small distance laterally, and finally back up to the top.

e The third device is a radial demultiplexer (rMUX) we developed that was inspired
by Martinez et al. [72] and allows for multiple fluid pathways to be chosen by an
end-user post-fabrication. The rMUX (Fig utilizes several reservoirs, vias, and
closed channels to allow for path selection by pressing on the grey circular selection
points; this forms a physical connection between layers and allows capillary action
to draw the fluid upwards to the top reservoirs on the outer circle of the device. A
large central reservoir connected to multiple vias serves as the source where the fluid
is delivered, and fluid flows to one or more of the six destination reservoirs if the

associated selection points are pressed.
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Paper
Adhesive
ink [N

Figure 8.1: Exploded cross-sections of the containment test device (a) and the transport
test device (b). The containment device features a multi-layer reservoir for delivery of fluid
to the device. The transport test device features a center reservoir for delivery of fluid to the
device, an open transport channel to the left of the central reservoir and a closed channel
to the right and bottom of the device. The solid hydrophobic magenta ink regions between
reservoirs act as “walls” to confine fluids laterally, “floors” to prevent fluid from traveling
downwards, and “ceilings” to restrict fluids from traveling upward. The adhesive, depicted
in grey, is shown in the locations where it is delivered between pairs of layers.
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Figure 8.2: The radial paper microfluidic demultiplexer (rMUX) device design allows the
user of the device to decide post-fabrication where to route fluids on the device. Before use,
the device’s void layers present gaps that prevent fluid from traveling upwards or downwards.
When a user presses one or more of the grey-border selection points, the paper in those
columns is compressed and capillary action is free to carry fluid up and down through the
selected layers.
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8.1.2 Containment and transport trials

The containment trials tested the ability of our paper microfluidic devices to con-
tain liquid in a series of 5-layer vias (Fig[8.1p). Five sheets were chosen to be consistent
with the number of sheets used in later trials involving fluid transport which required a
minimum of 5 sheets to produce the necessary fluid pathways for testing.

The transport trials utilized a test design of our software framework’s channel
component that places a wax-filled “foor” channel below the fluid-carrying channel. The
wax-filled channel acts as a fluid barrier to contain fluid in the neighboring fluid-filled
channel, as shown in the left inset of Fig 8.Ib. When a fluid-carrying channel is placed
below another layer, a top wax-filled “ceiling” channel is placed in the layer above the fluid-
carrying channels, thereby forming a “tunnel” for fluid travel within layers of the device
as shown in the right inset of Fig [8.1p. Utilizing both multi-layer vias and channels, it
is possible to route fluid both laterally and vertically between multiple layers using both

gravity and capillary action to induce fluid flow.

8.1.3 Printing designs

The individual sheets in the multilayer paper microfluidic devices were fabricated
using a standard process that utilizes Xerox ColorQube printers, a type of wax-ink-based
office printer that has found widespread use in paper microfluidic device fabrication. These
printers contain solid blocks of wax-based ink which the printer melts and deposits on the
paper. Chandler et al. [12] showed that since this wax ink is hydrophobic, it can be used

to make channel walls and define fluid paths in paper microfluidics. The print process uses

170



four primary colors of printers: cyan (C), magenta (M), yellow (Y), and black (K)[58],
which can be applied singly and in various combinations to produce full color images. The
files output by our software are intended for use by these printers, although they could be
adapted for use in other paper microfluidic fabrication techniques like computer-controlled
cutting tools. Finally, since wax ink color can influence the behavior of fluids in paper
microfluidic devices [84], each test device was printed in different colors: the containment
test devices were printed in 15 different colors (the individual colors C, M, Y, and K, plus the
combination colors CM, CY, CK, MY, MK, YK, CMY, CMK, CYK, MYK, and CMYK),
and the transfer test devices were printed in a smaller subset of five different colors (C, M,

Y, K, and CMYK).

8.1.4 Paper

The paper used was “101” fast qualitative filter paper (“Lab Nerd” brand; Ama-
zon.com). To estimate the fluid capacity of the paper, we measured the thickness of a single
sheet (100 pum) and assumed a 50% porosity, meaning that 50% of the paper volume could
be occupied by fluid. The circular paper was trimmed to 200 x 123 mm rectangles for
manual feeding into the printer. Once printed, each layout was held printed-side-up 5-7 ¢cm
above a 166 °C laboratory hotplate (temperature measured using an infrared thermometer)
until wax melting was observed via color fading and blurring of printed edges. This step
re-melts the wax ink so that it permeates the full thickness of the paper and creates an

effective hydrophobic barrier.
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8.1.5 Adhesives

Several classes of adhesives were chosen as candidates for assembling multi-layer

paper devices. The criteria for adhesive selection included: 1) advertised hydrophobic

nature (“waterproof”), 2) ability to bond both paper and wax printer ink, and 3) ability to

bond materials without adversely affecting the device during or after fabrication. All seven

adhesives chosen are readily available in home improvement centers. For each test device,

the amount of adhesive used during fabrication was calculated by measuring the mass of

the device before and after adhesive application.

Adhesive A is a polyurethane base containing methyl ethyl ketone [40]; it was de-

livered via toothpicks to application areas.

Adhesive B is a tetrachloroethylene-based adhesive [24] delivered to application areas

using the manufacturer-provided nozzle.

Adhesive C is an ethylene-vinyl acetate co-polymer and rosin ester adhesive [3]

delivered by a standard hot-melt glue gun.

Adhesive D is a non-toxic wood adhesive [29] that was applied using toothpicks.

Adhesive E is a polyisocyanate prepolymer based on methylene diphenyl diiso-
cyanate, polymeric diphenylmethane diisocyanate (pMDI), 4,4’-diphenylmethane di-
isocyanate, and diphenylmethane diisocyanate mixed isomers [97] and was delivered

via toothpicks.

Adhesive F is an ethyl cyanoacrylate adhesive in gel form [96], applied using the

manufacturer-supplied nozzle.
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e Adhesive G is a trade secret adhesive in aerosol form [I] that was delivered by spray
nozzle to the entire mating side each sheet of paper at a distance of 18-20 cm and

adhered following 30 seconds of drying time per manufacturer’s instructions.

8.1.6 Aligning layers

The paper stock used in the experiments comes from the manufacturer as 200 mm
diameter discs that must be cut down to rectangular shapes that the printer can use via
the manual feed mechanism. Each sheet was cut down manually using a paper cutter, so
the actual size of each sheet can vary somewhat. Consequently, each sheet of a multi-layer
device must have alignment marks that are fixed relative to the elements on the printed
page to guarantee accurate alignment independent of the edges of the sheet of paper.

Registration marks consisting of two lines crossing at right angles and surrounded
by a circle were printed in the same locations on each sheet. Once printed, a hole centered in
the registration mark can receive a registration pin to hold the sheets in alignment during
adhesive application and device assembly. Two registration tables (Fig [8.3) were built
with nails driven through the wood platforms at the appropriate locations to serve as the

registration pins.

8.1.7 Test liquids

For testing the flow of liquids through the generated paper microfluidic devices, a
dilute aqueous solution of 2% (by volume) blue food coloring was delivered to the source

reservoir of each device using a pipette. Our software framework calculated a device volume
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Figure 8.3: Aligning multiple paper layers using printed registration marks and nails as
registration pins (inset).

of 30.7 uL for each of the containment trials and 100.85 pL for each of the transport trials. As
a “stress test” for the devices, excessively-large fluid volumes of 150 uL (for the containment
trials) and 200 pL (for the transport trials) were delivered in an attempt to induce failures
in the devices’ wax barriers or adhesive bonds. For each adhesive, the containment devices
were filled first and the transport devices were filled second. Each test run was photographed
from initial fluid delivery to completion and/or failure of the device due to either drying
or barrier failure. The total elapsed operating time of each device was defined as the time
between fluid delivery and the arrival of fluid at the destination. Upon completion, any

remaining fluid was removed by pipette, and each device was photographed a final time.
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8.2 Results and analysis

8.2.1 Aligning layers

It was observed that the paper stock was susceptible to tearing during the align-
ment phase, and this led to one device with an alignment error (Fig [8.4) that was not

initially evident but became apparent upon inspection after device testing.

Figure 8.4: In this multilayer paper microfluidic device fabricated using adhesive A, one
layer was misaligned during assembly, which led to a loss of fluid containment between the
layers. The red and black arrows indicate the shift from proper alignment.

8.2.2 Containment trials

To test the ability of the multilayer microfluidic devices to control fluid flow in
the vertical dimension (between paper layers), copies of the containment test device were
fabricated using the seven adhesives and 15 wax ink color combinations and subjected each
device to testing. Since different combinations of wax ink colors have been shown to have
different behaviors as fluid barriers [84], the full range of color combinations was included

to determine whether the adhesives would impact the performance of those barriers.
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e Adhesive A had consistent adhesive delivery across layers due to the manual toothpick-
based application, but some device sections had premature bonding due to the adhe-
sive’s short flash time (the amount of time that passes before the adhesive begins to
cure). Containment devices fabricated using adhesive A had the second-most fluid-
flow failures in our testing (5 failures). However, most of those failures occurred in
devices containing C, Y, and CMK wax ink colors (see Tables and ; these ink
colors were found to be less effective as barriers in previous work [84], so the failures

observed here may also be due to ink color, not just the adhesive.

e Adhesive B’s wide delivery nozzle and hand-squeezed pumping led to inconsistent
and excessive adhesive delivery across layers. Containment devices fabricated using
adhesive B had the most failures in our testing (7 failures). As with adhesive A,
most of the failures in adhesive B devices occurred in devices using certain color
combinations that were known to form weak barriers in previous work [84], so again

these failures may not be solely due to the adhesive.

e Adhesive C was delivered using a hot glue gun with a pressure-sensitive trigger
system, which led to over-application and gaps between sheets due to the thickness

of the adhesive once cured (Fig|8.5]).

e Adhesive D had the longest work time before drying, which provided greater control

of adhesive location and volume during toothpick-based application.

e Adhesive E’s high viscosity made it difficult to regulate the amount applied through

the manufacturer-provided nozzle. Additionally, the adhesive tended to spread after
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device bonding and adversely affected fluid travel inside the device (Figs and
B.7). The adhesive also failed to maintain full adhesion after curing. In spite of these
deficiencies, containment devices fabricated using adhesive E successfully contained

the fluid across all layers and for each wax ink color.

e Adhesive F was delivered using the manufacturer-provided nozzle. After application,

the adhesive seeped beyond the target application area and rendered the entire surface

of each device hydrophobic (Figs and .

e Adhesive G was delivered by aerosol spray. Consequently, the adhesive was not
confined to the bonding areas; adhesive droplets also covered the fluid channels and
reservoirs where they rendered these features partly hydrophobic. Previous works
[511, 60, 28] using this adhesive also mention this effect but still reported successful

device operation (albeit with increased fluid travel times).

The combined results from the containment trials are shown in Fig|[8.10| and sum-

marized in Tables B2HR4l

8.2.3 Transport trials

Having tested the ability of the containment test devices to control fluids during

vertical travel in the previous section, the transport test devices’ ability to simultaneously
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0.75mm

Figure 8.5: A high-volume nozzle and a difficult-to-regulate delivery system led to excessive
amounts of adhesive C being delivered while assembling this device; this created air-filled
gaps between layers that inhibited vertical fluid travel. In this cross-sectional side view of
a containment trial, blue fluid has traveled upward through the bottom two layers, but air
gaps have stopped the fluid from traveling into the top two layers.

Figure 8.6: (Left) A multilayer paper containment trial device fabricated using adhesive E.
When cut along the red line, the resulting cross sections show that while the adhesive spread
somewhat and constricted the blue fluid, the fluid was nonetheless successfully confined
(bottom right). The fluid present only on the top layer (upper right) is from a manual
pipetting error while loading the device and not a barrier failure.

control both vertical and horizontal fluid travel was next explored. The results from fab-
ricating and testing transport devices using each of the seven adhesives and four wax ink

color combinations are shown in Fig [8.11] and summarized in Tables [8.5] and

178



Figure 8.7: Inconsistent delivery of adhesive E led to adhesive spreading into the fluid-
containing channels of the devices (arrows); this constricts the fluid path (blue) and reduces
the fluid capacity of the device.

Figure 8.8: Adhesive F travelled well beyond its application areas and rendered the entire
paper layer hydrophobic, as evidenced by these blue droplets that are unable to wet the
paper beneath them.

e Devices fabricated using adhesives B and E showed the best performance for both
containment and transport. Adhesive B devices successful transport for all wax ink
colors and only 2 containment failures in the open channel and 1 fluid containment
failure in the closed channel. Adhesive E devices had 1 containment failure in the

magenta closed channel and 1 transport failure in the CMYK closed channel.

e Due to adhesive F’s tendency to render the entire sheet hydrophobic (Figs 8.9)),

no fluid penetrated the top layer of the adhesive F transport devices.
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Figure 8.9: A cross-sectional side view of a multilayer paper device fabricated using adhe-
sive F reveals that the blue fluid stained the top layer slightly but did not penetrate into
any of the layers.

Figure 8.10: Combined results from fluid containment testing of multilayer paper mi-
crofluidic devices fabricated using each of the seven adhesives (A-G) and 15 wax ink color
combinations. Black arrows indicate manual pipetting errors and red arrows indicate actual
barrier or adhesive failures. The oblique view of the devices fabricated using adhesive G
(inset) show that the adhesive G devices (like the adhesive F devices) exhibited unwanted
hydrophobicity that limited the flow of fluid into the lower device layers.

e Adhesive D was certainly the worst performing adhesive overall, with 10 contain-
ment failures and 7 transport failures occurring in all wax ink color variations under

examination.

e For the open-channel devices, fluids generally traveled to the destination reservoirs
successfully in devices fabricated using adhesives A, B, D, and E. Devices fabricated

using Adhesive C failed due to the air gaps (Fig[8.5)) created by excess adhesive.
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Table 8.2: Mass of adhesive applied between each pair of paper layers (from bottom layer 1
to top layer 5) and total mass of adhesive per device, for each of the seven adhesives (A-G)
tested in this work, for both containment and transport experiments.

Containment trials

Between Between Between Between Total

layers layers layers layers adhesive
Adhesive 1 and 2 2 and 3 3 and 4 4 and 5 mass
A) 0.144 g 0.127 g 0.253 g 0.109 g 0.632 g
B) 0.464 g 0475 g 0.330 g 0.205 g 1474 g
C) 0.629 g 0.980 g 1.065 g 0913 g 3.587 g
D) 0477 g 0.098 g 0.161 g 0.121 g 0.856 g
E) 0.462 g 0.345 g 0192 g 0.137 g 1136 g
F) 0.221 g 0.207 g 0.339 g 0.197 g 0.965 g
G) 0.354 g 0.205 g 0243 g 0.331g 1.133 g
Transport trials

Between Between Between Between Total

layers layers layers layers adhesive
Adhesive 1 and 2 2 and 3 3 and 4 4 and 5 mass
A) 0.185 g 0.110 g 0.085 g 0.197 g 0.577 g
B) 0.531 g 0.318 g 0415 g 0.715 g 1978 g
Q) 1278 g 1.188 ¢ 1.207 g 2.368 g 6.041 g
D) 0.193 g 0.186 g 0141 g 0.300 g 0.820 g
E) 0219 ¢g 0327 g 0.259 g 0.378 g 1.182 g
F) 0.230 g 0231 ¢g 0411 ¢g 0.522 g 1.393 g
G) 0.332 g 0210 g 0.333 g 0.229 g 1.104 g
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e Among the closed channel devices, all adhesives performed well across most wax
ink colors. Indeed, even the otherwise-poor-performing adhesive D yielded functional
devices when the flow channels are sandwiched between magenta wax ink layers, as

shown in Fig This shows that wax-ink-surrounded fluid channels are highly

reliable for transporting fluids in multilayer devices.

Figure 8.11: Results from fluid transport testing of multilayer paper microfluidic devices
fabricated using each of the seven adhesives (A-G) and five selected wax ink color com-
binations (C, M, Y, K, and CMYK). Black arrows indicate manual pipetting errors and
red arrows indicates actual barrier or adhesive failures. The oblique view of the devices
fabricated using adhesive G (inset) again demonstrate the unwanted hydrophobicity that
limited the flow of fluid into the lower device layers in devices that used adhesive G.

Figure 8.12: The closed channel design which uses printed wax-ink barriers (magenta)
above and below the fluid transport channel (blue) is highly effective at maintaining flow
in the channel while blocking flow to neighboring layers.
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8.2.4 Radial demultiplexer (rMUX)

Based on the results from the containment and transport trials, it decided that
adhesive B and magenta waz ink yielded the best-performing multilayer paper microfluidic
devices. Adhesive B and magenta ink was then used to fabricate several rMUX devices of
the design shown in Fig 8.2l Holes of 5 mm diameter were punched in the vias on layer
4 to create the necessary air gaps that restrict fluid travel until compressed at runtime by
the end user. A single punched sheet of paper provides an air gap of about 0.1 mm; larger
air gaps were obtained by stacking multiple sheets of punched paper. For more accurate
glue delivery during fabrication, adhesive B’s manufacturer-provided nozzle was modified
by attaching a trimmed plastic pipette tip. Finally, the selected channel pattern for each
rMUX was assigned at random after fabrication and before fluid delivery.

The first set of six rMUX test devices (Trial 1; Fig were fabricated using
a 0.1 mm thick air gap (1 sheet of punched paper) and a total of 8 device layers. After
selecting the desired fluid paths by pressing a black ballpoint pen into the selection points,
170 pL of blue fluid was delivered to the center of each device. The total time elapsed for
all the trials was approximately 18 minutes, with 7 minutes being the minimum amount
of time before the first destination reservoir was filled. The results in Fig show that
fluid still flowed to several non-selected reservoirs, suggesting that the 0.1 mm thick air gap
was not large enough to stop fluid flow. Additionally, some selected reservoirs filled only
partially, indicating that the delivered volume of fluid is too small.

For rtMUX Trial 2 (Fig , devices were fabricated using a 0.2 mm air gap (two

sheets of punched paper) and a total of 9 device layers. The volume of fluid delivered to
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Figure 8.13: Trial 1: Results from testing radial demultiplexer (rMUX) devices fabricated
using adhesive B, magenta wax ink barriers, and 0.1 mm thick air gaps at the selection
points. In each rMUX test, a black ballpoint pen was used to press the selection points
and select the desired fluid paths (dark black ink spots mark the selected paths), then blue
fluid was added to the central reservoir. The results show that a 0.1 mm air gap is not wide
enough to stop fluid travel to non-selected reservoirs.

the device was was also increased to 180 uL for devices A, C, D, E, and F; and 220 uL
for device B. The total elapsed time for Trial 2 increased to over 30 minutes, with the
first destination reservoir filling 5 minutes into the run. The results in Fig show that
fluid flowed successfully to most of the selected reservoirs. However, some fluid flow to
non-selected reservoirs still occurred, indicating that the air gap at the selection points is
still too small.

For rMUX Trial 3 (Fig, devices were fabricated using a 0.3 mm air gap (three
sheets of punched paper) and a total of 10 device layers, and delivered fluid volume was

again increased to 200 ul. for devices A, D, E, and F; 225 uL for device C; and 300 ul
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Figure 8.14: Trial 2: Results from testing rMUX devices with 0.2 mm thick air gaps at
the selection points and increased volumes of fluid delivered to the central reservoirs. In
general, fluid reached the selected destination reservoirs, though fluid also still reached some
non-selected reservoirs. Fluid leakage at the selection points in device A was attributed to
damage caused by excessive pressure applied by the ballpoint pen during selection.

for device B. The total elapsed time for Trial 3 increased to over 30 minutes, with the first
destination reservoir filling in 6.5 minutes. The results in Fig show that no fluid flowed
to non-selected reservoirs, indicating that the 0.3 mm air gap is thick enough for reliable
function. In addition, fluid successfully reached all but one of the selected reservoirs; the
single failure (device C) was again attributed to damage caused by excessive pressure applied
by the ballpoint pen during selection. In future work, this damage might be avoided by
pressing the selection points using a more-blunt tool.

Finally, it was observed that the required air gap thickness for proper rMUX func-
tion, 0.3 mm, is comparable to the distance between layers observed in devices fabricated

using adhesive C (Fig[8.5). This suggests that by using adhesive C instead of adhesive B,
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an adequate air gap could be obtained using adhesive alone, thereby further reducing the
amount of materials required to fabricate user-selectable paper microfluidic devices like the
ones studied here.
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Figure 8.15: Trial 3: Results from testing rMUX devices with 0.3 mm thick air gaps at
the selection points and increased volumes of fluids delivered to the central reservoirs. The
devices operated as intended; no fluid flowed to the non-selected reservoirs, and fluid did
flow to all selected reservoirs except one (device C, which failed due to pressure-induced
damage at the selection point).
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Table 8.3: Results from testing containment devices for each adhesive (A-G) and each
combination of wax ink colors (C, M, Y, K, MK, CM, MY, CY, YK, CK, CMY, CMK,
CYK, MYK, and CMYK). For each experiment, the left dot indicates the fluid containment
status immediately after fluid reaches the destination, and the right dot represents the fluid
containment status after additional time has passed. A black circle (o) indicates that the
device successfully contained the fluid, and a red circle (o) indicates that the device failed
to contain the fluid.

Adhesive Colors
A) o C oo M oo Y oo K o ¢ MK

e CM oo MY oo CY e e YK e e CK

e CMY e o« CMK e e CYK e ¢ MYK e o« CMYK
B) o C oo M eeY oo K e ¢ MK

e CM oo MY ee CY oo YK e e CK

e CMY e o CMK e o CYK e e MYK e ¢« CMYK
Q) «C oo M Y oo K o o MK

e CM e e MY ee CY e e YK e e CK

e CMY e ¢ CMK e o CYK e e MYK e e CMYK
D) e C ee M eeoY ee K e ¢ MK

e CM oo MY ee CY e e YK e oCK

o CMY e o« CMK e e CYK e e MYK e ¢« CMYK
E) o C oo M oY oo K o ¢ MK

e CM e e MY oo CY e e YK e e CK

e CMY e ¢ CMK e o CYK e e MYK e e CMYK
F) e C ee M eeY ee K e ¢ MK

e CM oo MY ee CY e e YK e e CK

o CMY e ¢« CMK e e CYK e e MYK e e CMYK
) «C oo M oo Y e K o o MK

e CM e e MY ee CY e e YK e e CK

e CMY e ¢ CMK e o CYK e ¢ MYK e e CMYK
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Table 8.4: Fluid containment failures in the containment test devices, organized by adhesive
type (columns A-G) and wax ink color (rows C-CMYK).

Wax ink Adhesives
color A B C D E F G Total
C 1 1 - - - - , 9
M - - - - - - - 0
Y 1 1 1 - - - . 3
K - 1 - - - - - 1
MK - 1 - - - - - 1
CM - - - - - - - 0
MY - - - 1 - - - 1
CY - 1 - - - - - 1
YK - 1 - - - - - 1
CK 1 - - 1 - - - 2
CMY - - - - - - - -
CMK 1 1 1 1 - - - 4
CYK - - - - - - - -
MYK - - - - - - - -
CMYK 1 - - - - - - 1
Total 5 7 2 3 0 0 0 17
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Table 8.5: Results from testing the transport devices for each adhesive (A-G) and each
of five selected combinations of wax ink colors (C, M, Y, K, and CMYK) shown in Fig
Two copies of each device were tested, designated left (L) and right (R). For each
experiment, the first and third dots indicates the fill status of the device’s open and closed
channels, respectively; a filled black symbol (e) indicates successful filling of the channel
reservoir and completion of the fluid travel, and an empty red symbol (o) indicates the
reservoir was not successfully filled (and therefore the failure failed to route the fluid cor-
rectly). The second and fourth dots indicate the containment status of the open and closed
channels, respectively; an empty black symbol (o) indicates successful fluid containment,
and a filled red symbol (e) indicates a fluid containment failure.

Trial Wax ink colors

A) L eoceo( eoceoM eceoY eoceoK oo e e CMYK
AR eoeo( eoceoM eoeoY eoceocK e e e 0 CMYK
B) L eoeo( eoceoM eceoY eoceoK e o0 e o CMYK
B) R eoeo( eoeoM eceoY eoceocK e o0 e o CMYK
C)L eocoo(C eoooM eeo0o0Y eoco0o0K e 000 CMYK
C)R eec00C(C eoooM eeo0o0Y eocooK e e 0 0 CMYK
D)L eoeeo( eoeoM eeo0o0Y eoecK e e o0e CMYK
D) R eoeo( eoeo M eeceY eoecK e o0 e CMYK
E) L eoceo( eoceoM eceo0Y eoceocK e o0 e o CMYK
E)R eo0o00C(C eoeo M eceoY eoceocK e 000 CMYK
F) L ocoooC ocoooM coooY ocoooK oo 0o CMYK
F)R coooC coooM coooY coooK oo 0o CMYK
G)L eoceo( eoooM ecoo0Y eoo0oK e 0 0o CMYK
G) R eoceo( eoceoM eceoY eoceocK e o0 e o CMYK
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Table 8.6: Fluid containment and transport failures in the transport test devices in Fig
organized by adhesive type (columns A-G) and wax ink color (rows C, M, Y, K, and
CMYK). The failures are categorized by whether the failure occurred in the open channel to
the left of the central reservoir or the closed channel on the right. Additionally, failures are
further categorized as containment failures (fluid escaped intended bounds) or completion
failures (fluid did not reach destination).

Color Failure type A B C D E F G Total
C Open containment - - - 2 - 2 - 4
Open completion 1 2 - - - - - 3
Closed containment - - 2 1 1 2 - 6
Closed completion - 1 1 - - - - 3
M Open containment - - - - - 2 - 3
Open completion - - - 1 1 - - 3
Closed containment - - 2 - - 2 1 5
Closed completion - - - - - - - 0
Y Open containment - - - - - 2 - 2
Open completion 1 - 2 2 - - - 5
Closed containment - - 2 2 - 2 1 7
Closed completion - - 1 1 - - - 2
K Open containment - - - - - 2 - 2
Open completion - - - 2 - - - 2
Closed containment - - 2 - - 2 1 5
Closed completion - - - - - - - 0
CMYK Open containment - - - - - 2 - 2
Open completion 1 - 1 2 - - - 4
Closed containment - - 2 2 1 2 1 8
Closed completion 2 - - 2 - - - 4
Total 5 3 15 17 3 20 4 67
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Part 1V

Conclusion
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Chapter 9

Conclusions

Paper-based microfluidics provide portable laboratory tests without expensive
actuation equipment. Paper microfluidics replaces externally-actuated pumps and high-
voltage-driven electrodes with low-cost wicking materials, thereby reducing the cost of fab-
ricating new devices and performing diagnostic tests; however, this does not automatically
imply a reduction in complexity of the design process.

To address these concerns, this work has introduced a software framework that can
simplify and automate the design process. Developers can use the framework to prototype
and test new designs, which includes varying the underlying substrates and experimenting
with passive flow networks. The framework also provides the capability to reliably reproduce
devices streamlined for in-situ fabrication and to provide tools for testing and analysis of
the designs; this, in turn, informs the alteration and rapid prototyping of design variations,
helping to account for test results, environmental conditions, impact on physical substrates

and fluids, and accuracy under test.
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In addition to generating device designs, the software framework also calculates
the volume of fluid contained by each design based on the component used and the paper
characteristic. Using this information, a researcher can find an optimal design for a certain
sample size without having to fabricate and test the device. Currently, the software calcu-
lates device volume using a straightforward geometric calculation based on the planar area
of the generated device multiplied by the thickness and pore density of the paper. However,
the framework will also support user-defined functions for device volume calculations in
future versions.

The software framework can still be useful even after a researcher has generated
a satisfactory device design for a given application. For example, substituting one type of
paper for another could change the wicking behavior or fluid capacity of the paper, requiring
re-optimization of some device geometry parameters. Likewise, incorporating a new assay
chemistry into an existing device may require generating new device designs with different
parameters. Finally, a paper microfluidic device designed to work in one location (perhaps,
a climate-controlled laboratory) might not function as intended in a very different location
with different temperature, humidity, etc., so aspects of the device design would need to be
optimized again. In these and other scenarios, using the software framework would expedite
the necessary design modifications.

The nD-Tree was introduced along with associated algorithms to perform efficient
component placement during physical design of multi-layer paper-based microfluidic devices.
The nD-Tree addresses bounding and conflicting conditions that may occur when placing

components that span multiple device layers. After having integrated the ND-Tree into
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a paper microfluidic device design framework, future work will investigate placement and
routing algorithms for multi-layer paper microfluidic devices leveraging the ND-Tree to
perform collision detection to ensure legality of the result.

The RADAR approach to placement and routing demonstrates that layouts that
can be generated and optimized for metrics such as fluid travel and usage, device area, and
total materials required — all desirable goals to help meet ASSURED criteria.

The results shown in this work demonstrate that designers of paper microfluidic
devices can use different ColorQube ink colors to impart specific behaviors to their devices.
Among the single-color inks, it was observed that magenta had the fewest barrier failures,
a finding that is consistent with previous work [93]. It was also found that certain ink color
combinations perform even better than magenta: the combinations CY, MK, YK, CMY,
CYK and MYK had no barrier failures in our study.

Therefore, for applications requiring the strongest possible hydrophobic barrier,
researchers are advised to use these combinations. Based on these findings that ink mass
correlates with barrier effectiveness (except for K), one can easily create same-size printed
samples of all 15 ink color combinations, weigh them, and determine which non-K color
combinations result in the largest amount of ink delivered to the paper (and are therefore
most likely to provide the strongest barrier to fluid flow).

Findings show that ink color selections can be used for more than just reducing
barrier failures. By selecting a color with a known propensity to fail in a certain manner,
a paper microfluidic “antifuse” was created that can serve as a fail-safe protection against

operator error in lateral flow devices.
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A method was demonstrated for fabricating complex multilayer paper microfluidic
devices that requires no specialized equipment or chemicals, minimizes contact between
fluids and materials with unknown compatibilities, and has no observed adverse affect on
fluid flow. Using this method, paper microfluidic demultiplexers were successfully fabricated
and tested that let the user “program” the device operation by pressing pushbutton-like
structures on the device, but far more complex devices can also be fabricated using this
technique. By eliminating many of the practical barriers to fabricating multilayer paper mi-
crofluidics, this approach can accelerate the development of sophisticated paper microfluidic
tools for a wide range of important applications.

Finally, while this demonstration was limited in various ways for brevity’s sake,
the software framework is extensible to support many other use cases. For example, while
limiting to radial device designs with a single sample and multiple assays, the software
framework allows users to define custom device designs. Additionally, while the device
designs generated in this study were all single layer, the framework is capable of generating
multi-layer paper microfluidic devices as well. Lastly, while we utilized a wax-ink-based
printer to fabricate devices in this study, the software is also capable of generating designs

suitable for other fabrication tools such as computer-controlled paper cutters.
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