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Executive Summary

This report summarizes the findings and
recommendations of ninety experts in control,
modeling, system integration and micro/nano-
scale fabrication who met at the National
Science Foundation for a two-day workshop
in March 2004.The goal of the workshop
was to identify research and education issues
that must be addressed to enable the transi-
tion from micro and nano components to
integrated systems. Discussions were organized
around six theme areas, and only those research
directions that required multi-disciplinary col-
laboration between themes are listed here.
Recommendations are grouped according to
three subjects: system integration, system con-
trol, and education and infrastructure needs.

System integration refers to combining
numerous micro/nano components to form
integrated systems, such as implantable drug
delivery systems, micro machines (for instance,
artificial insects or miniaturized surgical robots),
and bio-chemical pathogen detection systems.
Participants recommended research in two top-
ics that could not be addressed by fabrication
researchers alone, namely: the development
of diagnostics and characterization tools for
micro- and nano-scale systems; and the creation
of parsimonious (keep essentials only) math-
ematical models that will enable system design,
optimization, and control.

System control recommendations were
focused on: control of fabrication processes to
improve the manufacture of micro/nano sys-
tems (off~chip control), and on incorporating
control into micro/nano systems to enable new
and improved functionality (on-chip control).
Topics included: research in fabrication process
control; control for nano assembly and manipu-
lation; requirements for the development of
‘on-chip’ control to direct the internal behavior
of micro- and nano-scale systems; comments
on the challenges in controlling heterogeneous
systems; and research needs relevant to control
of systems that combine biology and engineer-
ing.

The education and infrastructure recommen-
dations were focused on training the next genera-
tion of cross-disciplinary students and faculty, and
on modeling, measurement, and fabrication infra-
structure needs.

Workshop History and Format

The workshop organizing committee, con-
sisting of Benjamin Shapiro (chair), Gregory
Chirikjian, Liwei Lin, Costas Maranas, Marvin
White, and Minami Yoda, was selected in
December 2003, based on input from Maria
Burka, Kishan Baheti, and Masayoshi Tomizuka
at NSE The committee formally announced the
workshop in January 2004 and solicited applica-
tions from academia, industry, and government,
until the closing date of March 1, 2004. Over four
hundred applications were received. During the
first week of March, the committee selected and
invited ninety participants to attend the work-

shop.

Discussions at the two-day workshop were orga-
nized according to six theme areas:

1. Biological (or Biomolecular or Biochemical)
and Chemical Systems on the Micro- and
Nano-Length Scales

2. BioMEMS and/or Nanobiotechnological
Systems

3. Control Systems with a MEMS and/or Nano
Perspective

4. Measurement, Modeling, and Model Validation
at the Micro- and Nanoscale

5. Micro-Electro-Mechanical-Systems Design/
Fabrication, Devices, and Systems

6. Nano Fabrication

On the first day of the workshop, the par-
ticipants met within their respective theme areas.
On the second day, the audience was randomized
across themes so that researchers in nano fabrica-
tion, for example, would interact with researchers
in controls. Each theme area was charged with
producing a short list of cross-disciplinary recom-
mendations (each recommendation would require
a collaborative effort between at least two themes)
that would address micro/nano system integration
and control challenges.
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This report 1s a summary of the discussions
and recommendations at the workshop. An elec-
tronic copy of this report and further details, such
as the workshop program and participant quad
charts, are available at: www.isr.umd.edu/CMN-
NSFwkshp/.

System Integration: Needs in
Measurement and Modeling for
Control and Design

System integration goals included: integration
across length and time scales (from nano meters
and femto seconds up to meters and years); inte-
gration between soft and hard fabrication tech-
niques; integration of inorganic, organic, and liv-
ing biological materials; and integration of in-situ
sensors, actuators, and components for real time
systems control. The benefits of feedback con-
trol that have been demonstrated on the macro
scale (such as the ability to guarantee robust high
performance in uncertain noisy environments,
even in the presence of sub-system failures) are
also required on the micro- and nano-scale.
Participants identified research in measurement
techniques and the development of parsimoni-
ous (essentials only) models as two major needs.
Research in these two areas will improve the
physical understanding needed for system integra-
tion and enable the models and real time sensing
capabilities required for feedback control. It was
also noted that industry should become involved
as early as possible in the modeling and simula-
tion process so that practical issues, such as com-
mon system failure modes and the effect of harsh
environments, can be incorporated into the mod-
eling effort.

Systems Level Measurement: Diagnostics
and Micro/Nano-Sensors

To enable system integration workshop par-
ticipants recommended research investment in
diagnostics and sensors from the component to
the systems level. Improved diagnostics (detailed
and comprehensive measurement techniques) are
required to: 1) clarify physical phenomena that are
dominant at the micro- and nano-scale; 1i) pro-
vide basic input to physically based models — a
lot of basic fluid/solid properties are still largely

unknown; and ii1) validate both physically-based
and reduced-order models. Whereas diagnostic
techniques refer to laboratory measuring systems,
sensors refer to devices that can be incorpo-
rated into a micro/nano-system and provide less
detailed or single point measurements. Integration
of sensors (and actuators) into a micro/nano-scale
system remains a major fabrication and system
integration challenge whose solution is required
to enable real-time control: both in terms of
allowing control of behavior inside micro- and
nano-scale systems and in terms of using micro/
nano-scale sensors and actuators for sensing and
control of behavior externally on a larger scale.
Challenges include: incorporation of sensors
within a very limited space, sensor accessibil-

ity (getting signals in and out), and limiting the
addition of any sensor fabrication steps that may
reduce system yield.

Parsimonious (Keep Essentials Only)
Models for System Design and Control

Both system optimization and control design
typically requires models of the system, actua-
tors, and sensors. Models used should be carefully
chosen: they must contain enough physics to be
predictive, but they must remain computationally
tractable to enable design and control. At present,
there is a disconnect between available micro/
nano modeling tools and analysis, design, and
control needs. For example, finite element models
are commonly used to represent MEMS systems
but these models cannot be used directly for con-
trol design and control implementation. Research
should focus on creating minimal models for
classes of micro- and nano-scale systems. Minimal
models can be accomplished by combining physi-
cal insight (what are the dominant physics?) and
model reduction techniques (dramatically reduce
model size with a minimal sacrifice of model
accuracy). Methods are needed to determine
the point at which a model is good enough, and
to validate such models using a combination of
(more computationally expensive) physical first
principle models and a reasonable number of
(difficult, expensive, and time-consuming) experi-
ments.
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It was also recognized that there is a need to
bridge the gap between molecular scale model-
ing and continuum length and time scales. For
example, molecular dynamic simulations, though
providing a tool for predicting behavior at the
atomic scale, cannot reach the length and time
scales of interest for system design. There is a need
to create/extend averaging or model reduction
tools that can provide the link between molecular
and continuum scale models.

System Control: Applications in
Fabrication, Object Manipulation,
On-Chip Control, and Control of
Systems Combining Biology and
Engineering

Feedback control is ubiquitous in engineer-
ing and biological systems: both engineering and
living systems use feedback loops to sense and
correct for departures away from desired per-
formance. These sense-compare-and-react loops
allow integrated systems to function reliably and
with high performance even in the presence
of noisy environments, unknown parameters,
changing requirements, and sub-system failures.
Workshop participants saw many opportunities
tor feedback control to contribute to micro- and
nano-scale systems development. There were
examples where micro-systems combined with
control algorithms could be used to create and
manipulate nano objects; feedback control could
be used to handle uncertainty and limit the
variability of nano-fabrication techniques; and,
using nano-scale systems, there are opportuni-
ties to understand, access, and adapt molecular
based “wet-ware” control loops inside biological
systems. It was recommended that expertise in
MEMS fabrication be used to create microscale
testbeds for fabrication, handling, analysis, and
control of nanoscale systems.

Fabrication Process Control

It was noted that it is difficult to achieve
reproducible fabrication results at the nano-scale:
for example, when fabricating carbon nano-tubes,
“we repeat the same procedure and get differ-
ent results each time,” Jun Jiao (Portland State).

Clearly, there is a lack of knowledge off and an
inability to prescribe the relevant process param-
eters. Control was seen as an enabling technology
that, through real-time process monitoring and
appropriate actuator responses, would be able to
help identify and control process parameters, and
thereby improve device yield and reproducibil-
ity. Further, yield and fabrication reproducibility
should be considered as research issues on the
same level as the development of new fabrica-
tion processes. To enable process control, sensor
and actuator type and placement issues should be
considered at the early stages of the fabrication
plant design: if these issues are only addressed after
the plant has been built, it may be impossible to
include the type of sensors and actuators needed
for real-time process control. Efforts should focus
on isolating the dominant physical phenomena in
nano growth and deposition, important process
control parameters must be identified and their
effects must be understood, real time sensors must
be developed and integrated into the fabrication
plants, and effective control algorithms must be
developed and validated.

There is also an intriguing possibility to use
micro-systems and control to generate nanosized
features, in short: “micro + control = nano.” Liwei
Lin (Berkeley) showed a case where resistive heat-
ing (control) applied to a microbridge created
nanowires. Hence an opportunity exists to exploit
interesting physics (growth instabilities, param-
eter dependent self-assembly) to create and shape
nano-objects using control theory and MEMS
platforms.

Control for Nano Assembly and Object
Manipulation

Atomic Force Microscopy (AFM) probes
can be used to push, pull, cut, indent, and litho-
graphically deposit nanoscale objects. Open con-
trol challenges for nanorobotic manipulation are
summarized in the report from the 2003 “NSF
workshop on Future Directions in Nano-Scale
Systems, Dynamics and Control,” Metin Sitti
(CMU) available online at www.me.cmu.edu/
faculty1/sitti/NSF_Report_Sitti. PDF. They include:
generation of autonomous AFM systems for
imaging and 3-dimensional, parallel manipulation;
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in-situ real-time nano-scale control concepts for
high-frequency nano-electromechanical systems;
and hybrid modeling (continuous and discrete,
multi length and time scales) of nano-mechanics
to enable control design and implementation.

‘On-Chip’ Control Inside Micro/Nano
Systems

For self-contained miniaturized systems, the
sensors, actuators, and control hardware must
be included inside the system. On-chip ‘control
inside’ packaging is required for miniature systems
such as implantable drug delivery platforms, micro
sense-and-report systems, and, in the long term,
micro-robots such as artificial insects. Integrating
the control into the micro- or nano-scale sys-
tem raised additional issues: 1) Sensors, actua-
tors, and control logic circuits must be optimally
distributed inside a very small volume; i1) In
many instances software and DSP based control
is not practical (it takes up too much real estate
and cannot address the fast dynamics found on
the nanoscale) and analog type controllers must
be designed instead; and ii1) There is a need for
a high degree of robustness and fault tolerance
especially when the miniaturized system must
operate inside unknown, hostile environments
which can cause a large number of the sensors
and actuators to fail. It was felt that robust con-
trol, distributed control, model reduction, state
estimation, and optimization tools could be used
to effectively address these questions.

Control of Heterogeneous Systems

On the micro- and nano-scale, there are inter-
actions between continuous and discrete dynam-
ics: micro-fluidic devices often have continuum
flows but contain discrete objects such as cells or
DNA chains that display stochastic motion; there
is coupling between disparate length and time
scales: phenomena on the macro scale can be used
to control behavior on the nano scale and vice
versa; and there 1s cross talk between interfacial
and bulk phenomena. For systems that include
organic or biological materials, the interfaces
between inorganic and organic/biological com-
ponents are heterogeneous and they must also be
understood and controlled.

Thus, there 1s a need to develop modeling and
control tools to address heterogeneous systems.
This is a challenging area that is already receiv-
ing attention within the controls community.

It was judged that, although there are notable
exceptions, there is currently an insufficient link
between efforts underway in the controls com-
munity and research carried out by scientists in
micro/nano fabrication, chemistry, biology and
modeling. It 1s recommended that collabora-
tive teams of researchers (including control and
micro/nano experts) focus on developing tools
for specific sub-areas, such as control of discrete
objects inside continuum flows or control of
chemical processes at interfaces.

Control of Systems that Combine Biology
and Engineering

BioMEMS and control workshop participants
noted the tremendous opportunity for implant-
able medical sensors and systems. Applications
raised at the workshop included miniaturized
hearing aid implants, neural prostheses, in-vivo
active blood pressure controllers, and glucose
monitoring and drug delivery systems for diabe-
tes management. Research is required to better
address problems of coupling the sensor (materi-
als, contact geometry, sensing modality, etc.) with
the biology sample (cells, blood, tissues, etc.). It
is necessary to address issues related to physical
and chemical adaptation and to better control
device surfaces to conform to cell growth. There
is a need to improve the measurement and data
extraction methods by which the true responses
from the targeted entities (DNA, proteins, drugs,
metabolites, etc.) is detected and transduced more
sensitively and selectively from the large amount
of non-specific and background interferences. The
control algorithms that will control the behavior
of the implantable devices must be developed.
These algorithms must adapt to biological condi-
tions and must work together with the complex
feedback mechanisms found in the human body.

Conversely, using micro- and nano-scale mea-
surement techniques there is now a real oppor-
tunity to learn from biological systems that are
truly amazing examples of complex, integrated,
micro/nano systems with feedback control. Ideas
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tor study of biology based control approaches
include: 1) In organisms, random processes gen-
erate organized structures at larger scales. Based
on this, it should be possible to learn to control
random, distributed, (self organizing) processes

to create and direct desired structures. i1) Natural
biomolecular processes are often based on nano-
structure “interlocking” molecules that control
the self-assembly of complex structures. There

1s a possibility to use fabricated structures, poly-
mers, and genetically engineered microorganisms
(for example, as used by Angela Belcher, MIT) to
control the assembly of micro/nano systems. i)
Nature routinely implements wet-ware (chemical-
ly based) sensing, feedback, control, and automa-
tion in biological systems. There is a potential to
mimic this capability and to engineer molecular
pathway (chemical and biochemical) based sens-
ing, actuation, control, networks, logic, and system
architectures to perform desired tasks.

Education, Collaboration, and
Infrastructure Recommendations

A repeated topic across all themes in the
workshop was the need to educate the next gen-
eration of students, and faculty, in a cross-disci-
plinary fashion, cutting across traditional lines of
math, physics, biology, and mechanical, electrical,
and chemical engineering. As in many other areas,
there is an inability to communicate eftectively
across disciplines: this makes it especially difficult
to eftectively describe and design systems that
combine difterent specializations. A variety of
mechanisms were suggested to address this need,
many of which are already being implemented: 1)
Funded cross-disciplinary student exchange pro-
grams should be established/expanded whereby
students in discipline A can spend a summer or
a year doing research in discipline Bj;1i1) Students
should be co-advised by professors in differ-
ent fields, and, importantly, funding mechanisms
should be established which will encourage such
co-advising; iii)) More programs are needed for
cross-disciplinary education of working engineers
and training courses for technicians in state-of-
the-art fabrication techniques; iv) Support should
be provided for summer workshops in specific
topics such as AFM, microfluidics, nanofabrica-
tion, and bio-systems — it was suggested that

workshops follow the Gordon conferences model
of a small number of scientists in a relaxed setting
with a large amount of time set aside for informal
discussions; v) Cross-disciplinary curricula should
be developed at both the undergraduate and
graduate level; and vi) There should be mentoring
of junior faculty by senior faculty in other fields
and funding mechanisms to permit and encourage
faculty to take sabbaticals in areas outside their
main expertise. A key concern was the nature

of the tenure process: faculty should be encour-
aged, not penalized, to collaborate and write joint
papers with scientists in other disciplines.

Insufficient infrastructure and mismatch of
tools was a pervasive theme. Commercial model-
ing tools such as Coventor and Fluent have begun
addressing phenomena on the micro- and nano-
scale but, due to their computational complexity
and the lack of accessibility to internal equations
and algorithms, the resulting tools are not yet
appropriate for control design and system inte-
gration. Some software companies are making an
effort to address this need: CFDRC has a research
effort in creating optimization ready models
and FEMLAB software permits the creation of
open source, coupled, PDEs (Partial Differential
Equations) models. To help satisty this need of
design and control ready models, a peer reviewed
database of software tools and public domain
models for various sub-classes of micro- and
nano-scale systems should be created: such a data-
base must consolidate input from model develop-
ers and model users.

Similarly, access to standardized micro-fab-
rication techniques, especially for bio-chemistry,
bio-medical, and related researchers should be
improved. The availability of present foundry
resources, such as MOSIS, MEMS Exchange,
MUMPs, and Sandia’s SUMMIT, for MEMS and
microelectronics, 1s acknowledged. However,
aside from devices (not processes) oftered
through the Center for Neural Communication
Technology at the University of Michigan, few
resources exist which extend present foundry
resources to the spheres of bio-chemistry and bio-
medical engineering. And no resources extend
the foundry concept to the nano-scale in general.
To address the fabrication need it was recom-
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mended that facilities be developed to extend the
foundry concept to the nano-scale, and to the
spheres of bio-chemical and bio-medical engi-
neering.

Finally, there is a lack of diagnostics tools to
characterize effectively both micro- and nano-
scale systems. Although diagnostics tools exist for
electrical phenomena, diagnostics for chemical,
biological, thermal, optical, fluidic, and mechanical
processes are much less well advanced. To address
the measurement need, resources must be devoted
to develop and make available micro/nano diag-
nostics tools.

Summary

This document lists recommendations on
combining the techniques of systems and control
with research in micro- and nano-scale fabrica-
tion. The match between these two areas is timely
and 1s of benefit to both groups. Micro- and
nano-scale fabrication techniques are moving
from components and devices to complex systems
— researchers in this area can benefit from controls
and system integration tools that address com-
ponent coupling, the management of and design
for uncertainty, and system optimization and
control. Controls researchers are now developing
powerful tools in distributed control — they can
benefit from the distributed actuation and sensing
opportunities that are afforded by numerous tiny
sensors and actuators packed into small volumes
or scattered across large ones. Moreover, by using
micro- and nano-scale measurement techniques,
scientists now have access to the inner molecular
workings of biological systems: there is no doubt
that control researchers can learn a tremendous
amount from the phenomenal control systems
found inside living organisms.
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Appendix I: Workshop Program and Seminar Abstracts

National Science Foundation workshop on
Control and System Integration of Micro- and Nano-Scale Systems

Monday March 29

Morning

7:00-7:30
7:30-8:00
8:00-8:30

8:30-9:10

9:20-9:40
9:40-10:00

10:00-10:15
10:15-10:35

10:35-10:55

10:55-11:15

11:15-11:35

11:40—Noon

Afternoon
Noon-2:30

Noon—2:30
Noon—2:30
Noon—2:30
Noon—2:30
Noon—2:30
Noon—2:30

2:30-3:00

Front Desk  (all laptops checked for viruses at NSE go to room 357)
Room 375  Breakfast
Room 375 Welcome and introduction to the workshop
Benjamin Shapiro; University of Maryland
Maria Burka, Delcie Durham, Masayoshi Tomizuka, Kishan Baheti; NSF
Room 375 Wireless Integrated MicroSystems (WIMS): Coming Revolution in
the Gathering of Information Ken Wise, University of Michigan
Room 375 Introduction to the six theme areas:

MEMS Design/Fabrication, Devices, and Systems: Research Directions in MEMS
Martin Schmidt, MIT

Nano Fabrication: A Review of Nanofabrication Efforts and Challenges
Jun Jiao, Portland State University

Break

BioMEMS and/or Nanobiotechnological Systems: MEMS for Biomedical Applications
Bill Tang, Irvine

Biological (or Biomolecular or Biochemical) and Chemical Systems on the Micro- and Nano-
Length Scales: Challenges and Opportunities in Biological Systems Analysis and
Design Costas Maranas, Penn State

Control Systems with a MEMS and/or Nano Perspective: Dynamics and Control of Thin
Film Microstructures Panagiotis Christofides, UCLA

Measurement, Modeling, and Model Validation at the Micro/Nanoscale: Modeling Transport
in Micro and Nanofluidic Devices Terry Conlisk, Ohio State University

Room 375  Charge to breakout groups Benjamin Shapiro, UMD

Pickup lunch provided in/outside room 375.To be taken by workshop par-
ticipants to breakout rooms.

Theme breakout sessions (working lunch)

Participants go to the room that corresponds to their primary theme: the theme that they
applied under. (People who applied under the theme “other” are free agents: they will go
to theme that they feel most closely matches their expertise.)

Room 330: MEMS Panel: Berg, Lal, Solzbacher

Room 375: Nano Panel: Meletis, Terry, Tabib-Azar, Cui
Room 530: Bio-MEMS Panel: Eggleton, Heller, Friedman
Room 130: Bio-Chem Systems Panel: Dube, Barton

Room 580: Control
Room 680: Measurement/Modeling Panel: Beskok, Salapaka, Liburdy, Gallivan
Break

Panel: Knospe, Zourntos, Devasia, Simaan

(Theme representatives prepare their charts.)
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3:00-3:45

3:45—4:00
4:00—4:15
4:15—-4:30
4:30—4:45
4:45-5:00
5:00-5:15
5:15-6:30
6:30

Room 375 Micro and Nano-Scale Systems for the Acquisition of Chemical and
Biochemical Information Mike Ramsey, Oak Ridge National Lab

Room 375 Theme representatives report back to main audience

MEMS (presented by theme representative)

Nano (presented by theme representative)

Bio-MEMS (presented by theme representative)

Bio-Chem Systems (presented by theme representative)

Control (presented by theme representative)

Meas/Modeling (presented by theme representative)

Room 375 Discussion in main audience

DINNER-—a list of restaurants in the area will be provided.
Further ad hoc discussions during dinner.

Tuesday March 30

Morning
7:30-8:00 Room 375  Breakfast
8:00-8:40 Room 375  Design and Engineering of Bio-Molecular Nano-Devices and Systems
Anantha Krishnan, DARPA
8:40-9:00 Room 375  Workshop report from NSF Nanoscale Systems, Dynamics and
Control, ACC 2003 Metin Sitti, CMU
9:05-11:30  Theme breakout sessions with re-organized audience
Participants organized by secondary (randomly chosen) theme, see participants list.
Continue discussions and incorporate comments from previous day, formulation and pri-
oritization of research directions, etc.
9:05-11:30:  Room 365: MEMS Panel: Berg, Lal, Solzbacher
9:05—-11:30:  Room 375: Nano Panel: Meletis, Terry, Tabib-Azar, Cui
9:05-11:30:  Room 530: Bio-MEMS Panel: Eggleton, Heller, Friedman
9:05-11:30:  Room 380: Bio-Chem Systems Panel: Dube, Barton
9:05-11:30: Room 580: Control Panel: Knospe, Zourntos, Devasia, Simaan
9:05-11:30:  Room 730: Measurement/Modeling  Panel: Beskok, Salapaka, Liburdy, Gallivan
11:30-Noon Break (Theme representatives prepare their charts.)
Room 375  Theme representatives report back to main audience.
Afternoon
Noon-12:10 MEMS (results presented by theme representative)
12:10-12:20  Nano (results presented by theme representative)
12:20-12:30  Bio-MEMS (results presented by theme representative)
12:30-12:40 Bio-Chem Systems (results presented by theme representative)
12:40-12:50  Control (results presented by theme representative)
12:50-1pm  Meas/Modeling (results presented by theme representative)
1pm—2pm Room 375 Discussion in main audience (Lunch is provided.)
Workshop summation
2:00pm Adjourn
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Seminar Abstracts

Wireless Integrated MicroSystems (WIMS)
Coming Revolution in the Gathering of
Information

Ken D. Wise
Engineering Research Center for Wireless Integrated

MicroSystems
The University of Michigan

Wireless integrated microsystems promise to
become pervasive during the coming decade in
applications ranging from health care and envi-
ronmental monitoring to homeland security.
Merging micropower embedded computing,
wireless interfaces, and wafer-level packaging with
microelectromechanical systems (MEMS), the
resulting button-sized modules will serve as smart
information-gathering nodes that will effectively
wire the planet, extending communication net-
works to a wide range of new information-gath-
ering applications. Target specifications for these
microsystems include a size of <lcc, a power dis-
sipation of <1mW, and a range from 1cm to 1km.
Such devices will be built on generic platforms
that are digitally compensated and self-testing,
customized by software and by front-end sen-

sor selection. This talk will discuss two emerging
microsystems. A family of chronically-implant-
able neural prostheses integrates high-density
three-dimensional microelectrode arrays with
embedded signal processing and wireless telem-
etry, offering hope for the treatment of deafness,
paralysis, epilepsy, and Parkinson’s disease. These
microsystems represent an electronic interface to
the central nervous system at the cellular level.

A wristwatch-size environmental monitor is also
being developed to measure pressure, tempera-
ture, humidity, position, and air purity. Employing
nanotechnology, the microsystem includes an
integrated gas chromatograph capable of analyz-
ing complex gaseous mixtures with sensitivities
in the part-per-trillion range, offering exciting
possibilities for enhancing homeland security and
reducing global pollution.

Research Directions in MEMS

Martin A. Schmidt
Massachusetts Institute of Technology

This talk begins with an overview on the
current status of the MEMS field. Following this,
we preview future directions. These future direc-
tions are cast in the context of area where MEMS
technology plays an ‘enabling’ role: making it pos-
sible to do something not attainable at a larger
scale. Examples in this domain include low-power
wireless devices, microfluidic applications, and
power MEMS. The manufacturing issues in this
technology are also discussed.

A Review of Nanofabrication Efforts and
Challenges

Jun Jiao

Physics Department, Portland State University

In this talk, the most common methods used
currently for synthesizing the building blocks for
nanodevices and nanosystems were reviewed.
The combination of “bottom-up”, “top-down”,
and “self-assembly” was described as the main
theme for developing integrated nano-scale sys-
tems. The example approaches provided by the
participants of the workshop were demonstrat-
ed. The efforts summarized include (1) in-situ
growth of carbon nanotubes and nanowires on
designed specifications by chemical vapor deposi-
tion or by vapor-phase transport mechanism, (2)
layer-by-layer putting down of nanoscale thin
films, electrodes, and interconnectors, as well as
other types of structural morphologies by means
of electron beam lithography, soft lithography,
and nano-imprinting, (3) creating inorganic/
organic materials with nano-interface and func-
tionality by self-assembling monolayers. It was
also pointed out that to make nanoscale devices as
reproducible and controllable as conventional sili-
con systems-on-chip requires seamless coordina-
tion and collaboration among partners from mul-
tiple disciplines. The challenge issues discussed
include 1) synthesis methodologies, ii) materials
characterizations, 1ii) analytical tool development
such as how to design the appropriate tools with
the ability to directly image and characterize the
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structures, defects, and interfaces in nanometer-
scale and quantitatively measure their properties,
and iv) computational modeling in particular in
the area of developing computationally tractable
strategies for modeling the assembly process of
the nanoscale systems.

MEMS for Biomedical Applications

Bill Tang
University of California at Irvine

The worldwide cost for healthcare, esti-
mated at US$2 trillion, is one of the strongest
motivations to develop alternatives to the exist-
ing healthcare system. One of the alternatives is
to decentralize healthcare by employing a broad
range of enabling technologies. These technolo-
gies allow substantial cost reduction and minia-
turization of conventional diagnostic equipment,
prosthetic devices, and administration of thera-
peutics, as well as networked real-time moni-
tors to enable at-home point-of-care. The use of
MEMS and future advances in MEMS can stra-
tegically reach these goals. Current development
of BloMEMS can be categorized into in-vivo and
in-vitro uses, each of which is associated with a
different set of requirements and design approach-
es. Common to both categories are the use of a
broad range of materials other than silicon, hybrid
integration, sensing and control at the molecular
scale, and the continued exploration of new sens-
ing mechanisms.

Challenges and Opportunities in Biological
Systems Analysis and Design

Costas D. Maranas
Pennsylvania State University

In this talk, we will discuss the application
of systems engineering methodologies to address
modeling and optimization challenges arising
in protein and pathways engineering. In pro-
tein engineering, directed evolution methods are
widely employed to combinatorially evolve pro-
teins with improved properties for a wide range
of applications. A computational framework using
mean field energy calculations will be presented
for identifying what patterns of recombination

events and/or mutations are likely to give rise to
functional protein hybrids. In the second part of
the talk, we will explore the use of bilevel opti-
mization to suggest metabolic networks modifica-
tions that lead to targeted overproduction. We will
also present a framework for efficiently analyzing
the topological properties of genome-scale stoi-
chiometric models revealing partial, total or even
directional couplings between different reactions
under a variety of conditions.

Dynamics and Control of Thin Film
Microstructures

Panagiotis Christofides
University of California at Los Angeles

We recently proposed a novel method for
multivariable feedback control of surface rough-
ness and growth rate in thin film growth using
multiscale distributed models. To demonstrate
our method, we used the process of thin film
growth in a stagnation flow geometry and con-
sidered atom adsorption, desorption and surface
migration as the three processes that shape film
micro-structure and determine film growth rate.
A multiscale model that involves coupled partial
differential equations (PDEs) for the modeling of
the gas phase and a kinetic MC simulator, based
on a high-order lattice, for the modeling of film
growth, was used to simulate the process. Using
our method, a roughness and growth rate estima-
tor was constructed that allows computing esti-
mates of the surface roughness and growth rate at
a time-scale comparable to the real-time evolu-
tion of the process. The estimator involves kinetic
MC simulators based on small-lattice models,
adaptive filters used to reduce stochastic fluctua-
tions of the small-lattice MC simulator outputs
and measurement error compensators used to
reduce the error between the estimates and mea-
surements. A multivariable feedback controller,
which uses the state estimator and explicitly com-
pensates for the effect of input/output interac-
tions, was designed to simultaneously regulate the
growth rate and surface roughness by manipu-
lating substrate temperature and inlet precursor
mole fraction. Application of the proposed control
system to the multiscale process model demon-
strated successful regulation of the surface rough-
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ness and growth rate to the desired set-point val-
ues. The developed method was also used to con-
trol surface roughness and growth rate of GaAs
(001) thin films produced by MOCVD using an

experimentally-validated kinetic MC model.

Modeling Transport in Micro and
Nanofluidic Devices

A. T Conlisk
Ohio State University

In this presentation we outline the vari-
ous methods modeling flow and transport of
ionic and biomolecular species at the micro and
nanoscale. It is well known that the volume flow
rate varies linearly with channel height for elec-
trically driven flow in contrast to pressure driven
flow which varies as height cubed. This means
that very large pressure drops are required to
drive flows in small channels thus making elec-
troosmotic flow the method of choice for flows
in channels of the order of Tum or less. In par-
ticular we review what can and cannot be done
in the way of modeling and experimentation at
the micro and nanoscale. For example, velocity,
temperature and concentration profiles cannot be
measured at nanoscale thus making the develop-
ment of accurate models of complex transport
phenomena even more important. Both liquid
and gas flows are reviewed. Comparisons of our
continuum modeling results with experimental
data for channels as small as seven nanometers
reveals that continuum models are very accurate
in predicting global parameters such as flow rate
even for small biomolecules such as albumin and
glucose. Comparisons of continuum and molecu-
lar dynamics simulations at a channels height of
three nanometers are also described.

Micro and Nano-Scale Systems for the
Acquisition of Chemical and Biochemical
Information

Mike Ramsey
Oak Ridge National Laboratory

Tremendous interest in microfabricated flu-
idic channel structures (microchips) has grown
over the past decade due to the large number

of powerful demonstrations that have appeared
in the literature. The diversity of chemical and
biochemical measurement techniques imple-
mented on microchips is large including various
electrophoretic and chromatographic separations,
chemical and enzymatic reactions, noncovalent
recognition interactions, sample concentration
enhancement, and cellular manipulations. In addi-
tion the types of samples addressed by microchips
has been broad in scope, e.g., small ions and mol-
ecules, single and double stranded DNA, amino
acids, peptides, and proteins. These devices have
low cost and small footprints while consuming
miniscule quantities of reagents and producing
rapid results. Moreover, the manufacturing strat-
egy used to make these devices, i.e., photolithog-
raphy, allows highly parallel systems to be fabri-
cated at low incremental cost. All of these fea-
tures suggest the possibility to perform chemical
experimentation at a massive scale at low cost on
a bench top. More recently we have been inves-
tigating the prospects of shrinking channel lateral
dimensions by a factor of 1000, i.e., to molecular
length scales. A number of interesting capabilities
are possible with nanoscale channels and pores
including the structural characterization of single
molecules. Fundamental studies of electroki-
netic fluid transport in nanoconfined spaces have
been investigated allowing the first experimental
benchmarking of continuum theories for such
phenomena that were developed decades ago. In
addition, potential applications of devices with
100 nm features have been demonstrated. We

are also investigating the possibilities of shrink-
ing mass spectrometry to the palm-of-the-hand
size. Examples will be presented showing various
chemical and biochemical experiments that have
been successtully transferred to these miniature
platforms. Prospects for the future will also be
discussed.

Design and Engineering of Nanoscale
Bio-Molecular Devices and Systems

Anantha Krishnan
Program Manager, Defense Sciences Office
Defense Advanced Research Projects Agency

Ongoing research in nanotechnology is start-
ing to demonstrate controlled fabrication of high
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quality nanostructures (nanoparticles, nanotubes,
nanopores, etc.) that are capable of interacting
with biology at the molecular scale. Significant
recent accomplishments in biology and surface
chemistry have also demonstrated programmed
assembly of engineered molecular structures with
excellent control on spatial distribution and ori-
entation. Biological systems show remarkable
sensitivity, specificity and efficiency due to the
selective evolution of molecular mechanisms over
millions of years. It is anticipated that the engi-
neering of hybrid molecular assemblies involving
bio-molecules would enable the exploitation of
these unique aspects of biological systems while
affording the control that is possible through
nanotechnology. The development of novel
biotic-abiotic interfaces will lead to ‘smart’ bio-
molecular assemblies with new functionalities
(e.g., nano-sensors, NANO-power generators, Nano-
chemical factories, etc.) and significant advan-
tages (over conventional engineering systems) in
terms of size, power consumption, efficiency and
ease of fabrication. This would also enable ‘smart’
large-scale integrated systems consisting of several
such devices that demonstrate the attributes of
automated adaptivity/reconfigurability, feedback
control, fault tolerance and compensation at the
system scale.

Current DARPA programs are focusing on
methodologies for designing, fabricating and
demonstrating different kinds of novel bio-molec-
ular assemblies that form transducing elements
between chemical, electrical, optical and mechani-
cal phenomena. These would typically result in
many functions at the molecular scale such as
chemically induced nano-mechanical motion,
optically/electrically induced chemical synthesis,
chemically induced optical/electrical report-
ing mechanisms, etc. The ability to control and
manipulate (i.e., address) these functions at the
molecular scale as well as the ability to integrate
several such devices to form larger scale systems
are of primary interest. The programs are specifi-
cally targeting issues such as, (i) the identification
of candidate bio-molecular devices and systems
of interest, (i1) the determination of unique
advantages (versus the current state-of-the-art)
that these devices offer in terms of performance,
cost, functionality, etc., (ii1) the extraction of bio-

molecular devices from their natural environment
without significant loss of performance, (iv) the
engineering of these devices to realize new func-
tionalities, and (v) the development of technolo-
gies to enable the large-scale integration of these
bio-molecular nano-devices into systems.

Research in these areas is expected to lead to
unique multi-disciplinary technologies that enable
novel bio-molecular assemblies and a new gen-
eration of nano-devices/systems that will have a
revolutionary impact on almost every discipline,
especially health monitoring, wirelessly addressed
implantable devices for drug delivery and cell/
tissue repair, biological/chemical agents and
explosives/mines detection, energy conversion,
bio-catalysis, bio-engineered materials, molecular
computing/information processing systems, etc.

Workshop Report from NSF Nano-Scale
Systems, Dynamics and Control, ACC 2003

Metin Sitti
Carnegie Mellon University

This presentation contains the findings of’
the first NSF workshop on the newly emerging
area of nano-scale systems, dynamics and control.
This workshop brought together many leading
researchers from various disciplines and back-
ground for discussing the current status, future
research directions, and potential applications of
this new field. After giving a general background
on nano-scale dynamics and systems, research
problems and open issues related to Scanning
Probe Microscopy dynamics and controls,
nano-manipulation systems, directed self-assem-
bly, nano-manufacturing, micro/nano-robot-
ics, nano-electromechanical sensors and devices,
micro/nano-electromechanical systems integrated
with biological entities, and nano-scale human-
machine interfacing are discussed. Next, current
and future educational initiative possibilities are
addressed. Finally, promising future directions and
challenges are summarized.
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Appendix II: Participant Quad Charts Organized by Theme Areas

Biological (or Biomolecular/Biochemical) and Chemical Systems on Micro/Nano-Scales

Paul Barton, IMIT ... 20
Greg Chirikjian, Johns Hopkins University ............ccocciiiiiiiniiiniiiiiic e 21
Panagiotis Christofides, UCLA ...t 22
Chris Dube, Charles Stark Draper Laboratory .............ooeiiiiiiiiiiiiiiee 23
Allison Ficht, Texas A&M University HSC ... 24
Costas Maranas, PENI State ....oo.ieniiiiiit e 25
Nitish Thakor, Johns Hopking University..........ccccceiiiiiiiiiiiiiieeeiiiiiiiiieee e 26
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Integrated microchemical systems for fuel processing applications

Prof. Mayuresh Kothare, Khaled Al-Fadhel, Leonidas Bleris, Samrat Mukherjee and Ashish Pattekar CHE""&:‘}ﬂ'—()EﬁS(‘,EFW'“‘{
RING & APPLIED SC

A microreactor for methanol reforming Design & Fabrication of a Membrane Micro-Reactor

= Catalytic methanol steam reforming for hydrogen production Iniet
> Hydrogen delivery system for PEM fuel cell power systems Goal - Design and fabrication of a packed bed membrane micro-reactor for the purpose of cleaning up
the effluent of the reformer before feeding to the fuel cell. The reformer effluent contains carbon

+ Reaction Scheme: (Using Cu/ZnO/Al,0, as catalyst) monoxide which poisons the fuel cell catalyst.
The membrane micro reactor consists of a palladium based membrane for hydrogen separation and a
Oftlet

CH,OH + H,0 — €O, + 3H, commercial packed bed catalyst for Water-Gas Shift Reaction.

e 2
CH;0H €o + 2H, Microchannel network design Schematic

—
€0, + H, "°° €O + H,0 = Sweep Ga: Sweep Gas + H, === >

- Bas outlet Gas inJe! ? > Silicon Support Structure Membrane
20 WattFuel Cell 0.3721 gmol/hrH, flow rate = s Packed Bed | m— - Pyrex

Photograph of fabricated

- Micro Channel
9 S
0.1536 gmoi/hr methanol at 85 % conversion Silicon

2.038 Watt power required for endothermic reaction

Simulation resuits: gas flow velocity Collection Silicon support structure — Micro beams
The experimental set-up The microchannel reactor magnitude (m/s) Chamber
. i ) The Pd/Ta/Pd membrane is 1 um thick and is suspended on a micro-machined
Cotlystpatices n mrochanels  panevar, . o . iamare, s meroreacor forstogen | silcon support. The system Is packaged with glass (pyrex). The catalyst is to be
microefectromechanical systems (in press) ground to 40-50 um before being packed into the channel. Channel walls
Pattekar, A., and M. Kothare, "Microreactor and method of . -
use to prodice hycrogen by methanol reforming’ Patent Fabrication Steps
ing

Microfluidic interconnects _ ﬁ ﬁ

o - cex Silicon vafer with Oepositad/patterned Ta Pattarned photoresiston
age of interconnect SEM image of ] - o e o epeske
le) and [b] Chgnnel side microchannels/filter r

Etched hak vay using DRIE  geched through til oxide Dry atched (RIE) to
2 then removed etcheston ove oxide & nitride,
and deposited Pd

... packaged by anodic bonding glass wafers &
connected teflon tubes for micro fluidic
connection

Pattekar, A., and M. Kothare, "Novel microfluicic interconnectors for high temperature and
pressure applications' Journaf of and ing 13:337-345 (2003)

H, - 60-70%
€O -1.5%

Mathematical Modeling of Vaporizer FORTARg Menbrane Dynamics and Control of
Membrane Microreactors ey ol Microchemical Systems

Reactor
Modeling Challenges
e Unique geometry ( full dimensionality ) 3
ab Coupling between momentum, heat and mass transfer 5 H,0, CO, & ppm
ab Large degree of non-linearity ( reaction, permeation,...) p A level CO & CH3OH
ah Significance of secondary effects ( slip, temp. jump,...) =
ah Physics of microchemical systems is not well understood
Microfluidic Flow : e ’ Proper Orthogonal Decomposition (POD)
Study the effects of size reduction Simplified general modeling approach

v
< " . ¥ i i Proposed model based controller using POD
<, iicorporats permention &veloclty S S ?gféﬁfiﬁi Ao Ra iR ba 1. Obtaln the eigenfunctions of the FEM simulation results by means
v Provide analytical expression for (AP) Variable volume & non-elementary of ‘PO‘D e desiratl z
. 2 = - - 3 Calculate the desired eigenfunctions

¥+ iExcellent liniito)preylousjwaic ‘ reversible reactions Minimize “error” cost by adjusting the boundary conditions under the
Meaningful concentration profiles with less constraint of invariant eigenvectors (q: denotes temporal or spatial
boundary conditions - eigenfunctions)

Dynamics: Finite Element Method (FEM) simulations of PDEs
Control: Distributed Parameter Systems (DPS) control
Flow, heat transfer, pressure and reaction control
Controllers for the manufacturing process
Need for an efficient embedded controller

Mass balance : Heat transfer:

Effects of Knudsen Number : Hybrid Embedded
Cross-sectional Inlet velocity profile / ( I Model Predictive Controller

Micro-controller hosting:
SiS0s Non-isothermal flow:

I Hybrid: Controller switches to proportional
close to the set point
Reduced precision and logarithm number
system arithmetic are used for the implementation

LEHIGH

UNIVERSITY
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