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SOFTWARE SYSTEMS FOR DEVELOPMENT,
CONTROL, PROGRAMMING, SIMULATION,
AND EMULATION OF FIXED AND
RECONFIGURABLE LAB-ON-A-CHIP
DEVICES

CROSS-REFERENCE TO RELATED
APPLICATIONS

Pursuant to 35 U.S.C. Section 119(e), this application
claims benefit of priority from provisional patent application
Ser. No. 61/005,460, filed Dec. 4, 2007, the contents of which
are hereby incorporated by reference herein in their entirety.

FIELD OF THE INVENTION

The present invention generally pertains to the design of
lab-on-a-chip devices, and in particular to the specification,
numerical simulation and physical emulation of chemical
processing systems therein operating under software control.

SUMMARY OF THE INVENTION

Features and advantages of the invention will be set forth in
the description which follows, and in part will be apparent
from the description, or may be learned by practice of the
invention. The objectives and other advantages of the inven-
tion will be realized and attained by the structure particularly
pointed out in the written description and claims hereof as
well as the appended drawings.

An embodiment includes a system for the development of
a software-controlled Lab-on-a-chip (“LoC”) device. The
system includes a specification language file for specifying
LoC element attributes of elements and interconnections
among elements, the specification file for determining a
model for an LoC device; an authoring/editing tool for creat-
ing and/or editing the specification file; an operating language
script for controlling the operation of a modeled LoC device;
a control design tool for creating and/or editing the opera-
tional language script; a numerical simulation system for
producing a real-time numerical simulation of the operation
of the model LoC device; a data visualization system for
creating real-time visualizations of data from the numerical
simulation; wherein the authoring/editing tool, control design
tool, numerical simulation system, and data visualization sys-
tem are integrated into a common system sharing the speci-
fication language file and operational language script.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other aspects, features, and advantages of
the present invention will become more apparent upon con-
sideration of the following description of preferred embodi-
ments, taken in conjunction with the accompanying figures.

FIG. 1 shows an exemplary two-dimensional attribute
space (two-attribute demographic landscape) for LoC
devices.

FIG. 2a shows use of a reconfigurable physical chemical
process emulation setup as a tool for developing and concep-
tual testing of a plurality of fixed LoC systems.

FIG. 2b shows use of a reconfigurable physical chemical
process emulation setup as a tool for developing and concep-
tual testing of reconfigurable LoC systems.

FIG. 3a depicts the situation where with potential candi-
date applications, very few can demonstrate enough market
size to justify sizable R&D and manufacturing costs and
risks.
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FIG. 356 shows potential candidate applications of FIG. 3a
clustered into five such potential reconfigurable LoC prod-
ucts.

FIG. 3¢ depicts an example where several potential recon-
figurable LoC products immediately demonstrate enough
potential market to merit both R&D and manufacturing with
others defined to aggregate enough market size to merit at
least R&D.

FIGS. 3d-3g depict steps in an exemplary commercializa-
tion-enabled scenario demonstrating immense value in pur-
suing reconfigurable LoC design.

FIG. 4 shows the construction of another attribute space
relevant to the inclusion of reconfigurable LoC devices and
emulation systems emulating LoC devices.

FIG. 5 shows a software-controlled reconfigurable LoC
emulation system that can be used to emulate a wide range of
differing imagined, planned, designed, prototyped, and/or
realized LoC devices.

FIGS. 6a-6b show exemplary overviews of the functional
elements of an embodiment of the invention.

FIG. 7a shows a global view of an integrated system for
simulation, emulation, and in some applications direct con-
trol of a fixed-design LoC device from one or more common
scripts and/or files.

FIG. 75 shows a global view of an integrated system for
simulation, emulation, and in some applications direct con-
trol of a configurable or reconfigurable LoC device from one
or more common scripts and/or files.

FIG. 8a depicts exemplary primitive elements that may be
used in the design of larger chemical process systems as may
be used in lab-on-a-chip devices.

FIG. 8b depicts an exemplary subsystem design that may
be assembled from the exemplary primitive elements of FI1G.
8a such as may be used in the design of a larger chemical
process systems as may be used in lab-on-a-chip devices.

FIGS. 94-9¢ depict how the exemplary subsystem design
of FIG. 856 may be constructed in steps from the exemplary
primitive elements of F1G. 8a to assemble larger subassembly
designs, and using these and copies of them to assemble the
FIG. 8b subsystem design.

FIG. 10a depicts a subassembly design that may be con-
structed from exemplary primitive elements of FIG. 8a and
that may be used in constructing designs for larger subassem-
blies and subsystems.

FIG. 105 depicts a multi-channel chemical delivery bus
design that may be constructed from multiple copies of the
subassembly of FIG. 10a.

FIG. 11 depicts an exemplary reconfigurable lab-on-a-chip
system design that may be constructed from an instance of the
design of FIG. 10a, an instance of the design of FIG. 104, and
multiple instances of a modified version of the subassembly
of FIG. 9c.

FIG. 12 depicts a graphical layout as may be used in fab-
rication design and/or an animated visualization of a simu-
lated or emulated operation of the design of FIG. 11.

FIG. 13 shows a high-level view of an exemplary software
architecture wherein a higher-level control system controls
any one or more of a target actual, emulated, or simulated
system.

FIG. 14 shows an exemplary control hierarchy of such an
exemplary software architecture.

FIG. 15 shows an exemplary transactional organization for
an exemplary hierarchy of control.

FIG. 16a shows an exemplary message flux typically asso-
ciated with a task at various levels in the hierarchy of com-
mands.
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FIG. 165 shows exemplary response times for operations
executed in a general software control system (left column)
versus a control system closer to the target that may likely use
dedicated electronics or other hardware (right column).

FIG. 17 depicts an example control software structure and
interfaces comprising by an exemplary a multi-level control
hierarchy.

FIG. 18a depicts a primitive exemplary laboratory lattice-
scale implementation of an exemplary module as provided for
by an embodiment of the invention.

FIG. 186 depicts an exemplary loop-through implementa-
tion of communications bus connecting exemplary modules
with a controlling computer or processor as provided for by
an embodiment of the invention.

FIG. 18¢ depicts an exemplary backplane implementation
of communications bus connecting exemplary modules with
a controlling computer or processor as provided for by
another embodiment of the invention.

FIG. 19 shows an evolution path from an initial proprietary
implementation into an open system.

These and other embodiments will also become readily
apparent to those skilled in the art from the following detailed
description of the embodiments having reference to the
attached figures, the invention not being limited to any par-
ticular embodiment disclosed.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

In the following detailed description, reference is made to
the accompanying drawing figures which form a part hereof,
and which show by way of illustration specific embodiments
of the invention. It is to be understood by those of ordinary
skill in this technological field that other embodiments may
be utilized, and structural, electrical, as well as procedural
changes may be made without departing from the scope of the
present invention. Wherever possible, the same reference
numbers will be used throughout the drawings to refer to the
same or similar parts.

Common works include the design and analysis of isolated
components and phenomena, with some addressing proto-
type small-scale fixed function subsystems. Past and current
visions of “Lab-on-a-chip” implementations generally focus
on the custom design device precisely matched to a narrow
vertical application. Some of the many envisioned lab-on-a-
chip applications include:

Real-time Polymerase Chain Reaction (PCR detection of

bacteria, viruses and cancers);

Immunoassay (detection of bacteria, viruses, cancers via

antigen-antibody reactions);

Dielectrophoresis (detecting cancer cells and bacteria via

position shifts from electric field);

Blood sample preparation;

Body fluid analysis;

Air and water pollution monitoring;

Enhanced flow injection system implementation;

Very small, very low cost gas and liquid chromatography

elements;

Drug discovery;

Cellular lab-on-a-chip for single-cell analysis.

Each of these diverse vertical application areas will indeed
readily develop causing a need to fabricate highly-customiz-
able devices. In the interim, there is a problem: maintaining
this viewpoint and associated status quo will likely keep
lab-on-a-chip technology exotic and largely unreachable for
all but well-funded experimental projects and rare product
development efforts for many years to come. Consequently,
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pent-up demand remains for the realistically foreseeable
future. This is unfortunate as lab-on-a-chip holds tremendous
promise.

A tension exists between the advantage of anticipated yet
unreached “lower fabrication costs” and the perpetuated dis-
advantage of a novel technology that is not fully developed.
These create a loop of inefficient if not effectively stalled
commercial development: As long as lab-on-a-chip remains a
novel undeveloped vision motivated by isolated component
experiments and no overarching systems framework, mass
production and lower fabrication costs remain unreachable,
keeping lab-on-chip exotic and inaccessible, effectively
maintaining [.oC’s novelty and underdevelopment.

FIG. 1 shows an exemplary two-dimensional attribute
landscape for demographically characterizing L.oC devices.
One attribute of this attribute space relates to systems-level
complexity. This attribute is represented by the horizontal
axis in FIG. 1. An exemplary metric of systems-level com-
plexity is the total number of primitive elements (by appro-
priate definition) included in the system. One definition of a
primitive element may be a low-level functional component
such as a sensor, reactor, pump, valve, etc.

To date, very few LoC devices described include more than
a dozen or few dozen primitive elements. Those with 20 or
fewer elements may, roughly, be viewed as simple while LoC
devices with between 20 to 200 or so primitive elements may
be viewed as having moderate complexity. LoC devices with
more than 200 or so primitive elements may be viewed as
having large-scale complexity. It is contemplated that future
LoC devices may have many hundreds, thousands, tens of
thousands, or perhaps even significantly higher numbers of
primitive elements.

The other attribute of the two-dimensional demographic
attribute space of FIG. 1 relates to whether the LoC devices
are operationally passive devices or, alternatively, involve
active control. The property of active versus passive control is
represented by the vertical axis in FIG. 1. Here, active control
may include one or more of hardware logic, firmware algo-
rithmic logic, software algorithmic logic, external software
control via communication ports, analog feedback control
systems, or digital feedback control systems. Active control
may be used for process control, configuration management,
and (as anticipated by disclosure and other related inventions
and technologies) system reconfiguration.

Two approaches for addressing these formidable problems
and opportunities include:

Creating a universal framework and software system for
development, control, programming, simulation, and
emulation of fixed, configurable (and reconfigurable)
LoC devices; and

Creating a set of standard configurable and/or reconfig-
urable architectures that will allow a single LoC system
to service a wide family of applications.

Described embodiments include those directed to software
systems for the specification, development, control, program-
ming, simulation, and emulation of fixed, software-config-
urable, software-reconfigurable, and software-controlled
Lab-on-a-chip (“LoC”) devices.

In addition to actually interfacing, controlling, and provid-
ing a software-development platform for a wide range of LoC
devices, the various embodiments provide for the same speci-
fication files and operating scripts to be used across several
subsystems. For example, in an embodiment, numerical
simulation and physical emulation systems can use the same
files and scripts to control simulations and render associated



US 8,396,701 B2

5

active data visualizations. Another feature relates to the con-
trol of software-reconfigurable and software-controlled emu-
lation systems.

Reconfigurable Chemical Processing Systems, Reconfig-
urable LoC, and LoC Commercialization Economics

Currently, despite extensive highly-funded basic research,
only a very few “Lab-on-a-Chip” devices are commercially
viable. Most of these, however clever in design, are usually
quite simplistic in their complexity. This is largely due to the
current but long-established research and industry mindset
wherein a special dedicated design uniquely serves a particu-
lar isolated application area.

This is an unfortunate situation as it creates a network of
self-reinforcing self-limiting processes that have long been
impeding the industry’s effectiveness, value, acceptance, and
growth. R&D costs for a full design and subsequent manu-
facturing costs are very high, typically preventing all but a
select few of the simplest devices from reaching manufacture.
Further, there is often little opportunity to reuse R&D and
manufacturing setups, creating at once both huge opportunity
loss and tremendous wasteful industrial process redundancy.
The limited manufacturing experience that results diminish
chances to improve and refine manufacturing and design
techniques, and additionally prevent economies of scale from
being leveraged to reduce costs and broaden the possibilities
for using “Lab-on-a-chip” technologies.

FIG. 3a depicts the situation described above. Of the poten-
tial candidate applications that could find practical use or
otherwise contribute value (represented by the vertical
arrows), very few can demonstrate enough market size to
justify sizable R&D costs (represented by the three vertical
arrows crossing the lower threshold line). Of these, only a
very few are even close to being able to demonstrate enough
market size to justify the even more sizable manufacturing
costs and risks (represented by the single vertical arrow just
barely crossing the upper threshold line).

Many of the potential candidate applications (represented
by the vertical arrows) in FIG. 3a can be served by associated
LoC designs that share a significant number of component
features and aspects with one another. Of these, at least one
group of LoC designs associated with the selected potential
candidate applications can be clustered and fitted with con-
trollable element attributes and controllable routing. The
resulting “meta-system” can serve as an archetype design for
a reconfigurable LoC system. The archetype design can be
further enhanced and perhaps broadened to create a potential
reconfigurable LoC product that can serve at least the aggre-
gated markets for potential candidate application in the
group. FIG. 35 shows the potential candidate applications of
FIG. 3a clustered into five such potential reconfigurable LoC
products (denoted as Type 1, Type2, Type 3, Type 4, and Type
5). In many cases, the capabilities of the potential reconfig-
urable LoC products can be broadened enough so that a few of
the potential candidate applications could be served by more
than one of the potential reconfigurable LoC products. This
overlap is represented in FIG. 35 by the overlapping brackets.

Thus a single reconfigurable LoC product, once manufac-
tured, can serve a large number of small-market applications.
FIG. 3¢ depicts this result. For example, at least the Type 1,
Type 2, and Type 5 potential reconfigurable LoC products
immediately demonstrate sufficiently large potential markets
to merit both R&D and manufacturing. In this example, the
Type 3 and Type 4 potential reconfigurable LoC products
were defined so as to aggregate at least enough market size to
merit R&D, albeit not quite enough market to merit an imme-
diate post R&D manufacturing response.
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Continuing with the example, various industry and busi-
ness decisions lead to a first offering of a commercial recon-
figurable LoC product—for example of the Type 2 variety—
as suggested in FIG. 34. Based on the market response (good,
fair, or bad) and manufacturing lessons learned, desires for
shared manufacturing, competitive responses, etc, a second
reconfigurable LoC product—for example of the Type 4 vari-
ety—is introduced as suggested in FIG. 3e. The Type 4 choice
serves an entirely different market sector that the earlier Type
2 product offering.

Continuing with the example, there may be market, regu-
latory, or technical problems that continue to impede Type 3
as originally envisioned, but a competitor may introduce an
entirely new Type 6 product that for some applications com-
petes with the now existing Type 2 and Type 4 product offer-
ings. That competitor, another manufacturer entrant, or one of
the other manufacturers may also introduce a Type 1 product.
This is depicted in FIG. 31

Continuing further with the example, new technology,
developing market forces, new applications, and other manu-
facturer entrants will continue to expand the market. For
example, as shown in FIG. 3g, a Type 5 product offering,
along withnew R&D Type 7 and Type 8 product offerings, are
introduced.

Continuing with the example the market is now full of LoC
solutions for an ever-expanding list of valuable applications,
while only a few manufacturing designs were required (for
example, in the example provided here only 7 types of recon-
figurable LoC products are manufactured). Further, the mass
production encourages a growing skill-base in using these
reconfigurable LoC products, putting these 7 reconfigurable
LoC in the same role as that of the selection of available
microprocessors and embedded controllers in the electronics
and computer industry—that is, once available and under-
stood, they become tools for many additional unforeseen
applications by a great many more customers.

The exemplary FIGS. 3b-3g scenario demonstrates the
immense value in pursuing reconfigurable LoC design. First,
the aggregation of application fractured markets made pos-
sible by properly designed reconfigurable LoC products
breaks the long-standing stalemate depicted in FIG. 3a. Sec-
ond, not only does a reconfigurable physical chemical process
emulation setup provide a development environment with the
value spelled out in the discussion of FIG. 2a, but additionally
the reconfigurable physical chemical process emulation setup
and reconfigurable LoC both inform and cross-enable one
another. This rationale provides even more reasons for pro-
ducing commercial component products, and entire systems,
for reconfigurable physical chemical process emulation.
Configurable and Reconfigurable LoC, Clearing and Clean-
ing, and Further LoC Classifications

Attention is now directed to classification remarks concern
matters of distinguishing initial configuration, modal opera-
tion, and reconfiguration:

In many situations and applications, one or more of
instances of one or more setup action may be enacted
prior to the operation of the reconfigurable LoC or
reconfigurable chemical process emulation system. This
enactment establishes an initial configuration of the LoC
or emulation system.

In many situations and applications, limited valve opera-
tion and other topological actions may be enacted during
operation of the reconfigurable LoC or reconfigurable
chemical process emulation system. These enactments
may be viewed as modal operation within a previously
established initial configuration.
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In some situations and applications, significant variations
or fundamental structural changes are enacted; these
may be viewed as a reconfiguration of the associated
larger system.

In some embodiments and applications, portions of a
reconfigurable LoC or reconfigurable chemical process emu-
lation system may be designated for single substance-type
use, single-purpose use, or even single-event use. In other
embodiments and applications, at least portions of a recon-
figurable LoC or reconfigurable chemical process emulation
system may provide for some form of clearing and cleaning of
atleast some portions the reconfigurable LoC between at least
some operations so as to allow buses, valves, and in many
cases connected devices to be reused with limited contami-
nation. These clearing and cleaning operations can deliver
several benefits:

Permit multiple reuse of the LoC within a larger system
(for example a mass-produced consumer-level food-
toxin tester);

Removal of toxins prior to recycling or disposal;

Recovery of valuable reagents prior to recycling or dis-
posal.

Earlier, FIG. 1 provided an exemplary two-dimensional
attribute space for demographically defining LoC devices.
The two attributes defining the two-dimensional attribute
space of FIG. 1 are metrics of complexity and of passivity
versus active control employed by the LoC. In view of the
additional considerations raised thus far, FIG. 4 shows the
construction of another attribute space relevant to the inclu-
sion of reconfigurable LoC devices and emulation systems
emulating LoC devices. In this:

The first attribute is an index relating to whether an LoC
device or LoC emulation system has a fixed configura-
tion, some degree of primitive flexibility in its configu-
ration, a (software or other electrical) “configurable”
(i.e., controllable) configuration, or a reconfigurable
configuration that may be changed within the actual
operation time of the system.

An added second attribute pertaining to whether the LoC
device or LoC emulation system comprises internal
clearing and cleaning capabilities.

An added third attribute pertaining to the number of simul-
taneous independent processing “threads” or activities
that can be simultaneously supported. This is analogous
to the number of simultaneous real-time control threads
that may be supported by a real-time microprocessor or
Digital Signal Processing (DSP) chip.

Integrating a Plurality of Specification, Simulation, Emula-
tion, Visualization, Fabrication Design, and Control Software
Development Systems into a Common Interactive Environ-
ment with Exchanged Data

Clearly as LoC devices progress from designs of moderate
complexity to designs of larger and large-scale complexity,
design tools will be needed. The needs amplify when active
controlis added, and yet again when reconfiguration is added.
Applicable design tools could include, among others:

A specification system, potentially including an interactive

graphical interface;

A fabrication design system, potentially including an inter-
active graphical interface;

An active data visualization system;

A graphical layout and rendering system, potentially used
to provide graphical renderings for one or more of the
above three systems;

A numerical simulation system;

A software reconfigurable physical emulation system;

A control software development system.
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FIG. 5 shows an integrated software-controlled LoC simu-
lation/emulation system that can be used to emulate a wide
range of differing imagined, planned, designed, prototyped,
and/or realized LoC devices. As such, the reconfigurable L.oC
emulation system can potentially provide value throughout
virtually the entire research, development, design, prototype,
and pre-manufacturing cycle of a LoC or reconfigurable LoC
product.

Further value can result by integrating together a specifi-
cation system, numerical simulation system, a software-con-
trolled reconfigurable LoC emulation system, and active data
visualization system, with a control software development
system and other design tools in a common environment.
Exemplary methods and systems for this which are applicable
to the present disclosure are provided in, for example, U.S.
patent application Ser. No. 11/946,678 filed Nov. 28, 2007.
Here, a few additional examples are provided that may be
advantageous in various embodiments, implementations, and
applications.

FIG. 6a depicts an exemplary integrated system integrating
a specification system, a fabrication design system, a graphi-
cal layout system, a graphical rendering system, a numerical
simulation system, a software-controlled reconfigurable LoC
physical emulation system, an active data visualization sys-
tem, and a control software development system. This exem-
plary arrangement provides for the same specification file(s)
to be used for defining a common underlying design model to
the graphical layout system, the numerical simulation system,
the software-controlled reconfigurable LoC physical emula-
tion system, the fabrication design system, and the control
software development system. These specification files may
be created and/or provided from an authoring/editing tool or
an outside source. These files may be stored in a file system or
database. The files may be tagged with descriptive metadata,
associated with pointers to descriptive metadata, or otherwise
linked to descriptive metadata to facilitate searches by fea-
ture, searches by usage, versioning control, etc.

The exemplary integrated system of FIG. 6a also provides
for operational language scripts to be created and modified by
a control-software design tool. Although not shown in FIG.
6a, these operational language scripts may also be provided
by an outside source. These files may be stored in a file system
or database. The files may be tagged with descriptive meta-
data, associated with pointers to descriptive metadata, or oth-
erwise linked to descriptive metadata so as to facilitate
searches by feature, searches by usage, versioning control,
etc. For example, each operational language script may be
associated with a particular individual or family of specifica-
tion files.

The exemplary integrated system of FIG. 6a provides for
the graphical layout element to produce layout data, such as a
draw list, that is then presented to a graphical rendering ele-
ment that converts this information into a visual graphic for
rendering on a display. In some embodiments the rendering is
such that text and graphics may be subsequently overlaid on
the rendered visual graphics. In some embodiments the
graphical layout element may provide interactive features—
in some embodiments doing so in conjunction with the
graphical rendering element—so as to provide the user layout
choices, options, and alternatives. The graphical layout ele-
ment and graphical rendering element each may produce and
use associated files. These files may also be provided by an
outside source. These files may be stored in a file system or
database. The files may be tagged with descriptive metadata,
associated with pointers to descriptive metadata, or otherwise
linked to descriptive metadata so as to facilitate searches by
feature, searches by usage, versioning control, etc. For






