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The National Science Foundation
@ = 4201 Wilson Boulevard
Arlington, Virginia 22230, USA

October 1, 2011
Dear US-Japan Workshop Participant,

I would like to extend my personal welcome to Berkeley and to the U.S.-Japan Workshop on Bio-
inspired Engineering of Next-Generation Sensors and Actuators. You have been specially selected to
participate in the workshop due to your leadership position in the biology and engineering fields and
because of your distinguished record of unyielding commitment to international collaborations. The
workshop chairs, Professor Takehiko Kitamori, University of Tokyo (Japan), Professor Yoshinobu Baba,
University of Nagoya (Japan), Professor Masayoshi Tomizuka, University of California Berkeley (U.S.),
and Professor Jerome P. Lynch, University of Michigan (U.S.) have done an excellent job planning our
workshop activities. 1 am personally excited by the intellectual challenges we will explore together.
Undoubtedly, the detailed U.S.-Japan research agenda that you will craft during the workshop will result
in the creation of an empowered U.S.-Japan research community engaged in the advancement of bio-
inspired technologies.

The most successful workshops are the ones that produce outcomes of high intellectual value and broad
societal impacts. Undoubtedly, the organizers of this workshop have worked hard toward ensuring you
collectively achieve a set of workshop outcomes distinguished by the highest level of quality. Towards
this end, follow-up actions are already planned to ensure the workshop outcomes have broad-based
impacts on the scientific community specifically, and societies across the Pacific in general. But clearly,
whether this workshop will be considered a big success or failure will all depend upon three critical
elements: 1) how serious you are about promoting an open discussion on the future challenges of BSBA
technologies, 2) the level of preparation you diligently provide before the workshop, and 3) the
concentrated focus you offer during all workshop deliberations which do not strictly represent your own
individual R&D interests. I am confident that you will provide a level of commitment that not only
meets the workshop objectives but that far exceeds them.

The workshop objectives are clearly identified and work plans are delineated in these workshop
proceedings. In particular, the success of the workshop depends upon you being completely engaged in
the discussions planned for the break-out sessions. I ask that you provide the break-out session chairs
and recorders with assistance in preparing presentation materials and content for a paper each working
group is being asked to prepare. In addition, each working group will be requested to formulate one (but
not more than two) grand challenge problem/opportunity statements upon which future U.S.-Japan bio-
inspired research initiatives can be built to advance technology innovation for the improvement of our
large societies.

Again thank you for your participation and contributions - I am very much looking forward to working
with you and engaging in exciting dialogue with you in the coming days.

Shih-Chi Liu, Ph.D.

Program Director, Sensors & Sensing Systems (SSS)
Civil, Mechanical & Manufacturing Innovation (CMMI)
National Science Foundation

email: sliu@nsf.gov

http://www.eng.nsf.gov/cmmi




US-JAPAN WORKSHOP ON BIO-INSPIRED ENGINEERING OF
NEXT-GENERATION SENSORS AND ACTUATORS

Bechtel Engineering Center, University of California, Berkeley
November 12-13, 2011

WORKSHOP AGENDA

Friday, November 11:
6:00 pm Welcome Reception
Hotel Durant

Saturday, November 12:

7:30 am Registration (Bechtel Engineering Center, UC Berkeley)
Continental Breakfast

8:15 - 8:30 am Welcome & Introductions (Sibley Auditorium)
Dr. Hideo Nakajima, Deputy Director, [ST
Dr. S. C. Liu, Program Director, NSF
Prof. M. Tomizuka, Associate Dean, University of California Berkeley
Prof. T. Kitamori, Dean, University of Tokyo

8:30 - 9:00 am Keynote Presentation #1
Prof. Takehiko Kitamori, University of Tokyo
“Creation of fluid engineering in extended-nano space and development
of novel devices using its unique properties”

9:00 - 9:30 am Keynote Presentation #2
Prof. Morteza Gharib, California Institute of Technology
“Lessons for bio-inspired design: morpho-dynamics of the embryonic
heart”

9:30 - 10:00 am Keynote Presentation #3
Prof. Akira Mita, Keio University
“From smart building to biofied building”

10:00 - 10:30 am Coffee Break

10:30 - 11:00 am Keynote Presentation #4
Prof. Mark Nelson, University of Illinois Urbana Champaign
“Biological sensory acquisition strategies in electric fish”

11:00 - 11:30 am Keynote Presentation #5
Prof. Yoshinobu Baba, University of Nagoya
“Grand challenge: nanobiodevice for future personalized medicine and
evidence based healthcare”
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11:30 - 12:00 pm

Keynote Presentation #6

Prof. Gerard Marriott, University of California Berkeley

“Design and optimisation of synthetic and genetically-encoded optical
switches for high-contrast imaging and reversible manipulation of
biological system”

12:00 - 1:00 pm Lunch (Box lunch) and Student Poster Session (Lounge area)
1:00 - 1:30 pm Keynote Presentation #7
Prof. Tomokazu Matsue, Tohoku University
“Highly-sensitive electrochemical imaging for biosensing”
1:30 - 2:00 pm Keynote Presentation #8
Prof. Robert Full, University of California
“Cautions on extracting principles from nature to inspire the design of
sensors and actuators”
2:00 - 3:00 pm Break-out Session #1 (Sibley /Rm 205A /Rm?240)
Participants - 3-minute Introduction
3:00 - 3:30 pm Coffee Break
3:30 - 5:30 pm Break-out Session #2 (Sibley /Rm 205A / Rm240)
Initiation of Discussions
6:30 - 9:00 pm Banquet (Seaborg Room, Faculty Club)
Sunday, November 13:
7:30 Continental Breakfast
8:15 - 8:30 am Welcome & Introductions (Sibley)
Prof. Y. Baba, Professor, University of Tokyo
Prof. ]. P. Lynch, Associate Professor, University of Michigan
8:30 - 9:00 am Keynote Presentation #9
Prof. Yasuteru Urano, University of Tokyo
“Rational development of activatable fluorescence probes for in vivo
medical imaging”
9:00 - 9:30 am Keynote Presentation #10

Prof. Edward Yeung, DOE Ames Laboratory / lowa State University
“Biosensing based on single nanoparticles and nanorods”



9:30 - 10:00 am Keynote Presentation #11
Prof. Toshio Fukuda, University of Nagoya
“Micro and nano devices for single cell nano surgery”

10:00 - 10:30 am Coffee Break

10:30 - 12:00 pm Break-out Session #2 (Sibley/Rm 205A / Rm240)
Discussions Continue

12:00 - 1:00 pm Lunch (Box Lunch)
1:00 - 3:00 pm Break-out Session #3 (Sibley/Rm 205A / Rm240)

Grand Challenges Finalized
Preparation of Slides for Closing Session

3:00 - 3:30 pm Coffee Break

3:30 - 4:50 pm Reports from Working Groups (Sibley)
Working Group #1
Working Group #2
Working Group #3

4:50 - 5:00 pm Closing Remarks

Prof. M. Tomizuka, Associate Dean, University of California Berkeley
Prof. T. Kitamori, Dean, University of Tokyo



STUDENT POSTER LISTING

Name Affiliation Poster Title
Daniel Ebert Ohio State | Durable Lotus-effect surfaces with hierarchical
University structure using micro- and nanosized hydrophobic

silica particles

Courtney University  of | Cochlea-based spectral decomposition of signals in

Peckens Michigan resource constrained sensor networks

Donghyeon Ryu | UC Davis Self-sensing poly(3-hexylthiophene)-based
structural coatings inspired by photosynthesis

Evan Chang-Siu | UC Berkeley Active Tail for Improved Robotic Terrestrial
Locomotion Inspired by Lizards

William Stewart | UC Irvine The kinematics of predator evasion by zebrafish

larvae

Xiaofang Gao The University | Creation of a cell-based separation microdevice
of Tokyo using renal tubule cells

Tadahiro The University | Development of a separable microchip toward in

Yamashita of Tokyo vitro construction of a small artery

Takao Yasui Nagoya Label-free biomolecular sensing by combining
University nanowall array and laser diffraction




WORKSHOP INTRODUCTION

Organizing Committee:

Professor Yoshinobu Baba Nagoya University

Professor Takehiko Kitamori The University of Tokyo

Professor Jerome P. Lynch University of Michigan

Professor Masayoshi Tomizuka University of California at Berkeley

I. Introduction

Sensor and actuation technologies play a critical role in the design and construction of
modern engineered systems spanning from industrial machines to large-scale civil
infrastructure systems. Sensors platforms include the sensing transducer and often
signal processing and sensor networking capabilities. Actuation technologies include
actuators, processing units (e.g., controllers) and sensors integrated within a closed-loop
feedback system. Sensors and monitoring systems are widely used to monitor civil
infrastructure systems (e.g., bridges, pipelines, buildings), industrial machines (e.g.,
manufacturing equipment), transportation vehicles (e.g., aircraft, cars, ships), human
health (e.g., blood pressure, biomarker), among many others. Similarly, actuation
systems are used to operate manufacturing equipment, aircraft, among many other
important systems. The past two decades has witnessed an explosion in enabling
technologies such as embedded electronics, wireless communications, miniaturization
technology, nanotechnology and information technology. In particular, the convergence
of many of these technologies into a single platform has had a profound impact on
sensing and actuation technology. While sensing and control technologies continue to
improve in many engineering disciplines, there is a dire need to accelerate the
development of sensing and actuation technologies for the sustainable performance and
functional enhancement of many engineered systems. While physics and chemistry
have historically driven the major advances in sensing and actuation in the 20t century,
comparatively less focus has been paid on biology. This workshop aims to establish a
comprehensive U.S.-Japan collaborative research program that aims to fundamentally explore
how recent advances in the biological fields can be leveraged to engineer the next-generation of
sensors and actuators.

2. Biology-Engineering Reinforcing Loop of Discovery

The field of biology has witnessed unprecedented advances in the past decade due in
large part to the field of engineering which has offered new and powerful means of
observing (i.e.,, sensing) and manipulating (i.e., actuation) biological systems at all
length-scales spanning from the sub-cellular to the ecosystem scale. For example,
powerful microscopic tools have rapidly evolved to a point where cells can be observed,
stimulated and manipulated. Microelectromechanical systems (MEMS) technology has
allowed for the sorting and manipulation of individual cells using microfluidics.
Furthermore, parallel computing platforms and cyberinfrastructure have facilitated the
field’s efforts aimed towards the decoding of the human genome. All of these
technological advances have uniquely positioned biology to ambitiously tackle some of
the major challenges facing society in the 21st century. The National Research Council



(NRC) recently concluded that the field of biology is currently at a major inflection
point. Specifically, new found knowledge of biological systems and processes hold the
key to resolving long-standing issues in food availability, affordable public health
services, sustainable stewardship of the environment, and the creation of renewal
energy sources.! One way biology is addressing these grand societal challenges is by
empowering engineers with new concepts for bio-inspired and bio-mimicked design of
engineered systems. Another way is through the intentional re-design of biological
systems to produce engineering materials and products; such an approach is often
termed synthetic biology.

Biological systems have been proposed for the inspiration of a new generation of sensors
and actuators with performance attributes far surpassing current technologies. The field
of biology offers engineers endless opportunities to devise engineered systems that are
mimicked from and inspired by biological systems. Specifically, nature exhibits a
diverse suite of sensing and actuation mechanisms used to regulate and control
biological systems. Over the past decade, interest in mimicking biological sensing and
actuation mechanisms has grown within many of the engineering disciplines (e.g.,
mechanical engineering, civil engineering, electrical engineering, aerospace engineering,
chemical engineering, computer science and material science). Many early examples
exist of engineers and biologists working in close partnership on the design of new
sensing and actuation technologies. For example, new multifunctional materials with
self-sensing and self-healing attributes have been proposed based on biological materials
that naturally sensing and heal. The spatial-temporal processing of information
naturally handled by neurological networks is being explored to create new approaches
to data compression and information extraction in monitoring and control systems.

The increasingly cohesive partnership between engineers and biologists has resulted in
the formation of a feedback loop of discovery as shown in Figure 1. Engineering has
created new approaches to sensing and control at all length-scales that have
fundamentally advanced the state-of-knowledge in the biology fields by creating
technologies such as high-resolution microscopy, nano- and micro-fluidic systems, man-
made bio-interfaces, and large-scale computational resources, just to name a few. In
turn, the resulting advances in biology are leading to revolutionary advances in
understanding the secrets of biological systems; this new found knowledge makes bio-
inspired and bio-mimicked design possible. Improved sensing and actuation
technologies based on bio-inspiration will ultimately translate into improved
technologies for fundamental biology research. Hence, the feedback loop of discovery
between engineering and biology is self-reinforced.

This workshop aims to bring together experts from the domains of biology and engineering to
identify how this emerging loop of discovery can be utilized to develop the next generation of
sensors and actuators.

! Board of Life Sciences (2009). A New Biology for the 21% Century. National Academies Press,
Washington DC.



BIOINSPIRATION & SYNTHETIC BIOLOGY:
Leverage understanding of biological systems to advance
engineered systems through design inspiration and/or
mimicry. Manipulate biological systems to produce
engineered products and materials.

ENGINEERING:
Utilization of natural sciences to
advance technological solutions

aimed to offer solutions to societal
needs and challenges.

ENGINEERING FOR BIO-DISCOVERY
Take advantage of the engineering principles to create
new and powerful approaches to observing, manipulating
and actuating biological systems.

BIOLOGY:
Study and investigation of
biological systems at sub-cellular,
cellular, and eco-system scales.

\

Figure 1. Self-reinforcing loop of discovery between engineering and biology to have emerged
in the past decade.

3. Broader Context for the Workshop

The U.S.-Japan Workshop on Bio-inspired Engineering of Next-Generation Sensors and
Actuators builds on the momentum that has been growing internationally in bio-inspired
engineering design. The global development of BSBA research communities can be
summarized as follows:

e United States: The U.S. has already taken a bold step forward in cultivating BSBA
research aimed at addressing the growing needs of civil and mechanical
engineering systems. For example, the National Science Foundation’s 2009
Emerging Frontier in Research and Innovation (EFRI) was focused on the
development of BSBA technology for many application areas. In FY09, NSF
funded 12 projects in Bio-inspired Sensing and Bio-inspired Actuation topic area
through the EFRI Program. Since that time, NSF's Sensors and Sensing Systems
Program (Director: Dr. S. C. Liu) has devoted significant resources aimed toward
developing international collaboration in BSBA technology in other regions of
the world. For more information, please visit the following website:
http:/ /www.nsf.gov/eng/efri/fy09awards_BSBA.jsp

e Taiwan: In April 2009, an International Workshop in BSBA Technology was held
in Taipei, Taiwan to identify ways U.S. and Taiwan could partner in BSBA
research and education initiatives. A key outcome of that workshop was the
establishment of a US-Taiwan research program that was supported as
supplemental funding to a number of NSF grantees engaged in BSBA research
with a collaborator in Taiwan. Another key outcome of the workshop was the
establishment of a Summer Institute in BSBA Technology for graduate students
from the US and Taiwan; this is a 5 year institute funded by NSF and the
National Science Council (NSC) of Taiwan.

e China: The US-Sino Workshop on Advanced Sensors and Bio-inspired

10



Technologies was held in November 2010. The workshop resulted in a detailed
research agenda that resulted in a formal joint call for proposals organized by
NSF and the National Science Foundation of China (NSFC) in the early 2011. Itis
anticipated that US-Sino research teams will make revolutionary advances in
BSBA technologies aimed to solve societal issues of common interest to the US
and China.

e Europe: In addition to Asia, NSF is closely coordinating with the European
Science Foundation (ESF) in the establishment of formal collaborations in the
BSBA research area. For example, ESF has recently announced an FY10
EUROCORE program, “EuroBioSAS: Bio-inspired Engineering of Sensors,
Actuators & Systems” which aims to establish a cohesive European research
community in BSBA research. As the EuroBioSAS program gets underway, an
increased level of coordination is anticipated between NSF and ESF.

o Transworld BSBA Forum: With significant momentum building in BSBA research
across the US, Asia and Europe, a Transworld BSBA Forum is being planned by
Professor Adnan Akay, Vice President of Bilkent University, Ankara, Turkey,
and Professor Rahmat Shoureshi, Dean of the School of Engineering and
Computer Science, University of Denver, to bring together BSBA researchers
from the US, Europe, and Asia and their respective national funding agencies
including NSF, NSFC, NSC, JST and ESF. Another key goal of the forum is to
develop a roadmap and/or handbook for BSBA education of students. The
forum is being planned for 2011 in Istanbul, Turkey.

JST has partnered with NSF in the past to explore opportunities to collaborate and
establish joint research projects in the field of sensors and actuators. For example, from
FY2007 to FY2009, the JST has partnered with NSF to offer funding to U.S.-Japan
research teams through a targeted solicitation in “Advanced Integrated Sensor
Technologies.” This program was born out of the U.S.-Japan Workshop on Advanced
Integrated Sensor Technologies for Safe and Secure Societies and Better Quality of Life which
was held in Tokyo in 2007 through support offered by NSF and JSPS (Japan Society for
Promotion of Science). For more information regarding this workshop, please check:
http://www.jst.go.jp/inter/english/project/country/usa.html. Two common threads
evident in the discussions of that workshop was the need to leverage sensing
technologies to improve the quality of life while enhancing the security and safety of
both societies. Similar to the success of the U.S.-Japan Workshop on Advanced Integrated
Sensor Technologies for Safe and Secure Societies and Better Quality of Life, the U.S.-Japan
Workshop on Bio-inspired Engineering of Next-Generation Sensors and Actuators is intended
to lead to coordinated activities between NSF and JST that support the new modes of
U.S.-Japan collaborations within the BSBA field.

4. Workshop Goals:

The U.S.-Japan Workshop on Bio-inspired Engineering of Next-Generation Sensors and
Actuators is expected to produce a comprehensive vision statement on how the biology-
engineering loop of discovery can be leveraged to create a new generation of sensors
and actuators designed and fabricated by bio-inspired, bio-mimicked, and synthetic
biology principles. Broadly termed bio-inspired sensors and bio-inspired actuators
(BSBA), this new generation of sensors and actuators are intended to translate the
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revolutionary advances in biology into solutions that are aimed at addressing societal
grand challenges including, but not limited to:

e Design of sensors and actuators that emulate biological sensors including ultra-
compact devices that operate on minimal power yet provide superior levels of
resolution and sensitivity. Such sensors could be used to monitor civil
infrastructure while actuators can be used in the feedback control of various
mechanical systems including machines and aircraft.

e Creation of new multifunction materials which are more durable and sustainable
for civil infrastructure systems and engineered commercial products. Such
materials would not only have superior mechanical attributes, but also possess
self-sensing and self-healing capabilities.

e Development of low-cost biological sensors that can be deployed in public health
systems to ensure the general population can access affordable but high quality
medicine.

e Advancement of collective intelligence principles found in biological ecosystems
to create new paradigms for the processing of distributed sets of data collected
by monitoring systems.

e The creation of bio-medical devices that can be implanted in and attached to
human beings for sensing and control of organs and internal systems that
prolong life and improve human quality of life. External actuators and feedback
control systems can be used to enhance physical therapy of injured patients.

To tackle these grand challenges, the workshop has invited delegates working at the
forefront of discovery in Japan and the U.S. The interdisciplinary complexity of bio-
inspired sensing and bio-inspired actuation (BSBA) requires a large and diverse team of
researchers to tackle. Hence, the workshop participants have been selected from many
different fields of specialization including evolutionary biology, molecular biology,
biochemistry, chemistry, civil engineering, electrical engineering, mechanical
engineering, bioengineering, mathematics, medicine and architecture. The participants
of the two-day workshop are given the following four overarching goals to work
towards:

e To understand the current state of research and educational activities in the
multidisciplinary field of BSBA technologies in the U.S. and Japan, in particular,
from the viewpoint of applying them to enhance the performance and resiliency
of civil and mechanical systems, improve public health, and to generally improve
the quality of life of both nations.

e Identify and define critical technological bottlenecks associated with current
sensing and actuation technologies that would benefit from the paradigm-shift
associated with BSBA approaches to technology development.

e Identify joint research projects and multidisciplinary, trans-Pacific research
teams for collaborative research in the development and use of BSBA technology
to specifically address the critical bottlenecks identified by the workshop
participants.

e Formulate a strategy for securing funding in the U.S. and Japan to sustain the
existence and further growth of nascent U.S.-Japan research teams.
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5. Workshop Activities:

The two-day workshop will begin the first day with 12 keynote presentations given by
the Japanese and U.S. experts in the thematic areas of the workshop. Each keynote
presentation will be 30 minutes long. In the late afternoon of the first day, the workshop
will be devoted to deep discussion and dialogue between the U.S. and Japanese
researchers to identify the current state of research and knowledge in the two countries
as well as to facilitate direct trans-Pacific exchange of information on research and/or
educational activities in the BSBA field. The invited workshop participants (including
students and early career researchers) and invited international observers will be
divided into three working groups with each group given the direction to discuss,
deliberate and formulate research and educational plans to address the workshop
objectives. Each working group will have multi-disciplinary representations from
chemistry, material sciences, biology, aerospace, civil and mechanical engineering and
will have two co-chairs (one from Japan and the other from the U.S.) and one reporter.
On the second day of the workshop, each group will continue discussion and prepare a
summary, and the reporter of each group will present the summary at the final plenary
session. Findings of the three working groups will be consolidated into a single
resolution. This resolution will include plans for follow-up activities to be jointly
overseen by JST and NSF.

Each breakout sessions will address the following questions over two days:

1. Assessment of the Current State-of-the-Art [Day 1]: Before the groups can discuss a
specific research agenda, an inventory of biological knowledge and technological
bottlenecks must first be created. These questions seek to identify societal
problems for which current sensors and actuators fail yet are ripe for the
adoption of BSBA solutions.

a. What sensing and actuation principles of biological systems exceed the
performance of engineered sensors and actuators? Are these biological
systems able to be mimicked or leveraged to achieve a new generation of
sensors and actuators?

b. What are the current technological bottlenecks in sensing and actuation
that current technologies do not currently overcome? Can biological
principles be adopted to overcome these limitations?

c. How do these technological bottlenecks impact the quality of life in
society? Which technological bottlenecks can most benefit from the
adoption of BSBA technology?

2. BSBA Research Roadmap Development [Day 1/2]: What is the next step? Given the
identified limitations associated with current technologies, how do we capitalize
on the tremendous untapped potential of Dbio-inspired technologies to
revolutionize our approach to technology advancement?

a. What are the grand challenges for research in BSBA technology?

b. Identify examples of fundamental research issues and general research
areas that will benefit from BSBA research collaboration. Provide specific
examples of proposed bio-inspired research topics.

c. In overcoming the identified grand challenges, what is the anticipate
impact on society, quality of life and the future of the engineering field?
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d.

What are the institutional barriers and field biases that exist which
currently limit the cross-fertilization of ideas between engineering and
the natural science? What can both fields do to reduce or outright
eliminate such barriers?

3. Development of a Structured JST-NSF Collaboration [Day 2]: How can NSF and JST
create a collaborative research and education program that seeks to accelerate the
development of BSBA technology in the U.S and Japan?

a.

b.

What factors warrant international collaboration in BSBA technologies?
What are realistic expectations for a trans-Pacific multi-disciplinary
collaborative program in BSBA technologies?

Are there barriers in place that prevent successful long-term
collaboration?

What high risk-high reward areas in BSBA should funding agencies
emphasize in future funding opportunities?

How can a jointly funded BSBA program build and connect (link) a
strong and resilient BSBA R&D community on each side of the Pacific for
the creation of mutually profitable advanced bio-sensor technology
enterprises?

Are the U.S. and Japanese educational systems well equipped to generate
a work force of the 21st century well equipped for BSBA research and
industrial implementation?

How can NSF-JST jointly fund BSBA education programs that enhance
the education of future undergraduate and graduate students?
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WORKSHOP PARTICIPANTS

U.S. Delegates

Name Title Affiliation Email

Bharat Bhushan | Professor | Mechanical Engineering, bhushan.2@osu.edu
Ohio State University

Shantanu Associate | Electrical and Computer shantanu@egr.msu.edu

Chakrabartty Professor | Engineering,
Michigan State University

Evan Chang-Siu | Graduate | Mechanical Engineering, evancs@gmail.com
Student UC Berkeley
Daniel Ebert Graduate | Mechanical Engineering,
Student Ohio State University
Alison Flatau Professor | Aerospace Engineering, aflatau@umd.edu
University of Maryland
Robert J. Full Professor | Integrative Biology, rifull@berkeley.edu
UC Berkeley
Morteza Gharib | Professor | Aeronautic Engineering, Caltech | mgharib@caltech.edu
Yingzi Lin Assistant | Industrial Engineering, yilinneu@gmail.com
Professor | Northeastern University
Shi Chi Liu Program | National Science Foundation sliu@nsf.gov
Director
Yang Liu Research | Civil and Environmental | yaliu@umich.edu
Fellow Engineering, =~ University = of
Michigan
Kenneth Loh Assistant | Civil and Environmental kjloh@ucdavis.edu
Professor | Engineering
UC Davis
Jerome P. Lynch | Associate | Civil and Environmental | jerlynch@umich.edu
Professor | Engineering, = University = of
Michigan
David Ma Associate | Civil and Environmental | tianwei@hawaii.edu

Professor | Engineering,
University of Hawaii

Gerard Marriott | Professor | Bioengineering, UC Berkeley marriottl@berkeley.edu

Matt McHenry | Assistant | Ecology & Evolutionary Biology, | mmchenry@uci.edu
Professor | UC Irvine

Mark E. Nelson | Professor | Beckman Institute, University of | m-nelson@uiuc.edu
llinois at Urbana-Champaign

Manual Palacio | Research | Mechanical Engineering, Palacio.1@osu.edu
Scientist Ohio State University

Courtney Graduate | Civil and Environmental cpeckens@umich.edu

Peckens Student Engineering,

University of Michigan

Mike Philen Assistant | Aerospace Engineering, mphilen@vt.edu
Professor | Virginia Tech

Donghyeon Ryu | Graduate | Civil and Environmental | dhryu@ucdavis.edu
Student Engineering, UC Davis

Billie Spencer Professor | Civil and Environmental | bfs@uiuc.edu
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Engineering, UIUC
William J. | Graduate | Biology, wstewart@uci.edu
Stewart Student UC Irvine
Masayoshi Professor | Mechanical Engineering, tomizuka@me.berkeley.edu
Tomizuka UC Berkeley
Ming Wang Professor | Civil and Environmental | Mi.Wang@neu.edu
Engineering,
Northeastern University
Ian White Assistant | Bioengineering, ianwhite@umd.edu
Professor | University of Maryland
Edward Yeung | Professor | Chemistry, DOE Ames Lab and | yeung@ameslab.gov
Iowa State University
Xiong (Bill) Yu | Assistant | Civil Engineering, xxy2l@case.edu
Professor | Case Western Reserve University
Susan Zhou Assistant | Chemical Engineering, szhou@wpi.edu
Professor | Worcester Polytechnic Institute
Japan Delegates
Name Title Affiliation Email
Yoshinobu Baba | Professor Applied Chemistry, babaymtt@apchem.nagoya-
Nagoya University u.ac.jp
Toshio Fukuda | Professor Mechanical Engineering, fukuda@mein.nagoya-u.ac.jp
Nagoya University
Xiaofang Gao Ph.D Applied Chemistry, The gao@icl.t.u-tokyo.ac.jp
Student University of Tokyo
Itaru Hamachi Professor Synthetic Chemistry and ihamachi@sbchem kyoto-u.ac.jp
Biological Chemistry,
Kyoto University
Noritada Kaji Assistant Applied Chemistry, kaji@apchem.nagoya-u.ac.jp
Professor Nagoya University
Yutaka Kazoe Assistant Applied Chemistry, kihjang@icl.t.u-tokyo.ac.jp
Professor The University of Tokyo
Takehiko Professor Applied Chemistry, kitamori@icl.t.u-tokyo.ac.jp
Kitamori The University of Tokyo
Masahiro Assistant Disaster Prevention kurata.masahiro.5c@kyoto-
Kurata Professor Research Institute, Kyoto u.ac.jp
University
Tomokazu Professor Environmental Studies, matsue@mail kankyo.tohoku.ac
Matsue Tohoku University jp
Kazuma Associate Applied Chemistry, kmawatari@icl.t.u-tokyo.ac.jp
Mawatari Professor The University of Tokyo
Akira Mita Professor Architecture/Systems mita@sd.keio.ac.jp
Engineering, Keio
University
Keisuke Associate Mechanical Systems | morisima@cc.taut.ac.jp
Morishima Professor Engineering, Tokyo

University of Agriculture
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and Technology

Tomonori Assistant Civil Engineering, nagayama@bridge.t.u-
Nagayama Professor The University of Tokyo tokyo.ac.uk
Hideo Nakajima | Deputy Department of | h3nakaji@jst.go.jp
manager International Affairs, JST
Daisuke Research Applied Chemistry, d-onoshima@pme.coe.nagoya-
Onoshima Scientist Nagoya University u.ac.jp
Mihoko Otake Associate Research into Artifacts, otake@race.u-tokyo.ac.jp
professor Center for Engineering,
The University of Tokyo
Kenji Sueyoshi Assistant Material Chemistry, Kyoto | sueyoshi@anchem.mc.kyoto-
Professor University u.ac.jp
Madoka Takai Professor Material Engineering, takai@mpc.t.u-tokyo.ac.jp
The University of Tokyo
Kyoko Member Department of k2tsukam@jst.go.jp
Tsukamoto International Affairs, JST
Yasuteru Urano | Professor Graduate School of uranokun@m.u-tokyo.ac.jp
Medicine,
The University of Tokyo
Tadahiro Ph.D Applied Chemistry, The yamashita@icl.t.u-tokyo.ac.jp
Yamashita Student University of Tokyo
Kenji Yasuda Professor Biomedical Information, yasuda.bmi@tmd.ac.jp
Tokyo Medical and Dental
University
Takao Yasui Ph.D Applied Chemistry, yasui.takao@e.mbox.nagoya-
Student Nagoya University u.ac.jp
Takashi Yatsui Associate Electrical Engineering and | yatsui@ee.t.u-tokyo.ac.jp
Professor Information System:s,
The University of Tokyo
Genki Researcher | Int.Center for Materials YOSHIKAWA.Genki@nims.go
Yoshikawa Nanoarchitectonics, NIMS p
Hiroyuki Assistant Applied Physics, yosikawa@ap.eng.osaka-u.ac.jp
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WORKSHOP RESOLUTIONS

The US-Japan Workshop on Bio-inspired Engineering of Next-Generation Sensors and
Actuators was held on November 12 and 13, 2011 at the Bechtel Engineering Center on
the University of California Berkeley campus. The workshop was supported by the
National Science Foundation (NSF) and the Japan Science and Technology (JST) Agency.
A total of 54 participants attended the workshop representing a multidisciplinary group
of researchers from the fields of biology, chemistry, material science, and engineering
(civil, mechanical, electrical and chemical). The workshop participants were focused on
the development of a detailed roadmap for a trans-Pacific research program in bio-
inspired engineering of common interest to the US and Japanese research communities.
A particular emphasis was placed on the identification of research problems that would
have the highest level of impact on societal quality of life. ~Toward that end, the
workshop began with a series of keynote presentations from both Japanese and US
participants followed by extensive breakout group discussions. A total of three
breakout groups were formed with an equal number of participants from the US and
Japan. The three breakout groups were given the same goal: define one or two grand
challenge problems upon which future US-Japan research collaborations can be formed.

Working group participants identified five major interdisciplinary research themes that
exemplify the spirit of the US-Japan Workshop. The multi-disciplinary grand challenge
themes in the bio-inspired sensing and bio-inspired actuation (BSBA) area are
summarized as follows:

e Design of Multi-Level and Multi-Length Hierarchical Systems Inspired by
Biology: Biological systems employ hierarchical structures to achieve
multifunctional system performance that far exceed the performance of current
engineered systems. The grand challenge is to synthesize new fabrication
methods that utilize and achieve hierarchical systems, utilize reverse engineering
techniques to develop new tools, and integrate sensing and actuation
technologies into those structures. The research challenges include integration
and scalability of top-town and bottom-up fabrication methodologies, multi-
dimensional fabrication principles that encode desirable properties at drastically
different length scales, self-assembly methods for attaining precise spatial
structures, arrangements, and functionalities, and comprehensive and realistic
mathematical models and representations of biological systems and
functionalities.

e Teaching Bio-inspired Engineering: To support the next-generation of BSBA
researcher, the community should create education programs geared toward
teaching engineers, biologists, chemists, and material scientists the principles and
applications of bio-inspired design. For example, a 5-week summer program
should be created for graduate students and post-doctorate researchers
consisting of lessons, on-hand experiments and an extensive bio-inspired design
project.
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Bio-inspired Biochemical Engineering of Systems for Energy, Water, Food,
Communications, and Medical Applications: Biological systems thrive by
inherent biochemical processes capable of controlling energy, material, and
information interactions between components in the system. The grand challenge
is to design robust, durable, self-regulating, and self-healing engineered systems
with built-in artificial homeostasis, metabolic and enzymatic mechanisms. The
research challenges include the incorporation of a heterogeneous network of
evolving, adjustable, and adaptive multifunctional nodes capable of direct
energy transduction, storage, and utilization. Accomplishing this grand
challenge will result in sustainable food, energy, and water supply.

Biologically-inspired Robustness: Self-sustaining Sensors and Actuators: The
grand challenge is to understand the mechanisms of self-renewal and self-repair
in biological systems and to translate the knowledge towards designing a new
generation of self-sustaining sensors and actuators. The vision is that the
developed sensors will maintain its performance under uncontrolled and harsh
environments. The research challenges include: developing techniques for
recognizing damage in sensors and actuators that could then be used for self-
repair and self-renewal; incorporating redundancy in the sensor and actuator
design; developing new functional materials with feedback for diagnostics and
prognostics; and developing sensors with energy sustainability.

BICEP: Biologically Inspired Control, Enhancement and Processing: The
grand challenge is to understand biological mechanisms of amplification,
sensitivity, and selectivity in sensing and actuation and to translate these
principles into developing integrated sensory and actuation systems with local
feedback control. The research challenges include: identification and
distinguishing between local and global sensory information under resource
constraints (size, energy, speed, etc); incorporation of amplification and feedback
in sensors and actuators using biomimetic processes, such as avalanche, cascade,
etc; understanding and exploiting the role of noise and nonlinearity in biological
sensory systems; and design of novel systems based on these bio-inspired
principles. Fundamental research aimed towards the design of actuators based
of ATP-inspired chemical energy processes, such as those found in sarcomere, is
also proposed. Key technical challenges includes energy management in self-
generation and delivery of energy, the formation of sarcomere-actuators based
on self-assembly methods.

These grand challenge problems have the potential to build on the historical legacy of
US-Japan collaboration to pioneer new sensing and actuation technologies based on
inspiration of natural processes. Undoubtedly, a formal US-Japan research and
education program based on these grand challenge problems would pay major
dividends including improved public health, the development of cost-efficient
manufacturing processes, the creation of green energy sources, and enhanced safety of
civil infrastructure systems. Given this abundance of potential impact, the participants
of the workshop unanimously make the following recommendations to NSF and JST:
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A self-reinforcing loop of discovery must be promoted by NSF and JST to form
explicit linkages of intellectual discovery between biologists/chemists and
engineers in both the US and Japan. Engineers have the potential to provide
tools and processes that can drive new and paradigm-shifting discovery in the
biological and chemical fields through sensors and actuators defined at biological
length-scales.  Similarly, biologists/chemists can provide the fundamental
understanding of natural sensors and actuators that can lead to the formation of
bio-inspired sensors and actuators that solve engineering problems.

To establish a vibrant bio-inspired engineering research community working in
close collaboration, NSF and JST should place a particular emphasis on a jointly-
funded bilateral US-Japan cooperative research program centered on bio-
inspired sensing and actuation. A priority should be given to BSBA research
aimed toward rendering society resilient to natural and man-made disasters and
to the betterment of human life.

Given the high potential for broad-based impact, NSF and JST should prioritize
university-industry collaborations that accelerate the transfer of bio-inspired
sensing and actuation technologies from the laboratory to implementation in
society.

To address critical research needs and tackle the grand challenges in the BSBA
area, high priority should be placed on training the next generation of high
quality, interdisciplinary researchers who are equally knowledgeable in
engineering  (including sensing and actuation technologies) and
biology/chemistry. The United States and Japan are strongly urged to create a
paradigm-shift in academic programs to produce future students with cross-
disciplinary bio-sensing and bio-actuation knowledge and skills. In particular, a
Summer Student/Early-Career Faculty Research Institute program, jointly
organized and held in Japan and the US in annual rotation, should be carefully
planned and implemented.

Workshop Co-chairs:

Prof. Masayoshi Tomizuka
University of California, Berkeley

Prof. Takehiko Kitamori
University of Tokyo

Prof. Yoshinobu Baba
Nagoya University

Prof. Jerome P. Lynch
University of Michigan
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Grand Challenges
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Biography: Dr. Bharat Bhushan received an M.S. in mechanical
engineering from the Massachusetts Institute of Technology in 1971, an
M.S. in mechanics and a Ph.D. in mechanical engineering from the
University of Colorado at Boulder in 1973 and 1976, respectively, an
MBA from Rensselaer Polytechnic Institute at Troy, NY in 1980, Doctor
Technicae from the University of Trondheim at Trondheim, Norway in
1990, a Doctor of Technical Sciences from the Warsaw University of
Technology at Warsaw, Poland in 1996, and Doctor Honouris Causa
from the National Academy of Sciences at Gomel, Belarus in 2000 and
University of Kragujevac, Serbia in 2011. He is a registered professional
engineer. He is presently an Ohio Eminent Scholar and The Howard D.
Winbigler Professor in the College of Engineering, and the Director of
the Nanoprobe Laboratory for Bio- & Nanotechnology and Biomimetics (NLB?) at the Ohio State
University, Columbus, Ohio. His research interests include fundamental studies with a focus on
scanning probe techniques in the interdisciplinary areas of bio/nanotribology, bio/nanomechanics
and bio/nanomaterials characterization, and applications to bio/nanotechnology and biomimetics.
He is an internationally recognized expert of bio/nanotribology and bio/nanomechanics using
scanning probe microscopy, and is one of the most prolific authors. He is considered by some a
pioneer of the tribology and mechanics of magnetic storage devices. He has authored 7 scientific
books, more than 90 handbook chapters, more than 700 scientific papers (h-index — 52+; ISI Highly
Cited in Materials Science, since 2007), and more than 60 technical reports, edited more than 50
books, and holds 17 U.S. and foreign patents. He is co-editor of Springer NanoScience and
Technology Series and co-editor of Microsystem Technologies. He has given more than 400 invited
presentations on six continents and more than 160 keynote/plenary addresses at major international
conferences.

Dr. Bhushan is an accomplished organizer. He organized the first symposium on Tribology and
Mechanics of Magnetic Storage Systems in 1984 and the first international symposium on
Advances in Information Storage Systems in 1990, both of which are now held annually. He is the
founder of an ASME Information Storage and Processing Systems Division founded in 1993 and
served as the founding chair during 1993-1998. His biography has been listed in over two dozen
Who's Who books including Who's Who in the World and has received more than two dozen
awards for his contributions to science and technology from professional societies, industry, and
U.S. government agencies. He is also the recipient of various international fellowships including
the Alexander von Humboldt Research Prize for Senior Scientists, Max Planck Foundation
Research Award for Outstanding Foreign Scientists, and the Fulbright Senior Scholar Award. He is
a foreign member of the International Academy of Engineering (Russia), Byelorussian Academy of
Engineering and Technology and the Academy of Triboengineering of Ukraine, an honorary
member of the Society of Tribologists of Belarus, a fellow of ASME, IEEE, STLE, and the New
York Academy of Sciences, and a member of ASEE, Sigma Xi and Tau Beta Pi.

Dr. Bhushan has previously worked for the R & D Division of Mechanical Technology Inc.,
Latham, NY; the Technology Services Division of SKF Industries Inc., King of Prussia, PA; the
General Products Division Laboratory of IBM Corporation, Tucson, AZ; and the Almaden
Research Center of IBM Corporation, San Jose, CA. He has held visiting professor appointments at
University of California at Berkeley, University of Cambridge, UK, Technical University Vienna,
Austria, University of Paris, Orsay, ETH Zurich and EPFL Lausanne.
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Grand Challenge: Design and modeling of nanostructured smart adhesion surfaces

Bharat Bhushan
Nanoprobe Laboratory for Bio- & Nanotechnology and Biomimetics, The Ohio State
University, Columbus, OH 43210 USA

The mechanics of fibrillar adhesive surfaces of biological systems such as a lotus and a gecko
is widely studied due to its unique surface properties. The Lotus leaf is a model for
superhydrophobic surfaces due to its extreme water-repellent properties as well as self cleaning
properties and low adhesion'™. Geckos are well known for their exceptional ability to climb any
wall and ceiling using their micro/nano fibrillar hierarchical structure with about a billion fibres
on their feet'”*”. The unique adhesion mechanism of geckos is based on so called division of
contacts. Cumulative van der Waals attraction results in strong adhesion. In addition to strong
adhesion, they have the ability to adapt to variety of surfaces, and exhibit wear resistance and
self-cleaning. They can also detach via peeling action to provide reversible adhesion. A structured
surface may exhibit low adhesion or high adhesion dependent upon fibrillar density and presents
the possibility of realizing environmentally-friendly surface structures with tunable adhesion®.

In one of our research thrust, an unconventional patterning technique is used to fabricate
smart adhesion surfaces; single- and double-layer hierarchical synthetic adhesive structure
surfaces with various fibrillar density and diameter that would allow the observation of either the
lotus or gecko adhesion effects. The effect of the fibrillar array geometry on the adhesion
mechanism is being studied to develop a model for surface roughness-dependent smart adhesion.
Recent theoretical models of adhesion on fibrillar structures do not adequately address certain
factors. For instance, in macroscale adhesion, there is a need to separately quantify shear and
normal (peeling) adhesive modes. To model the normal adhesion, a glass ball attached to the
AFM tip was used to obtain the adhesive forces via force-distance curves. In addition, models for
fibrillar structures need to take into account the effect of humidity on the adhesion. The adhesive
forces were obtained under various humidity conditions, and the adhesion mechanism of the
smart adhesion surfaces was modeled taking into consideration the fibrillar geometry and
humidity contributions to adhesion.

The challenge remains to develop methods to fabricate three-level hierarchical nanostructures
using variety of materials for various applications.

'Nosonovsky, M. and Bhushan, B., Multiscale Dissipative Mechanisms and Hierarchical Surfaces:
Friction, Superhydrophaobicity, and Biomimetics, Springer-Verlag, Heidelberg, Germany, 2008.

’Bhushan, B., “Biomimetics: Lessons from Nature - An Overview,” (invited), Philos. Trans. R. Soc. A 367,
1445-1486 (2009).

Bhushan, B. (ed.), Springer Handbook of Nanotechnology, 3rd ed., Springer, Heidelberg, Germany, 2010.
*Bhushan, B. and Jung, Y. C., “Natural and Biomimetic Artificial Surfaces for Superhydrophobicity, Self-
Cleaning, Low Adhesion, and Drag Reduction,” Prog. Mater. Sci. 56, 1-108 (2011).

’Bhushan, B., “Adhesion of Multi-level Hierarchical Attachment Systems in Gecko Feet,” J. Adh. Sci.
Technol.21, 1213-1258 (2007).

6Nosonovsky, M. and Bhushan, B., “Green Tribology: Principles, Research Area, and Challenges,”
(invited), Philos. Trans. R. Soc. A 368, 4677-4694 (2010).
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Biography: Dr. Shantanu Chakrabartty received his B.Tech degree from
Indian Institute of Technology, Delhi in 1996, M.S and Ph.D in
Electrical Engineering from Johns Hopkins University, Baltimore, MD in
2002 and 2005 respectively. He is currently an associate professor in the
department of electrical and computer engineering at Michigan State
University. From 1996-1999 he was with Qualcomm Incorporated, San
Diego and during 2002 he was a visiting researcher at The University of
Tokyo. Dr. Chakrabartty’s work covers different aspects of analog
computing, in particular non-volatile circuits, and his current research
interests include energy harvesting sensors and neuromorphic and hybrid
circuits and systems. Dr. Chakrabartty was a Catalyst foundation fellow
from 1999-2004 and is a recipient of National Science Foundation’s
CAREER award and Michigan State University’s Teacher-Scholar Award. Dr. Chakrabartty is a
senior member of the IEEE and is currently serving as the associate editor for IEEE Transactions
of Biomedical Circuits and Systems, associate editor for the Advances in Artificial Neural
Systems journal and a review editor for Frontiers of Neuromorphic Engineering journal.
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Grand Challenge: Sensing-to-learn and Learning-to-sense — Exploiting biological
symbiosis of sensing, computing, memory and adaptation for designing the next-
generation of smart sensors.

Shantanu Chakrabartty
Associate Professor
Department of Electrical and Computer Engineering
Michigan State University, East Lansing, MI, USA

For ages biology has served as an inspiration to scientists and engineers but only in the last decade
advancements in micro and nano fabrication technology has reached the point where truly”
biomorphic sensors and systems can be designed that match the “‘raw” sensing and computational
capabilities observed biology. For instance, more than 100 silicon transistors can be packed inside a
mammalian cell which is 10pm in diameter. It is now possible to fabricate piezoelectric nano-fibers
whose dimensions are comparable and smaller than a cricket’s or a spider’s mechanoreceptors. The raw
computational power of today’s processor is comparable to that of the human brain. In spite of these
remarkable technological advances, the performance achieved by specialized biological sensing
systems makes even the most advanced man-made systems of today look crude and primitive.
Therefore, current sensing technology has reached the cross-roads where biological scale devices can be
fabricated, but the sensing and operational capabilities are still orders of magnitude inferior to those
observed in biology. To understand how biological systems can achieve such a performance it is
important to acknowledge that these systems have evolved in evolutionary environment, where energy
resources were scarce and threat of predators were omnipresent. These constraints have led to
remarkable designs of nature that seek to operate at fundamental limits of energy dissipation and
performance. For example, the filiform hairs in crickets operate at fundamental limits of noise, the
power dissipation of a mammalian cell is less than pico-watt, and the texture of shark’s skin is
optimized to reduce bacterial adhesion and growth. To achieve such performance, it is important to
understand, what new principles can be learned from biology and then how it can be implemented,
mimicked or morphed using man-made technologies.

The first grand challenge that needs to be addressed will be to achieve biological level of integration
between sensing, memory, computation, actuation and communication functions. The auditory sensing
epitomize this level of integration combining microfluidics, biomechanics, piezoelectrics,
microelectronics and energy scavenging into a package, the size of pea. This might require
advancements in multi-functional smart materials that can self-organize to perform specialized sensing
tasks. Another grand challenge that needs to be addressed is to achieve the ubiquitous nature of any
biological sensing system that is its inherent ability to adapt and learn not only at a cognitive level but
at the level of the sensor. Learning will involve adaptation and altering the parameters or topology of
the sensor over slow time-scales so that it can efficiently sense the signals of interest without dissipating
too much energy and without requiring the use of precision computing or sensing devices. In this
regard, most of the sensory processing in biology is inherently ‘analog” and efficiency arises out of
exploitation of computing and sensing primitives inherent in the device physics, like biochemical
diffusion or feedback regulation. Also, unlike man-made sensors which consider device and sensor
noise as nuisances, biology has evolved to use non-linear sensing techniques to exploit noise to its
advantage and operate at or below fundamental limits. Thus, the concept of *“sensing-to-learn” and
““learning-to-sense” represents the need for a symbiotic understanding between biology and technology
for designing the next-generation of biomorphic sensors.
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Biography: Evan Chang-Siu is a PhD candidate at the University of
California Berkeley. He also holds both a masters and bachelors
degree in Mechanical Engineering at the University of California
Berkeley. His current research interests are in the bio-inspired design
of terrestrial robotics. More specifically, he is focused on uncovering
and understanding the dynamic principles and behaviors involved in
the multifunctional tail of a lizard and incorporating these novel
behaviors into the next generation of search and rescue robots in
order to improve their response times in hazardous, time-critical
situations, and complex environments. Evan Chang-Siu is working
closely with Professor Tomizuka and Professor Robert Full in an
effort to bridge the gap between engineering and biology. He is
currently a CiBER-IGERT NSF trainee, which is focused on bio-
inspired motion systems in complex environments.
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Grand Challenge: Improving Terrestrial Locomotion through Bio-inspired Tail
Actuator

Evan H. Chang-Siu
PhD Candidate
Department of Mechanical Engineering
University of California Berkeley, Berkeley, CA, USA

One of the major difficulties that terrestrial robots face is in quickly overcoming complex
terrain and completing transitions between different height and shape substrates. These
difficulties can either completely inhibit the desired path or severely slow down the progress of a
terrestrial robot. When quickly overcoming complex terrain, the obstacles can cause intermittent
perturbations, which produce undesired aerial phases. When attempting to quickly transition, the
ability to achieve a desired final orientation and compensate for initial perturbations is not always
easy.

Treaded robots have been well developed to slowly overcome complex terrain. The new frontier
for speeding up this task is through legged robots. However, at high speed, they can still be
perturbed from their desired body orientation. Robot designs for climbing walls have also been
accomplished, but quickly transitioning to a wall is still troublesome. The main limitation in all
these types of robots is their sole dependence on affecting body posture only through robot-
ground interaction. When the ground conditions are unknown, unpredictable results can occur.

Biology contains key inspiration that can be useful for this purpose; active tails, which can
provide a more predictable control method. By the law of conservation of angular momentum,
appendages have been used for their dynamic inertial properties to stabilize and control
orientation in many biological systems; human gymnasts, skaters, skiers, falling cats, and even
gliding lizards. Lizards have been discovered to use their largest inertial appendage, the tail, to
stabilize their body pitch angle when faced with varying perturbations and for targeting.

We hypothesize that by adding an actuated and dynamic multi-functional tail-like limb to
terrestrial mobile robots, they too can achieve improved stability when faced with perturbations
or improved maneuverability when attempting to redirect their body posture. In this way, robot
designers can improve upon limbs that were solely purposed for other tasks such as substrate
contact.

The design challenge in this field will be in optimally selecting the best inertial, mass, and length

parameters as well as developing the low level and high level control that will be involved in the
myriad of tasks that the future of terrestrial robotics will face.
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Biography: Daniel Ebert is a Ph.D. candidate in Mechanical
Engineering at The Ohio State University. He received a B.S. in
Mechanical Engineering from Ohio State in 2008. While in graduate
school, he has interned at Hong Kong Polytechnic University (in 2008)
and the Air Force Research Laboratory’s Directed Energy Directorate
(in 2010). He is currently working with Professor Bharat Bhushan in
the fabrication of durable bio-inspired surfaces with extreme or unique
wettability properties, such as the so-called “Lotus Effect.”
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Grand Challenge: Fabrication of Durable Bio-inspired Surfaces with Special
Wettability Properties

Daniel Ebert
Ph.D. Candidate
Department of Mechanical and Aerospace Engineering
The Ohio State University, Columbus, OH, USA

Surface wettability is of crucial importance as nanotechnology begins to permeate virtually all
areas of modern life. Wetting of surfaces has been studied as far back as the 19" century, but
only since the inventions of the atomic force microscope (AFM) and scanning electron
microscope (SEM) in the 1980s has the study of the nanoscale mechanisms responsible for
extreme wetting behaviors been possible. For example, it was discovered that a dual-scale
roughness of micro- and nanosized bumps gives the Lotus leaf its remarkable water repellency.
Nanotechnology now allows us to imitate these natural phenomena to create surfaces with
extreme wetting properties that are of growing engineering interest.

At small length scales, the domination of surface forces dictates careful study and
optimization of surface properties. The affinity for water to spread on or repel from a surface
becomes a central design parameter in many applications, such as in microchannels in MEMS
devices, where fluid drag tends to be very high. As research in biosensors, lab-on-chip
technology, and other microdevices progresses, manipulation of small droplets and intelligent
control of fluid flow will be paramount.

The red rose petal (superhydrophobic with high droplet adhesion), the rice leaf (directional
wettability), and the aforementioned Lotus leaf (superhydrophobic with self-cleaning effect) are
just a few examples of natural surfaces that have generated significant interest. However,
research in creating bio-inspired surfaces to take advantage of these properties is still in its early
stages. In addition, many of the surfaces created thus far are not mechanically robust, which is
generally necessary for real-world applications. The fabrication and characterization of durable
bio-inspired surfaces with special wettability is therefore an important challenge for engineers
and scientists as nanotechnology progresses.
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Biography: Prof. Alison Flatau is a Professor of Aerospace Engineering and
Director of the Aerospace Engineering Undergraduate Program at the
University of Maryland. She holds a B.S.E. in Chemical Engineering from
the University of Connecticut and M.S. and Ph.D. in Mechanical Engineering
from the University of Utah. She joined Department of Aerospace
Engineering at the University of Maryland in 2002 after serving as Program
Director for the Dynamic Systems Modeling, Sensing and Control Program
at the National Science Foundation from 1998-2002. Prior to that, she was on
the Aerospace Engineering and Engineering Mechanics faculty at lowa State
University (1990-1998). Her experience also includes four years at the
National Small Wind Systems Test Center in Golden, CO where she was a Senior Research
Engineer in the Test Program. Her research interests are in dynamics of smart structures, with
emphasis on actuator and sensor technologies and their application in noise, vibration and
position control applied to rotorcraft and other aerospace systems. One of her key research areas
is the development and application of magnetostrictive material actuators and sensors. A second
research area is on the application of smart transduction materials in micro-systems, including
synthetic jet design and bio-inspired micro- and nano-sensors. As the author of over 30 archival
journal and book chapter contributions, Dr. Flatau currently serves as an Assistant Editor for the
Journal of Smart Structures and Materials and she is the PI on a large team Multidisciplinary
University Research Initiative (MURI) program on Structural Magnetostrictive Alloys.
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Grand Challenge Research on BioSensors — Avoiding Information Overload

Alison Flatau
Professor
Aerospace Engineering
University of Maryland, USA

There are countless aspects of biological systems that intrigue and inspire engineers and
scientists. As an Aerospace Engineer, historical connections to bioactuation form the foundation
of our field. Mimicry of the heavier-than-air, flight capabilities of biological systems date to

th

ancient Greek myths and tales of Icarus and to Leonardo DaVinci’s famous 15 century sketches
of ornithopters. The Wright brothers and many of their peers literally credit years of studying
avian models (bird-watching) for providing key insights and the essential understanding of flight
control systems inherent in the designs that lead to their first successful manned flights. Within
the past century, both evolutionary and revolutionary technology advances have enabled flight
capabilities seen in jumbo jets, the space shuttle and hypersonic X-planes, systems that perform
missions far removed from those of their predecessors. Yet, biological models continue to inspire
creative new directions for aeronautical research, as demonstrated by major NASA and DARPA
investments in morphing vehicle technologies and in (low Reynolds number) micro-air vehicles.
We have over a century of experience in drawing inspiration from the macroscale behaviors of
biological systems. With good reason, though, we remain in awe of the integrated sensing,
decision-making, control and actuation capabilities of biological models.

Advanced MEMs and NEMs sensor systems offer means for increasing sensor density, and
the quantity and quality of sensed information. However as implemented, they often provide only
incremental performance gains associated with miniaturization of sensors and over-sampling of
information needed only intermittently, and introduce the associated challenges of acquiring,
digitizing, assimilating and storing many more channels of sensed information than previously
possible. Somewhere short of creating a brain, and/or embedding artificial intelligence or
cognition in inanimate objects, lie enormous opportunities for: 1) developing and validating
models of the biological and biochemical processes with which biological systems efficiently
manage large quantities of time-varying and spatially-distributed sensory information and 2)
transitioning these processes to engineered (man-made) systems.

Over the past decade, the proliferation of here-to-fore unavailable instruments for studying
biological, bioelectrical and biochemical processes in-vitro, in-vivo, and at the nanoscale offer
unique capabilities needed for moving beyond miniaturization of macroscale sensor and actuator
concepts. This will lead to revolutionary insights for implementing integrated nanotechnology-
based components made possible through comprehension of biosensor and bioactuator processes.
Returning to avian models, birds are continually processing information about their flight
environment and coordinating their wing, body, tail feathers, feet and head positions to achieve
immediate flight performance objectives in response to gusts and/or moving targets. The primary
gust detection mechanism in birds is associated with the ability to sense wind direction as gusts
ruffling the feathers stimulate distributed sensory receptors located in the skin around the base of
their feathers. At a macroscopic scale, this might reduce to a feed-forward control loop process in
which vision is the input sensor guiding and updating the brain/controller commands to wing
muscles as needed to achieve maneuvering objectives. Yet little is understood of the biochemical
and bioelectrical responses to sensing the distributed gust responses or visual cues of moving prey
and subsequent processing of the significant quantities of time and spatially varying data that
would at other times be irrelevant to the flight objective and ignored. Fascinating opportunities
exist for drawing upon new insights into biosensors for changing how we design sensor arrays,
choose the information to collect and prioritize processing of sensed information.
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Biography: Robert J. Full, Chancellor’s and Goldman Professor of
Integrative Biology. Professor Full completed his undergraduate studies
at SUNY Buffalo in 1979. He also did his graduate work at SUNY
Buffalo, receiving a master‘s degree in 1982 and a doctoral degree in
1984. He held a research and teaching postdoctoral position at The
University of Chicago from 1984 to 1986. In 1986 he joined the faculty
of the University of California at Berkeley as an Assistant Professor of
Zoology. He was promoted to Associate Professor of Integrative Biology
in 1991, and to Full Professor of Integrative Biology in 1995, a position
he holds today. Professor Full received a Presidential Young Investigator
Award, has presented his research at the National Academy of Sciences
and is a National Academy of Sciences Mentor in the Life Sciences.

In his 25 years at Berkeley, he has led a focused international effort to demonstrate the value of
integrative biology and biological inspiration by the formation of interdisciplinary collaborations
of biologists, engineers, mathematicians and computer scientists from academia and industry.
Professor Full serves on the advisory boards of Harvard’s Bio-inspired Design Wyss Institute,
Research Corporation for Science Advancement, Science Education for New Civic Engagements
and Responsibilities and the editorial board of the journal Bioinspiration and Biomimetics.

Professor Full is founder and director of CiBER, the Center for interdisciplinary Bio-inspiration
in Education and Research focused on discovering fundamental principles of biology that inspire
novel engineering and where engineers provide biologists with new hypotheses, approaches and
techniques. The center has 32 faculty from 7 departments. Professor is the Principal Investigator
on an NSF Integrative Graduate Education and Research Traineeship on Bio- and Bio-inspired
Motion Systems Operating in Complex Environments that is training the next generation of
biologists and engineers to collaborate in mutually beneficial relationships. Professor Full directs
the Poly-PEDAL Laboratory, which studies the Performance, Energetics and Dynamics of
Animal Locomotion (PEDAL) in many-footed creatures (Poly). His research program in
comparative physiology and biomechanics has shown how examining a diversity of animals can
lead to the discovery of general principles. His fundamental discoveries in animal locomotion
have inspired the design of novel neural control circuits, artificial muscles, sensors, autonomous
legged robots such as RHex, Sprawl, RiSE and Stickybot and the first, synthetic self-cleaning dry
adhesive named one of top ten nanotechnology patents. Professor Full has authored over two
hundred contributions and has delivered over three hundred national and international
presentations.
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Grand Challenge: Cautions on Extracting Principles from Nature to Inspire the
Design of Sensors and Actuators

Robert J. Full
Professor
Department of Integrative Biology
University of California at Berkeley, Berkeley, CA, USA

Biological Inspiration is the use of principles and analogies from biology when advantageous to
generate novel designs through integration with the best human engineering. Now more than ever
before, nature can instruct us on how to best use new materials and manufacturing processes
discovered by engineers, because these human technologies have more of the characteristics of
life. Nowhere is this more evident than with respect to sensors and actuators. Natural technologies
use an enormous number of small, robust sensors and actuators, whereas until now natural
technologies have used few.

Yet, translating Nature’s design ideas to devices remains challenging. Engineers seeking to
benefit from this frontier should question whether the inspiration from biologists is a mere
metaphor or a fundamental principle. Nature provides useful hints of what is possible and design
ideas that may have escaped our consideration. Given the unique process of biological evolution
and its associated constraints, identifying, quantifying and communicating these design ideas is
demanding. Biologists offering advice need not only understand principles of structure and
function, but use their knowledge of phylogenetic analysis, behavior and ecology to extract
potentially valuable design ideas. Engineers should not blindly copy designs. We must remember
that biological evolution works on the “just good enough” principle. Organisms are not optimally
designed and natural selection is not engineering. Engineers often have final goals, whereas
biological evolution does not. Organisms must do a multitude of tasks, whereas in engineering
executing far fewer tasks will do. As a result, “trade-offs” are the rule, severe constraints are
pervasive and global optimality rare in biological systems. Biological evolution has brought us
amazingly functional and adaptive designs. However, biological evolution works more as a
tinkerer than an engineer. The tinkerer never really knows what they will produce and uses
everything at their disposal to make something workable. Organisms carry with them the baggage
of their history. Therefore, they must co-opt the parts they have for new functions. Organisms are
not an optimal product of engineering, but “a patchwork of odd sets pieced together when and
where opportunities arose”. Natural selection is constrained to work with the pre-existing
materials inherited from an ancestor. Engineers can start from scratch and select the optimal raw
materials and tools for the task desired, natural selection cannot. Organisms are not optimally
adapted for the environment in which they reside. Biological evolution can’t keep pace with the
changing environments because not all phenotypic variation is heritable and if selection were too
strong it could easily produce extinction. Natural selection can’t anticipate major changes in
environments. Behavior can evolve more quickly than morphology and physiology leading to
mismatches. Engineers can optimize for one or a few environments and choose to add appropriate
safety factors as dictated by previous experience.

Given these cautions and opportunities, principles can be extracted that can give actuators
multi-functionality, greater force, faster velocities, more power over a great range of lengths and
sensors small size, light-weight, increased sensitivity, function over a broad range and greater
robustness.
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137



Grand Challenge
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Biological systems have learned through over three billion years of evolution to achieve
local and global solutions to a variety of challenges. On the one hand, we can learn from these
systems. On the other hand, evolution has occurred in the context of constraints that are different
that those placed on engineered systems, and we can hope to improve on some of the evolved
systems. Knowledge of diverse epigenetic factors is beginning to indicate the amazing flexibility
of these systems' design that allows them to adapt to environmental conditions (evolvability). An
example to mention is the case of embryonic heart valve growth where the onset of growth
depends on the dynamics of blood flow as a shear inducing factor. Understanding the principles
that allow flexibility based on sensing and feedback in response to epigenetic factors will provide
unique and previously untapped sources of information from biology to guide engineering and
will subsequently allow us to engineer robust components based on controllable epigenetic
factors (at the level of molecules, gene networks, and organelles) to be used in clinical and
industrial applications.
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Human-Machine Systems are pervasive in our society. In particular, operator-machine interaction
systems are one of the most sophisticated human-machine systems and also a safety critical
system that has a great impact on human lives, public safety and society. Broadly speaking, any
machine system should be viewed as a human-machine system, as they are always operated or
used by a human. However, the current machine systems have not fully addressed human aspects,
such as human cognitive and/or emotional states. Machines often come equipped with sensors
and gauges so the human operator is aware of what state the machine is running in. There are
currently very few machines equipped with sensors to give the machine awareness of the user’s
state. Development of such sensors will move human machine “operation” closer to human
machine “collaboration.” Specifically, the following fundamental research problems need to be
investigated in great depth:

(1) how to measure human cues naturally and non-intrusively? An awareness or annoyance from
cue measurement can alter the state of mind of the operator, producing “false cues.” With that in
mind, the most accurate method of measurement is the least intrusive method.

(2) how to infer human’s state from the cues? Psychophysiological studies have proven a link
between human state and the activity of the Autonomic Nervous System (ANS). Using these
fundamentals, human state can be inferred though measurement of physiological states such as
heart and respiration rate.

(3) how to assist the human based on the information obtained from the above? Enabling machine
awareness of human cognitive state will allow the machine to adjust settings to better suit the user
to increase efficiency or prevent harm, or to provide useful feedback/suggestions for the user.

Following the momentum generated by the NSF initiative on biosensing and bioactuation, Dr.
Lin targets her research program on non-intrusive biosensor technology and cognitive inference
algorithms, which include the systematic study and development of biosensors and of test beds.
This program will lay a foundation for a new discipline — Bridging cognitive science and sensor
technology. Dr. Lin has been trained and worked on this interdisciplinary field in the past years
and published over a hundred articles, which provide evidence of both the usefulness and
feasibility of this new area. Her research has consistently moved forward in the general areas of
human-machine interface design sensor development, information fusion, and cognitive states
inference. With her preliminary work covering the general areas and with her diverse knowledge
related to the field, she is very confident with her unique position.

Drawing upon bio-inspired cognitive concepts, Dr. Lin’s long term goal is to establish this
interdisciplinary field of human-machine systems, with a major focus on bio-sensing systems,
which are applied to human systems. Research of micro- and nanofabrication technologies in Dr.
Lin’s lab has proven the feasibility of biosensor design that can naturally and non-intrusively
detect human cues. During operation, the human user almost always has to come into contact
with the machine at specific points. The development of thin, flexible sensors that can cover these
specific points will enable measurement through natural contact, which is almost completely non-
intrusive. One of such sensors that take advantage of micro-fabrication processes has been
developed for proof of concept. Dr. Lin’s research group will continue to examine the above
research problems and use the research results to further solidify her current efforts and lead to
groundbreaking results in the human-machine systems.
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In many areas of science and technology, biological systems represent ideal prototypes whose
performance is still unmatched by human-engineered systems. For example, one of the
remarkable biophysical phenomena observed in nature is the ability of migratory birds and certain
species of fishes to be able to accurately navigate using earth's magnetic field which is as low as
50 micro Tesla. Several recent anatomical studies have discovered cryptochrome mediated
photochemical reactions in bird's eye which produce spin-correlated radical pairs acting as the
primary sensor in a magnetic field-dependent signaling cascade. The question is can we build a
human-engineered systems, which exploit the nanoscale, ultra-sensitive magnetoreceptive
phenomenon observed in biology to design next generation biosensing devices that demonstrate
detection sensitivity superior than the existing state-of-the-art? To solve this problem, we need to
bring together researchers from the field of biochemistry, biosystems engineering, information
theory, and integrated circuits and we need to train a new breed of researcher capable of crossing
the bio/nano/info boundaries and for developing next generation bio-inspired sensors and
systems.

However, with advances in nanotechnology and micro-fabrication technology, it is now
possible not only to monitor the biological processes at macro, micro and nano-scales but also to
seamlessly integrate synthetic nano-microsystems with biological units. I believe that creating a
symbiotic relationship between the world of biology and human-engineered systems is the key
towards achieving “biological level” performance while ensuring “synthetic level” reliability. It is
at this interface I believe will play a key role in addressing some of the important technological
challenges in the next decades.

One example of hybrid biological/solid state sensing devices is to conjugate biological
entities with solid-state circuits. Inherent electrical properties of biological entities (e.g DNA
carries intrinsic negative charges) make their interface with solid-state circuits feasible and
promising. For instance the biological entity could be used for improving the detection of desired
targets (antigens and proteins) whereas the solid-state circuit can process the signal acquired from
the interface to improve/enhance the detection reliability. Possible future research in this area will
focus on the role of CMOS in sensing and actuation in direct contact with a biological recognition
layer, which will lead to the design of hybrid biological/solid-state devices. For example,
interfacing magnetotactic bacteria (MTB) with silicon could integrate memory and actuation with
applications in life-sciences and sensor design. In future research, DNA and Aptamers electronics
can appear because of their high specificity and affinity, which can improve the performance of
bioelectronics. The beauty of DNA electronics lies in the fact that it uses the techniques of
genetic engineering which nature has perfected under harsh conditions over billions of years. This
new research area is highly interdisciplinary, merging physics, biology, engineering and so on, to
use individual DNA molecules for producing a new range of electronic devices that are much
smaller, faster and more energy-efficient than the present semiconductor-based electronic
devices.
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Recent advancements in the nanotechnology domain have brought forth a plethora of novel
nanomaterials (e.g., nanotubes, nanowires, nanoparticles, quantum dots, among others) and
materials’ fabrication methodologies. When combined with state-of-the-art nano- and micro-
imaging and analyses techniques (e.g., scanning tunneling microscopy (STM), tunneling electron
microscopy (TEM), Raman spectroscopy, among others), a new generation of hybrid materials
and high-performance multifunctional systems have emerged. For instance, by intentionally
manipulating molecular structures and orientations, a variety of sensing and actuation
transduction mechanisms can be encoded within multi-component nanocomposite architectures to
create high-performance piezoresistive, piezoelectric, thermoelectric, or self-healing systems.

In addition to creating higher performance multifunctional systems, the versatility of nano- and
micro-fabrication have permitted the design and fabrication of bio-inspired and biomimetic
structures that far exceed the performance of current-generation devices. Nature has successfully
demonstrated that its creations balance between various unique materials, assemblies, and
architectures to achieve optimal performance and functionality. For example, human skins are
inherently multifunctional (i.e., capable of multi-modal sensing, actuation, healing, among
others), birds can fly and change its wing structure under different conditions, and amphibians
possess unique respiratory structures that allow them to adapt to both aquatic and land
environments. As a result, advanced material systems such as the morphing wing for improving
aerodynamic performance, artificial hair cells for monitoring fluid flow, and self-healing
cementitious composites are some of the attempts that have been proposed to imitate the various
functions observed in nature’s creations. Despite the recent progress in developing bio-inspired
material systems, the performance of these artificial structures cannot match their biological
counterparts. Particularly, the current generation of bio-inspired structures only seeks to mimic
biological function through the use of materials and technologies that are drastically different
than those offered by nature.

Thus, so as to match and even exceed the performance of biological structures, further
developments in the bio-nanotechnology field of study is direly needed. Not only should bio-
inspiration be drawn to mimic the final performance of the material, but also, the design,
fabrication, and assembly of next generation sensors and actuators should also follow biological
and cellular assembly of nanostructures and functional molecules. By unlocking the mysteries of
how nature assembles its complex and unique structures (€.g., filiform hairs, muscles, wings,
among others) beginning at cellular length scales, one can mimic bio-manufacturing and further
enhance or tailor its performance for the desired application. Understanding the interactions
between all components of complex biological structures can also enhance the feasibility to
imitate and create novel and sophisticated bio-sensors/actuators. It is expected that future self-
assembly fabrication techniques will be autonomously driven by DNA-like coded instruction sets
already built into the molecular structure of materials and the fabrication environment.
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By definition, engineering is the profession engaged in “the application of science for directly useful
purposes, as construction, propulsion, communication or manufacture”’(Oxford 2002). The engineering
fields have for the past three centuries adopted scientific understanding and discovery from many of the
natural sciences including physics and chemistry. Consider the case of sensors; some of our oldest sensor
concepts are derived from the laws and concepts of physics. For example, force-balanced accelerometers
use inertial masses coupled with electrical feedback circuits to measure acceleration. In the late 1970’s, a
complete paradigm shift emerged within the engineering field due to the emergence of miniaturization
technologies based on integrated circuit technology; technologies including microelectromechanical
system (MEMS) were strongly influenced by the field of chemistry. For example, MEMS accelerometers
made from thin film poly-silicon allow the sensor to be small and low-cost, yet accurate and reliable. The
one field of science that remains to be explored is biology. Bio-inspired sensing and bio-inspired actuation
(BSBA) represent an exciting and unexplored opportunity as we look to design and manufacture a new
generation of sensors and actuators for the protection of civil infrastructure systems.

Nature has evolved to offer a rich set of sensing and actuation capabilities that can be found at all
length-scales in life. Borrowing concepts from or mimicking nature can lead to exciting new sensor and
actuation technologies applicable to the field of structural health monitoring. What has renewed recent
interest in biomimicry has been the availability of technological tools that allow scientists to explore
matter and life at atomistic length-scales. Nanotechnology allows for bioelectrical and biochemical
processes to be observed at the cellular-level; such insight promises to yield advances in the design of
future engineered systems. Recent discoveries made at the nano-scale are leading to a more
comprehensive understanding of how nature yields living organisms with impressive sensing and actuation
mechanisms at the macro-scale. Insight to how nature elevates functionality up length scales is also
inspiring researchers to adopt “bottom-up” assembly techniques to new materials.

There is a pressing need for new paradigms that advance the current state-of-art in the smart structure
field. While great advances have been made on many technological fronts, there still remain few
implementations of SHM systems in operational civil and mechanical engineering structures. One factor
for this may be the limitations inherent to current sensor technologies. For example, sensors in common
use do not detect damage directly; rather, sensors make measurement of structural responses with physics
based models necessary to correlate measurements to damage states. Given the many complexities
inherent to this inverse problem, robust algorithms that are generically applicable have yet to be devised.
Another shortcoming in sensors is that they are point based devices. To accurately identify damage which
can be spatially distributed, a dense network of point based sensors coupled with analytical models are
necessary to extrapolate point measurements to the entirety of the instrumented component. Through the
mimicking of biological systems, it is highly likely the engineering profession will be able to offer sensors
that can detect damage directly, can provide a spatial context to their measurements and still below cost
and easy to fabricate. Opportunities also exist to mimic the social interaction of animals to rapidly
advance the algorithmic tools necessary to make decisions based on the sensor data generated.
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Grand Challenge: Adaptive Energy Harvesting:
A Grand Challenge in Bio-Inspired, Self-sustained Sensing/Actuation Systems

David T. Ma, Associate Professor
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While continuously advancing technology keeps bringing engineering systems to higher levels,
biological systems, which seem to be stationary in a macroscopic sense, are still far more
complex and superior in many aspects. A “simple” biological system contains numerous
fundamental units with various functions (e.g. cells), and yet, these units work seamlessly and
efficiently to provide desired functionality of the system. Learning from biological systems is
beneficial to the development of future engineering systems.

One of the features of biological systems that has been longed for in engineering systems is self-
sustainability. A living biological system has the capability of obtaining energy from the
environment to power its functionality. Furthermore, it often can adjust its energy collection and
consumption in an efficient way depending on the environment and need. For an engineering
system, be it sensing or actuation, self-sustainability is key for it to become truly autonomous,
long lasting and maintenance free.

While there have been significant advances in the area of harvesting energy from the
environment, the efficiency and effectiveness of current energy harvesting technology are still
limited. Especially for applications in uncertain environments, adaptivity, although crucial to
energy harvesting performance, has not yet received much attention. Thus, there is an imperative
need to invest in the area of adaptive energy harvesting technology. Successful research in this
area has the potential of breaking the bottleneck of current energy harvesting technology; it will
provide a solid foundation for the development of next-generation smart sensing and actuation
systems.
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The performance of proteins, biomaterials, and multi-component entities including cells, tissues and
organisms serve as a source of inspiration and benchmarks for biomimetic products and biomaterials.
Energy, health and nanomedicine and biomaterials are key target areas for bio-inspired engineering.
One of the grand challenges in this emerging area of bioengineering requires developing modular
molecular tools that collectively endow the product with specific properties from a broad palette of
synthetic molecules, genes, proteins and hybrid nanomaterials. A related challenge is to develop
molecular tool-kits that allow engineers to automate the selection and integration of these modular tools
into natural and hybrid materials. The availability of these tools and tool-kits will greatly accelerate the
discovery, optimization and production of bio-inspired drugs and materials. Some advantages of bio-
inspired engineering and associated challenges are highlighted as below.

Bioenergy and high-worth organic products: Even the lowly bacterium holds secrets for engineers
embarking on the design, construction and performance of nanoscale machines, bioreactors and hybrid
materials that convert light or biomass into biofuels and natural polymers. Biofuels and polymers
production could be generated cheaply and locally, reducing impacts on the environment and climate.
Drugs and Nanomedicine: Natural products already provide inspiration and guidance for the
development of drugs to treat diseases in humans, animals and plants. These drugs are usually produced
with low efficiency using organic chemistry. Advances in synthetic biology however, allow for high-
yield production of drugs such as artemesin in E. coli from component genes and abundant precursors.
Biomaterials: The application of stem cells to treat human disease and related health conditions
requires a complete understanding of the factors that lead to the differentiation and organization of the
stem cell into the desired cell or tissue type. The environment in which these cells grow is critical for
robust differentiation and bio-inspired materials are being developed to mimic these complex
environments. These materials must also consider both the chemical composition and diffusive
characteristics of the polymer surrounding the stem cell and the role that molecular force in the matrix
plays in determining cell fate. This is a complex problem since forces are both exerted on the matrix by
the cell for example during contraction while the matrix exerts force on the cell that changes during its
remodeling by the cell.

Self-organizing systems and regulation: A key feature of biological systems is their ability to sense
and adapt to changes in their environment. Regulation is facilitated by the biological structures
themselves, which are self-organizing and undergo quasi-continuous cycles of assembly and
disassembly. It is hard to imagine how a macro-scale machine such as a lathe periodically and
automatically breaking down to its component nuts and bolts and then spontaneously reassemble in
order to ensure optimal performance. Building this property into a bio-inspired structure requires
continuous probing of the system with key signal levels initiating the disassembly and reconstruction
without human intervention. Another grand challenge one can identify in our quest to exploit bio-
inspired engineering will be to design and integrate optical-based multiscale sensing, regulation and
self-organizing and repair functions into the system.
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Grand Challenge: Biological research for biologically-inspired engineering

Matt McHenry
Assistant Professor
Department of Ecology and Evolutionary Biology
University of California, Irvine, CA, USA

The sensory and motor performance of animals may be the envy of engineers, but nature’s
design secrets may be hard to discern from the biological literature. The complexity of biological
systems certainly challenges biological investigators. However, I would argue that we biologists
generally do not organize our investigations or communicate our findings in a manner that is
conducive to the development of improved sensor or actuator design. This could mean that
biologists are missing a receptive audience for their work and that engineers may not be aware of
many of nature’s solutions that are commonly understood by biologists. Some measures offer the
potential to aid in bridging biological research on muscles and sensory systems to bio-inspired
engineering.  Journals and conferences on bio-inspiration offer a common forum for
communication. Cross-disciplinary funding opportunities provide incentive for common-cause
research. Biologists may be able to offer the engineering community more if they were made
more aware of the grand challenges in bio-inspired engineering.
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Advancement of Science.
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Grand Challenge: Harnessing the Capabilities of Smart Mobile Devices to Create a
Bio-inspired Infrastructure for Adaptive Emergency Response
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In nature, animals are constantly confronted with time-critical decisions that impact their chances
of survival. Similarly, time-critical decisions must be made in human society in the aftermath of major
disasters, such as earthquakes, typhoons, wildfires, and terrorist attacks. A grand challenge for bio-
inspired engineering is to leverage insights from biological communications and information
processing networks to enable rapid, efficient, and adaptive acquisition and communication of
mission-critical information in the first few hours after a major disaster. Success in this domain would
contribute directly to saving lives and reducing injury to both disaster victims and first responders.

A Dbio-inspired approach to the problem would draw on systems-level information processing
principles from neurobiology as well as distributed task management in social insect societies to create
adaptive, self-organizing communications networks for optimally sensing, encoding, communicating
and responding to complex, dynamic emergency situations. These bio-inspired engineering principles
could be applied to a broad range of problems in which sensing and communications networks are
needed to rapidly inform, assess and coordinate large groups of individuals (campus emergency
response scenarios, mass transit disruptions, widespread power outages, breakdown of
communications infrastructure, emergency evacuations at airports, stadiums, high-rise buildings, etc.).
The development of such an engineering framework would require cross-disciplinary teams of
researchers with expertise in neurobiology, animal behavior, civil engineering, computer science, and
emergency response management.

Such a framework could be implemented in part by harnessing the computing and communications
capabilities of smart mobile devices. Cell phones represent a ubiquitous, but under-utilized resource
for adaptive emergency response. Indeed, the number of mobile phone subscriptions worldwide is
approximately 5 billion, which is approximately 70 percent the world’s population. In major
metropolitan areas, disaster victims are almost always in close proximity to one or more cellular
phones. However, the existing emergency communications infrastructure does not make good use of
the inherent sensing and networking capabilities of these mobile devices. The current solution for
obtaining information from disaster victims is the universal emergency phone system (US 911, Japan
119), which works well for isolated, small-scale emergency events, but can easily become overloaded
in major disasters.

In a bio-inspired framework, the inherent communication and computation capabilities of
individual cell phone nodes could be utilized in analogy to the individual neurons in the brain. Like
neurons, cell phones are capable of establishing local connections with their neighbors (through ad-hoc
networking) as well as longer-distance connections with distant targets (via internet and cell tower
infrastructure). Cell phones also have a variety of sensor input capabilities (e.g. sound, video, location,
motion sensing) that have analogies with the sensory capabilities of biological systems. These
analogies can provide useful guidance in translating information processing principles from biological
systems to engineering solutions for efficient acquisition, filtering and transmission of task-relevant
information in emergency response scenarios.
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Grand Challenge: Block Copolymers as Platforms for Bioinspired Biosensing
Systems

Manuel L. B. Palacio
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Porous materials are of interest as biomolecular encapsulants in biosensors due to their large
surface area. Moreover, they have the ability to confine biomolecules such as proteins, enzymes
and antibodies, which is thought to simulate the crowded environment of living cells. There are
numerous experimental studies that have demonstrated that this confinement can maintain the
native state of biomolecules, which is a necessary condition for the proper operation of biosensor
devices. However, there are also studies that indicate how certain confining materials can
denature biomolecular structures.

Block copolymers composed of known biocompatible blocks are attractive as materials for
biosensors due to their ability to form nanostructures, which can be tuned by modulating the
block composition and arrangement. These materials have been demonstrated to facilitate the
native conformation of proteins. Porosity can be introduced on block copolymers with the
appropriate synthesis and processing conditions. Therefore, block copolymers are attractive as a
class of materials for immobilizing biomolecules in a biologically inspired biosensing platform.
Therefore, one of the grand challenges in the development of bioinspired biosensing systems is to
establish the viability of block copolymers as materials that can provide the appropriate
morphology and enable the immobilization of biomolecules in their native conformation. More
fundamental research will be needed to establish empirical guidelines on controlling block
copolymer surface morphology. Addressing this challenge would also entail the development of
experimental approaches for the immobilization of biomolecules, with the goal of obtaining an
improved understanding of the factors that influence their conformational variation when
confined in a biomaterial.
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Sensors in Civil Infrastructure
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Humans have always looked to nature when attempting to solve engineering problems. One of
the earliest examples of bio-inspired engineering was Leonardo da Vinci’s attempt to create a
“flying machine” by drawing inspiration from the anatomy and flight techniques of birds. The
later successful Wright Brothers also studied various birds in flight while perfecting their airplane
design. Nature is a natural source of inspiration because biological systems have been
functioning efficiently and robustly for centuries. In addition, over the past several decades the
field of biology has made great advances in their understanding of the natural world, making it a
prime time for engineers to draw inspiration from biological concepts in their own systems. One
area of engineering that will benefit from bio-inspired systems is the field of structural health
monitoring (SHM). While SHM has made many advances over the last several years, there are
still few implementations of SHM systems in civil engineering applications. Although there are
many factors for this, one limitation of SHM systems may be in the data collection and
processing techniques used by the sensors.

Biological systems are extremely efficient and robust for sensing and processing data. In
particular, the biological nervous system represents a highly efficient method of sensing and
transmitting information from the external world through a condensed format. Additionally, the
system is capable of aggregating information from various sources and actuating based on the
perceived external stimulus. The system is able to accomplish this entire process in a relatively
small amount of time. If sensors used in SHM utilized the same mechanisms that are used in
biological sensors the overall system would be more efficient and have the capability of operating
without any processing latencies. Additionally, biological systems often collect and process data
from a dense array of sensors and use algorithmic mechanisms to process and actuate on the
provided information. SHM sensors are often point based which limits the depth of information
that can be collected about the system. Engineers should draw inspiration from these biological
data processing capabilities to create dense arrays of SHM sensors that are also capable of easily
processing vast amount of information. Thus biological systems present a natural source of
inspiration for engineering sensors and if properly mimicked many engineering deficiencies can
be overcome.
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Grand Challenge: Bio-Inspired Sensors: Making sensors smaller
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In recent years, researchers have been looking towards nanotechnology for creating new and
societally important bio-inspired sensors. The advancements made in nanotechnology and our
greater understanding of biology has provided new opportunities for developing advanced
sensors. Developing a sensor with the robustness, efficiency, and sensitivity found in biology
will have a profound effect on our society and will lead to new advancements in medical,
industrial, and military technologies. For example, bio-inspired nanosensors could provide for
real-time diagnostics of patients, early detection and treatment of currently incurable diseases,
airborne chemical or other toxin detection, artificial hairs for sensing in advanced prosthetics, and
new robotic devices to perform minimally invasive and micro surgeries. These nanosensors can
lead to a new class of autonomous vehicles such as micro-aerial and underwater vehicles that can
sense surrounding changes in the fluid for object tracking and performance optimization.

As inspired by the olfactory systems of mammals and insects, Andrei Kolmakov, an assistant
professor at Southern Illinois University at Carbondale, and his group are developing ‘e-noses’
that utilize electron transport through nanowires for creating electronic devices that can
discriminate between various gases (Sysoev, 2006). Similarly, Dr. Lehui Lu, a professor at the
Changchun Institute of Applied Chemistry, and his team are developing simple, environmentally
friendly, and highly sensitive sensors for detecting cyanide in water using gold nanoclusters (Liu,
2010). Recently, an interdisplinary team consisting of researchers from Virginia Tech, Harvard
University, and Drexel University are developing state-of-the-art sensors inspired by the
mechanosensory lateral line system that allows fish to locate, track, form hydrodynamic images
of the environment, and perform complex schooling maneuvers.

Achieving a paradigm shift in the development of bioinspired sensors within the next 10 to 20
years requires that multidisciplinary teams consisting of biologists, scientists, and engineers work
together to transform the concepts and operating principles found in nature into technologies and
engineered systems. More fundamental research and integrative thinking among biologists,
scientists, and engineers along with advancements made in nanotechnology with provide the
foundation for developing the next generation of sensors which will be smaller, exhibit increased
sensitivity and robustness, and consume less power. By making sensors smaller and better, there
will be new and exciting opportunities for revolutionizing the quality of life.
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Grand Challenge: Application of Bio-Inspired Sensors and Actuators for Large-
Scale Civil Infrastructures

Donghyeon Ryu
PhD Candidate
Department of Civil and Environmental Engineering
University of California, Davis, CA, USA

Civil engineers have been contributed to the quality of life by building large-scale civil
infrastructures (e.g., bridges, tunnels, and dams). However, the infrastructures are aged and damaged by
diverse types of external stimuli (e.g., earthquake, impact, fatigue, and corrosion). If the structures are
not timely inspected and maintained, there should be catastrophic disasters imposing huge cost on public
society. For preventing the disaster, the civil infrastructures are visually inspected based on the regular
schedule. Although the visual inspection is widely employed in the civil infrastructures inspection, it is
limited due to subjective evaluation, unreachable location, and high labor cost. Therefore, many
interdisciplinary research groups have vigorously proposed diverse types of novel sensors (€.9., wireless,
ultrasound-based, piezoresistive nanocomposite-based sensor). Nevertheless, the novel type sensors are
still disadvantageous due to high energy demand and large form factor. Consequently, there is a pressing
need to find a new paradigm in order to overcome the aforementioned bottlenecks. In contrast, nature
has been evolved its creatures into the most efficient sensing body. Therefore, the biological principles
have been arising as the most promising candidate for solving the encountered limitations.

Likewise the bio-inspired sensors in the other fields, the bio-inspired sensors in civil engineering are
advanced by employing the biological sensing concepts. For example, the high energy demand can be
solved by using photonic energy from abundant sun light by mimicking plant photosynthetic reaction.
Also, human skin is inspiring researchers to advance the current point-based sensors to the two
dimensional spatial sensors. Furthermore, the multifunctional sensing capacity of human skin inspires
civil engineers to develop the multifunctional sensors for monitoring civil infrastructures. The state-of-
the-art bio-inspired sensors use “bottom-up” methodology for engineering the novel bio-inspired sensors
by mimicking biological membranes. In consequence, nano-scale materials are used for assembling the
higher-scale structures for embedding the sensing capacities inspired from biological systems. Also,
micro- or nano-scale fabrication techniques are employed during the sensor fabrication procedure.
However, contrary to the sensors for mechanical and biological structures, the sensors for civil structures
are required to be instrumented on the mega structures. However, the current state “bottom-up” assembly
methodology is still limited for deploying the sensors to the large-scale civil structures due to high
fabrication cost for nanomaterials and complicated fabrication process. Due to the limitations, the bio-
inspired sensors are not widely used in civil infrastructures. Therefore, the grand challenge encountered
while developing bio-inspired sensors can be defined as the high cost and complicated fabrication
procedure.

Also, a lot of novel bio-inspired actuators have been proposed by several researchers. Among them,
vibration controlling system with a shape memory alloy is inspired by carnivorous plant reaction on the
external stimuli. In practice, the shape memory alloy-based actuators have been developed for
controlling civil infrastructures exposed to seismic forces. However, the bio-inspired actuator
applications for civil structures are limited likewise the bio-inspired sensors. The scarce application can
be attributed to mainly two reasons: 1) heavy weight and 2) brittle structural members. Accordingly, the
grand challenge for the bio-inspired actuator can be two intrinsic properties of civil infrastructures.
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Grand Challenge: Smart Sensing Technology: A New Paradigm for Structural Health
Monitoring
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The ability to continuously monitor the integrity of civil infrastructure in real-time offers the
opportunity to reduce maintenance and inspection costs, while providing for increased safety to
the public. Furthermore, after natural disasters, it is imperative that emergency facilities and
evacuation routes, including bridges and highways, be assessed for safety. Addressing all of these
issues is the objective of structural health monitoring (SHM).

Smart sensors densely distributed over structures can provide rich information for structural
health monitoring using their sensing, computational, and wireless communication capabilities.
Though smart sensor technology has seen substantial advances during recent years,
implementation of smart sensors on full-scale structures has been limited; interdisciplinary efforts
to address issues in sensors, networks, and application specific algorithms have only now begun
to germinate. Following an overview of these issues, a new paradigm for structural health
monitoring employing a network of smart sensors will be presented. Because of its ability to meet
the demands of data intensive applications such as SHM, Intel’s Imote2 is adopted for this
research. The performance of the proposed SHM system is first evaluated through experimental
studies employing a three-dimensional truss structure. Subsequently, full-scale implementation on
a historic bridge in Mahomet, Illinois is conducted. The system is investigated from the sensing,
network, and SHM algorithmic perspectives and shown to perform effectively.
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Grand Challenge: Matching the flow sensing abilities of fishes in bio-inspired
applications
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Recent studies in sensory biology and biomechanics are revealing the extensive flow sensing
abilities of fishes. Using a series of flow-sensitive receptors located along the body, collectively
known as the lateral line system, fishes can detect and respond to nearby water motions. Fishes
employ this flow sensing ability during a diverse suite of behaviors, such as predator detection,
prey localization, rheotaxis (body orientation to water currents), and navigation. While the lateral
line system has been acknowledged for some time, recent studies are revealing an incredible
sensitivity of the system when detecting flow stimuli. For example, blind cave fish lack vision
and use the lateral line to successfully navigate through complex environments while avoiding
obstacles. Other studies have shown that fishes can detect the location and behavior of complex
flow stimuli, such as vortices, as they interact with the body.

The high sensitivity of the lateral line system is especially evident during predator-prey
interactions. While many have assumed that prey fish most often detect predators visually, my
colleagues and I, in a present study, are finding that larval fish primarily use the lateral line to
detect predators, even in light conditions. Furthermore, prey fish often respond to an approaching
predator quite early, before the predator has come into close proximity or even opened the mouth
during a strike. In spite of this, prey fish rarely respond to unimportant water motions in the
background. These findings attest to the lateral line’s ability to detect subtle stimuli generated by
a relatively distant predator, and a fish’s ability to distinguish important flow stimuli generated by
predators from other flows in the environment.

In light of these findings, we face a grand engineering challenge to mimic the sensitivity and
precision of the fish lateral line in bio-inspired sensors. While flow sensors resembling the
receptors of the fish lateral line have been developed to monitor the direction and velocity of
water motions along surfaces, we must develop more sophisticated sensor systems with increased
sensitivity and an improved ability to recognize and distinguish different, complex water motions.
Such systems would facilitate in the navigation of underwater vehicles, or the detection of
moving underwater objects in dark conditions. With the fish lateral line as inspiration, we can
implement this “sixth sense” in engineering applications that is employed so well in fishes.
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Sensing and actuation technologies play a key role in the design, construction and operation of
modern engineering systems. Sensing technologies are generally defined to include sensing
transducers, sensor networking architectures and signal processing techniques. Actuation
technologies include actuation devices along with associated control and decision making
methods that define a system’s actuation objectives. The designers and operators of control
systems must consider how sensing and actuation technologies interact with a physical system, as
well as with each other, to ensure they are synergistically integrated. Synergy may be considered
in terms of system complexity, performance, cost, physical dimension, time for development,
ease of installation, among other factors. Sensors and actuators are ubiquitously integrated with
many of the systems that make our society safer, secure and economically prosperous. For
example, modern aircraft employ dense arrays of sensors and actuators that aid in flying the
plane, ensure the safety of passengers and control the fuel efficiency of the plane. Also, sensors
and actuators are key elements in the design of “green” systems that adapt to user preferences in
comfort while minimizing energy consumption.

Researchers have recognized for many years that living systems have vastly superior sensors and
actuators than the best engineered systems. Superiorities and characteristics of sensors and
actuators that we may learn from bio-systems include: sensing and actuation principles; materials;
efficiency of energy usage; physical dimensions and weights; sensitivity, noise filtering and
dynamic range; processing and transmission of massive signals from distributed sensors and
coordination of distributed actuators; built-in fault tolerant mechanism, and so on. Any item in
this list provides us motivation for bio-inspiration. For some people, e.g. chemists and nano-
scientists, bio-inspiration may imply analysis (understanding) and synthesis (engineering) of
fundamental mechanism and chemistry of bio-sensors and bio-actuators. For others, e.g.
roboticists, bio-inspiration means analysis and synthesis of functionality of bio-systems; such
examples include walking robots, humanoid robots and swimming robots. While each of such
bio-inspired research activities makes sense by its own right, research on bio-inspired systems
will be elevated to higher levels when multiple of different types of bio-inspired research
activities are integrated and pursued to achieve a common goal via truly cross disciplinary
collaborations, generation and initiation of which is a grand challenge. Successful cross
disciplinary collaborations will make unprecedented impacts on engineering and technologies that
affect our daily life such as health care, rehabilitation and environmental among others.
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Grand Challenges Bio-inspired Monitoring and Warning Systems for Earthquakes
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Earthquakes are extremely lethal in part because they cannot be predicted. Furthermore, early warning
systems for earthquakes remain a difficult technology to implement in practical settings. To save human
lives, new sensors for development of bio-inspired early detection system for warning of eminent
earthquakes are a primary interest for future Taiwan-US collaborations.

The biological structures and mechanisms that contribute to the exceptional hearing and sensing abilities
of animals such as frogs, fish, lizards and snakes, among others, will be explored to create novel sensors
that can be used for early detection systems for earthquakes. For example, it is widely known that
animals exhibit unusual activities proceeding major earthquakes. Ultimately, we hope that an
understanding of animal detection and recognition mechanisms will eventually help in the development of
bio-inspired sensors for earthquake monitoring and warning. We will emphasize mechanisms and
modeling of biological detection of information that can be used in warning of eminent seismic events in
lieu of (and as a complement to) research on prediction of seismic events. Several challenging topics
include:

1) Studying and mimicking exceptional hearing mechanism of animals to provide insight into the
design of a sensor to detect infrasound for frequency below 20 Hz. For example, elephants use
infrasound waves for communication over extremely long distances (e.g., over hundreds of
kilometers). Frogs and fish are also endowed with impressive low frequency detection mechanisms.

2) Other animals such as lizards, snakes, and birds will likely provide clues for mimicking their
abilities to sense and detect a major earthquake and to provide a few extra seconds (perhaps minutes)
warning people to seek safety from the arriving earthquake.
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Grand Challenge: Real-time diagnosis of infectious disease from blood samples using bio-
inspired methods in microsystems.

Ian M. White
Assistant Professor
Fischell Department of Bioengineering
Affiliate, Maryland Pathogen Research Institute
University of Maryland, College Park, MD, USA 20742

Today the standard technique for the diagnosis of blood-borne infectious disease is to perform blood
cultures, which may take between two and seven days to produce a result. During this extended time, the
pathogen can spread and the patient’s condition can worsen; additionally, the patient may be treated with broad-
spectrum antibiotics that are not appropriate for the infection, that can harm the patient, and that may lead to
drug-resistant strains of pathogens. There is a widely recognized need to develop a diagnostic technique that
can provide a real-time identification of the species and strain of the infectious agent. This would increase
patient health, reduce the spread of pathogens, and cut dramatically the use of broad-spectrum antibiotics.

Polymerase chain reaction (PCR), a technique in which DNA is exponentially amplified, is currently being
investigated as a rapid diagnostics technique for infectious disease. PCR represents one of the most successful
adaptations of bio-inspired design in biotechnology. For infectious disease diagnosis, the assay attempts to
amplify DNA sequence signatures specific to a pathogen species and/or strain to determine if it is present.
Currently, PCR shows great promise for diagnosing nosocomial infections without the need for cultures.
However, detecting pathogens in blood continues to present a tremendous problem because of the complexities
of the sample. For example, bacterial infections may present with 10 colony forming units — or alternative
approximately 10 copies of bacterial genome — per milliliter of whole blood. In addition, the same milliliter of
whole blood contains billions red blood cells, millions white blood cells, platelets, proteins, etc. Today it is
costly, complex, and time consuming to purify such a low number of bacteria from whole blood, which thus
prohibits the use of PCR in diagnostic environments, such as an emergency room or clinic. Thus, until
sophisticated and automated sample processing techniques are developed, there is still a tremendous need for a
non-culture-based diagnostic technique for infectious disease from blood samples.

While it is difficult to perform PCR amplification of pathogen DNA from samples of whole blood,
mammalian evolution has proceeded to enable components of the blood to sense pathogens; likewise,
microorganisms have developed methods to recognize and attach to tissues while circulating in whole blood.
These facts seem to present clues to bioinspired techniques to develop microsystems for the speciesspecific and
possibly even strain specific identification of pathogens in blood. For example, an infected patient with a
responsive immune system has circulating cells that have been engineered to identify the surface of pathogens.
Therefore, engineering a microsystem decorated with a large surface area decorated with pathogen like surfaces
(specific to species or strain) could be recognized by activated immune cells drawn from the patient’s blood.
Conversely, a microsystem could be engineered by presenting a large surface area that mimics the cell
membrane components that enable viral capsids to bind and inject DNA or RNA across the synthetic surface;
the recovered nucleic acids could subsequently be used to identify the source of the infection. These are only a
few of the many examples in which microsystems could be engineered with synthetic biological components to
enable the real time diagnosis of infectious disease from complex samples, including blood.
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Grand Challenge: Small, Simple and Sensitive Measurement Systems

Edward S. Yeung
Distinguished Professor, Department of Chemistry and Ames Laboratory
Iowa State University, Ames, lowa, USA

While chemical measurements within biological systems have been around for centuries, we are constantly
faced with new situations that require different concepts, instrumentation, or information content. The grand
challenges are to make the measurement system as small as possible, as simple as possible, and as sensitive as
possible. Not all of these goals are necessary or can be achieved simultaneously, so one needs to specify what the
results are used for. We marvel at nature’s ability to detect single photons (human eye), sense single molecules
(insect pheromones), or distinguish identical twins. Future designs of measurement systems could benefit from
these tried-and-true examples.

Size — Miniaturization refers to the entire measurement process. Often not discussed are the bulky lasers,
pumps, sample dispensers, CCD cameras, etc., that feed microfluidic devices. So, even though the chemical
reactions are performed in admirably small volumes, the portability of the complete system remains open for new
ideas. Efforts in integrating the components in the measurement system during manufacturing are already paying
off. The ultimate goal is to reduce the size of optical components further, to the micron regime if not to the
diffraction limit. For example, light emitting diodes can certainly be made to 1 micron square. The reduced light
intensity is not an issue because the irradiated area is also small. As for the detector, current CCD pixels are only
a few microns across. The electron-multiplier version can approach single photon performance. Best of all, they
already have built-in spectral analysis through the RGB filters. Micron-scale optics can be derived from light
guides and/or gradient index lenses. All these can be integrated during manufacturing. The challenge then shifts
from making the sensors to adapting them to serve particular needs in chemical measurements.

Simplicity — It is not always true that the more functions the better the instrument. Inherent to having multiple
capabilities is decreased ruggedness, increased size and mutual interference. Indeed, often instruments provide too
much information that may cloud the interpretation in practical applications. The challenge therefore is to design
highly specific measurement schemes, one for each piece of relevant information. For example, although
academically “home test strips” may not be glamorous, they constitute an important screening step that can reduce
critical response time. The elimination of fancy computation and data manipulation further make the results more
rugged and the conclusions more intuitive. Simplicity also enables operation by untrained personnel and lowers
the cost of manufacturing.

Sensitivity — Everyone seems to be constantly chasing the next detection limit. We have already achieved
single-molecule detectability. However, the best detection limit may not be always relevant. More important are
issues of specificity, interference and dynamic range. Single molecule fluorescence contains little information so
one challenge is to incorporate the appropriate labeling scheme to take advantage of the signal. Sensitivity also
relates to temporal response, since one can almost always increase the sensitivity by accumulating more data. For
applications to biodynamics or microscale mechanics, the additional challenge is to move from the second scale to
the millisecond scale for measurement time, if not lower. Moreover, measurements need to be repeatable at a
similar time scale to follow entire events. Kilohertz CCD cameras are already available, but the signal-to-noise
ratios still leave much to be desired.
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Grand Challenge: System and Interdisciplinary Vision for Bio-Inspired Sensor
Technologies

Xiong (Bill) Yu
Assistant Professor
Department of Civil and Environmental Engineering
Department of Electrical Engineering and Computer Science (courtesy)
Department of Mechanical and Aerospace Engineering (courtesy)
Case Western Reserve University, Cleveland, OH

I have been frequently fascinated by the remarkable skills developed in the biological systems. The
Nature produces biological system with unmatchable sensitivity and amazing speed in processing the
huge amount of data. In my opinion, we need to overthrow the barrier between engineering and science
to catalyze a breakthrough in this area. The mission of science is to understand the basic principles and
enhance the existing knowledge. The mission of engineering is to serve the welfare of the human being
through advancing in technological fields. A strong connection between engineering and science will
provide a channel to timely place the advancement in science into the hands of engineers. Huge amount
of study on the sound sensing mechanism in aquatics (i.e. fish) are available in the fields of biology and
zoology. These studies uncovered various transduction mechanisms in biological organs. Most these
study, however, have not gone beyond to address how to reproduce such transduction mechanism? Aware
of the limitations of man-made sensors, more and more engineers resort to learning from the sensing
mechanism in biological systems. The wealth of scientific knowledge provide a resource reservoir for
such exploration, although the exact nature of knowledge that engineers sought might or might not be in
place. Therefore, I believe the advancement in bio-inspired technologies will greatly benefit from close
dialogues between scientist (biologist, neurologist, etc) and engineers. This will set the foundation to
explore the unprecedented opportunities by bio-inspired design. The success in engineering applications
will prompt interest in fundamental science.

Another important task is to prompt interdisciplinary education in engineering arena. Development
of bio-inspired technologies involves multiple disciplines such as material science and engineering,
chemical engineering, electrical engineering, etc. Civil engineering and other disciplinary provide testbed
and opportunities to implement such advancement. The long term success in the area of bio-inspired
design requires promoting interdisciplinary education and rewarding interdisciplinary research. A
paradigm change in the current promotion criteria for faculty as well as the core curricular for engineering
students will be necessary.

From the technical side, I think we need to catalyze advancement in technology and materials to
achieve the sensitivity, miniaturization, energy supply, and signal processing requirements that is similar
or superior to biological system. The community is making progresses yet significant investment and
joint efforts are still required.
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Grand Challenge: Implantable responsive drug delivery system

H. Susan Zhou
Assistant Professor
Department of Chemical Engineering
Worcester Polytechnic Institute, Worcester, MA, USA

Successful drug delivery requires not only right choice of drug, but also proper delivery to the site of
action. Drug delivery has been studied quite extensively recently and is an extremely broad area of
research. Each drug molecule, small molecule or large biomolecule, has its own individually unique
profile of absorption, distribution, metabolism, excretion, and toxicology. Moreover, timing of the drug
release may affect the pharmacological efficacy. Therefore, how the drugs can be actuated and controlled
is of significant importance. It will be no surprising that microelectromechanical system (MEMS) may
lead to substantial advances over conventional drug delivery system due to its ability to generate two
dimensional or three dimensional device structures accurately and reproducibly.

External drug delivery systems include microneedles and other micromachined systems for enhancing
transdermal, ocular, or buccal delivery. Another category, internally implanted devices, includes
microreservoir systems, non-Fickian release depots, and immunoisolation capsules for therapeutic cells.
Ultimately, MEMS-based drug delivery may rely on implantable microfluidic networks that carefully
meter out an entire drug regime under the guidance of integrated circuits with built-in sensors and
telemetry.

One challenge for drug delivery is rupture, with potential drug dumping. In some cases, e.g., insulin, a
dump could be fatal. Another challenge for implantable drug delivery system is immunoisolation. Even if
a drug delivery device successfully averts encapsulation by fibrous tissue, it still runs the risk of fouling,
where antibodies or other proteins migrate through exit orifices and inhibit the metering mechanism of the
device. With the ultimate goal of developing intelligent drug delivery devices that can sense when and
how much the dose is needed and then automatically release it from reservoirs, other challenges include
restriction of undesired uptake by nontargeted organs; and improvement of stimuli-triggered or
programmable drug release systems.
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Grand Challenge: Nanobiodevice for Future Personalized Medicine and
Evidence Based Healthcare

Yoshinobu Baba
Professor, Director
Department of Applied Chemistry, Graduate School of Engineering, Nagoya University
FIRST Research Center for Innovative Nanobiodevice, Nagoya University, Nagoya, Japan

Nanobiodevice is a piece of contrivance, equipment, machine, or component, which is created by the
overlapping multidisciplinary activities associated with nanotechnology and biotechnology, intended for
biological, medical, and clinical purposes. During the past decade, nanobiodevice has progressively
begun to focus on the establishment of main four fields of biomedical applications of nanotechnology,
including 1) diagnostic devices, 2) molecular imaging, 3) regenerative medicine, and 4) drug delivery
systems. The research efforts in my laboratory have been focused on the development of novel
nanodevices, nanomatrials, and nanotechnologies intended for biomedical applications, including genome
and proteome analysis, biosensor for blood biomarker, actuation of single biomolecule, analysis of
biomolecules and cells, diagnosis of diseases, in vivo imaging, stem cell therapy, tissue engineering, and
gene delivery system.

Since nanobiodevice has tremendous advantages, it is applicable to fast analysis of biomolecules
developed by appropriate small space, which has short distance to diffuse biomolecules, which have
extremely small diffusion constants. Highly sensitive detection and single molecular analysis will be
possible by use of nanobiodevice, because of the large surface to volume ratio and the use of extremely
small volume, such as fL (10™"° L) and aL (10™"® L). Nanobiodevice is also suitable for single molecular
and single cellular manipulation, since the laminar flow, which is characteristic in the low Reynolds
number (Re) of micro- and nano-fluidics, is valuable for separation and manipulation of single
biomolecules and single cells, and it is possible to fabricate the nanostructure and nanomaterials, of which
the size is comparable to the size of biomolecule and cell. Nanomaterials, such as quantum dots, are
essential to develop highly bright and long life fluorescence materials even in the near infra-red region,
which will be indispensable for molecular sensing and in vivo imaging.

For future personalized medicine and evidence based healthcare, we need to develop novel
nanobiodevices, including 1) multifunctional nanobiodevices for single-platform bioimaging and
targeting therapy (theranostic nanodevices); 2) ultra-high sensitive, highly specific, low invasive and
reliable (robust) multiplexed detection technologies, which will enable diagnosis through the ability to
detect disease processes at their inception, e.g., a single diseased cell or pathophysiology at molecular
level, for early cancer detection; 3) remote disease monitoring through the ability of nanotechnology to
provide on-line sensing and information relay; 4) construction of tissue-growth facilitating structured cell
sheets for organ repair and replacement; 5) application of biological nanostructures (i.e., nucleic acids,
proteins) in bioelectronics and environment-friendly nanofabrication processes; 6) single cell
interventions and diagnostics, including stem cell growth and differentiation and cellular level genomics
and proteomics; 7) stem cell differentiation and site-specific delivery by devices that allow protective
delivery and can serve as growth and templates that include nano-architecture surfaces.
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Grand Challenge: Micro and Nano Robotics Manipulation toward Nano-surgery System
for Single Cell

Toshio Fukuda
Professor
Department of Micro-Nano System Engineering
Director
Center for Micro-nano Mechatronics
Nagoya University, Nagoya, Aichi, JAPAN

Micro-nano robotic technologies, micro-nano manipulation technique, have been widely developed and
applied for various academic and industrial applications. We have been proposed ‘“Nano Laboratory” consisted
of the capabilities of nanofabrication, nanoinstrumentation and nanoassembly based on nanorobotic manipulation
system [1]. Recently, we constructed the bio-nanomanipulation system using single cell analysis technique to
control, measure, and manipulate of biological cells using various micro-nano tools [2]. Based on the system, the
single cell nanosurgery system was proposed to realize the single cell diagnosis, extraction, cutting, injection and
embedded the micro-nano devices (Fig. 1).

For example, we proposed the single cell adhesion
force measurement using a nanofork. The nanofork was
used to pick-up a single cell on a line-patterned substrate
through nanomanipulation system inside environmental-
scanning electron microscope (E-SEM) [3-5]. The line-
patterned substrate was used to provide small gaps
between the single cells and the substrate. Therefore, the
nanofork could be inserted through these gaps in order to
successfully pick-up a single cell. Adhesion force was
measured during the cell pick-up process from the
deflection of the cantilever beam. The nanofork was
fabricated using focused ion beam (FIB) etching process Fig. 1. Single cell nanosurgery system based on
while the line-patterned substrate was fabricated using micro/nanomanipulators under various microscopes
nanoimprinting technology. The line-patterned substrate (Wet/semi-wet/dry conditions).
is fabricated by Nano-imprinting technique. Typical E-
SEM images during the cell release experiment are
shown in Fig. 2. This method can be implemented in
various applications such as in a bio-medical research.
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Fig. 2. Typical sequences during the cell release
experiment by Nanofork on a line-patterned substrate.
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Grand Challenge: Combining biosensors with micro- and nanotechnology for a novel
methodology applied in the future medical care

Xiaofang Gao
Ph. D student
Department of Bioengineering
School of engineering
The University of Tokyo, Tokyo, Japan

From the last century when Clark and Lyon first gave the tentative idea of biosensor, there has
already been over 40 years for the development of biosensor. As an interdisciplinary subject between
biotechnology and information technology, biosensor has been applied in many areas such as
environment monitoring, food chemistry, clinical medicine and military engineering. From the viewpoint
of analytical chemistry, one of the improvements is the reduction of detection limit. Therefore, more
sensitive sensor with an extreme low limit of reaction is one of the future developments for the scientific
research and industry.

Accompanied by the adventure and rapid progress of micro- and nanotechnology, it brought a big
opportunity for the future biosensor and actuator. Micro- and nanotechnology allow us to observe and
manipulate working units such as cells and biomolecules in their similar living circumstances in vitro. So
it is possible to mimic a real space for sensing matters to give feedback from the outside circumstance at
single cell and single molecule level. It can supply and magnify very weak signals from a certain
biochemical reaction but maybe extremely important for some pathological changes. For example,
scientists made a change to the concentration of some transcription factors by the cell programming
technology so as to transform stem cells to some certain cells. Novel biosensors by micro- and nanotech
and detect the activities of transcription factors to insure the stem cell to be right programmed. It can at
the same time confirm which factor has been activated in the patient’s cancer cell and which has been
inhibited so as to use the corresponding medicine to cure the patient.

By using more and more micro- and nanodevices into the area of bioinspired sensors and actuators,
such progresses of biochemical activities in vivo became possible to be manipulated and applied. By the
construction of micro- and nanodevices with cell functions, both detection and various chemical
engineering operations can be replicated at organ level. Conclusively, it is of great opportunity and
challenge to face the biomimicking in micro- and nanoscale that maybe bring a huge changing for our
life.
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Grand Challenge Statement in Bioinspired Engineering of Next Generation of Biosensors
and Actuators

[taru Hamachi
Professor, Department of Synthetic Chemistry & Biological Chemistry, Kyoto University
E-mail: ihamachi@sbchem.kyoto-u.ac.jp

As a grand challenge in the field of next generation of biosensors and actuators, I would like to propose
development of sophisticated molecules and materials where biosensing and the responsive work
(functions) are efficiently coupled n order to not only detecting biological events, but also treat them
actively. For constantly curing human diseases, such intelligent materials are desired that are ideally
expected to work within human bodies with artificial intelligence. In order to facilitate development of
these materials, various directions of researches should greatly progress, such as highly selective and
sensitive biosensors, biocompatible materials, intelligent materials, highly ordered soft-materials, and so
on.
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Mimicking Intracellular Environment by Micro- and Nanotechnologies towards a Better
Understanding of Biochemical Reactions in vivo as a System
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Most biochemical experiments such as biochemical assay and biophysical kinetic measurements are
done with so-called “diluted” solution ranged from few pg to mg/ml. However cytoplasm includes high
concentration of polymers such as DNA, RNA, protein, and polysaccharide, from 200 to 400 mg/ml
concentration range. These molecular crowding conditions might strongly affect biochemical reaction
kinetics as well as dynamics. One of the major approaches to defeat the problem is adding molecular
crowding reagents like PEG (polyethylene glycol) and Ficoll into the reaction solutions and mimicking
cytoplasm environment. This biochemical approach is powerful to understand biochemical reactions in
cell more quantitatively. But some concerns are still remained; reactivity of molecular crowding reagents
and target polymers, influences on the higher-order structures of the target polymers and so on. Therefore
one of challenges to understand biochemical reaction in vivo using test tubes is to find a suitable
molecular crowding reagent depending on the intended reactions.

To compensate the above drawbacks of the molecular crowding reagent system, we are trying to apply
cell-sized reaction chambers as a confinement space for biochemical reactions. In particular, micro- and
nanochambers ranged from 0.5 to 5 cubic um were fabricated by “top-down” approach using electron
beam and photolithography, dry etching, and PDMS (Polydimethylsiloxane) cast. The fabricated micro-
and nanochamber device was a powerful tool to provide confinement space for biochemical reactions and
enable single enzyme assay. We applied various sizes of micro- and nanochambers for kinetic
measurements of enzyme reaction and revealed that the reaction space affects the kinetics of enzyme and
the confinement decelerates the reaction speed. The result indicates the reaction space become smaller
and smaller, unexpected influence was observed in this experimental system. So our grand challenge is to
understand the observed phenomena by comparing the molecular crowding system, and develop precisely
reproduced intracellular environment by micro- and nanofabrication techniques. We believe that these
approaches are essential to provide precise information of biochemical reactions in live cells and
understand a cell as a system network of biochemicals, systems biology.
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Fluid dynamics has been a basic science of engineering fields such as nuclear engineering, acrospace
engineering, biological engineering, chemical plant engineering, e.g. From 1990s, microscale fluid
dynamics has been investigated with rapid development of micro chemical systems for analysis and
synthesis, which integrate chemical processes (mixing, separation, reaction, detection) on a microchip. As
well as numerical studies, experimental approaches by measurements played important roles for the
development. Measurement schemes were developed based upon optical methods using flow tracers such
as molecules and particles. They revealed that the flow is simply laminar but strongly affected by surface
chemical properties such as wettability, chemical affinity and electric charge.

Recently, miniaturized flow systems are downscaling to 10'10° nm for development of novel
chemical analysis and synthesis. The regime of this scale is between single molecule and continuous
phase, and specific properties such as high proton mobility, high viscosity and low permittivity has been
revealed (Hibara et al., Anal. Chem., 2002; Tsukahara et al., Angew. Chem. Int., 2007). However, the
fluid behavior and mass transport in this scale are not well explored owing to the lack of measurement
methods. Simply applying the schemes of microscale flow measurements is difficult because the spatial
resolution is restricted to the optical diffraction limit. In addition, flow tracers of nanometer-size are
subject to the significant diffusion. Therefore, novel measurement technique is strongly required to
understand the nanosale fluid dynamics.

My grand challenge is to develop a measurement technique and reveal the nanoscale fluid behavior
and mass transport. The near-field optics, nanosensor technology based on particle synthesis, and data
processing are being combined in order to achieve nanometer-order spatial resolution. Constructing basic
science of nanoscale fluid dynamics related to nano-physical chemistry will contribute to create new fluid
engineering field for single cell and single molecule analysis, specific chemical synthesis, and fluidic
based electronic devices.
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Grand Challenge: Creation of fluid engineering in extended-nano space
and development of novel devices using its unique properties
Takehiko Kitamori
Professor
Department of Applied Chemistry, School of Engineering
The University of Tokyo, Tokyo, JAPAN

[Purpose and Background of the Research]

Nanotechnology exploiting quantum effects and near-field light and so on has developed science and engineering in electronics
and photonics fields. By contrast, our group has studied on micro chemical systems integrating various chemical operations such
as reaction and extraction in microchips with microchannels in pm order by using micro-fabrication technology (Fig.1). So far,
rapid, efficient micro chip technology has been developed exploiting space characteristics that surface properties affect on fluid
behavior due to size effects and applied it to rapid diagnosis systems and so on. Such technologies are summarized in Fig. 1
focusing on size order. The extended nano scale, 10'~10° nm scale is larger than macromolecular and smaller than micro
fabrication field. Also, extended nano scale is larger than single molecule and smaller than size where liquids keep their original
properties. Therefore, extended nano space is scientifically interesting, but there has been no experimental tools.

Therefore, in this study, (A) the basic technologies are established including fabrication, fluidic control methods, single
molecule detection methods, (B) the physics and chemistry in extended-nano space are clarified, and finally (C) novel devices
using unique properties of extended-nano spaces are developed.

Therefore, in this study, (A) the basic technologies are established including fabrication, fluidic control methods, single
molecule detection methods, (B) the physics and chemistry in extended-nano space are clarified, and finally (C) novel devices
using unique properties of extended-nano spaces are developed.

s|ze [Research Methods]
1om 10mwm 100mm Jim 10km 100m imm10mm  Plan A: Establishment of technology

m n%ﬁg”s%gge ' Micro space | ‘ Bulk space | A-1)F abr.lc.:atlon and modlﬁcatlo.n

— ———— R — Continuous In addition to top-down fabrication, partial chemical surface

Object  Nano molecule field fluid fluid modification method in extended-nano channels is developed.
Principle Quantam effect New phenomena  Classical dynamics S)I/%Sa?ﬁgls A-2) Fluid control
Method CNT, Nano pore \° exfoegi;“ema' Micro chemical chip ~ Test tube Surface wettability are controlled to control fluid in extended-
Field  Nanote New function and Micro chemistry W nano space where mechanical fluidic devices are difficult to be
incorporated.
o A-3) Detection
- ~®g . . . . . ..
% Single molecule detection is realized applying our original
fﬁ;‘f}?\"e‘fd\if\"" SR PE T sensitive non-fluorescent molecule detector, thermal lens
= leoulo A microscope (TLM).
~100nm] Molecule B Plan B: Physical/chemical property solution

Molecule C \ Surface B-1) Liquid properties and structures

modification
== Single molecule detection

Liquid Properties (density, specific heat and refractive index)

"B (TLM detection) and structures are measured by spectroscopic analytical method.
[ Extended-nano reactor | [ Micro chemical chip | B-2) Chemical reactions
Fig. 1. Research Concept Chemical reactions in extended-nano space are realized and
investigated.

B-3) Properties in bio-extended-nano space

Bio-extended-nano space imitating space between cells is realized and investigated.
Plan C: Novel device development
C-1) Single cell analysis device: Single cell, single molecule analysis devices are created using extremely small volume of
extended-nano spaces (fL ~ aL.).
C-2) Super chromatography: Efficient chromatography is realized using surface dominant property of extended-nano
spaces.
C-3) Heat pipe without electricity: A heat pipe is developed using capillary condensation effect in extended-nano space.
C-4) Light fuel cell: A fuel cell working with light is created using near-field light and proton transfer increasing effects in

extended-nano spaces.

[Expected Research Achievements and Scientific Significance] This study not only opens new disciplines,
but also gives new engineering methods. This study can give molecular sketch to electric double layer, and can be applied
to various novel devices such as ultra effective analysis devices and new principle energy devices.
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Grand Challenge: Enhancement of Post-Hazard Actions using Bio-Inspired Smart
Buildings and Regional Damage Estimation System

Masahiro Kurata
Assistant Professor
Division of Earthquake Hazards
Disaster Prevention Research Institute
Kyoto University, Uji, Kyoto, Japan

The reaction of biological systems against environmental or physical stimuli depends on the intensity of
stimuli as well as the experience of the biological systems to similar phenomenon. Combined with
intuition or reasoning acquired from the past, information obtained thorough biological sensing system
severs as a clue for biological systems to select appropriate reactions. The quantitative measure of the
intensity of various events (€.g., pressure, heat and acid), whether or not it causes (has caused) critical
damage in the parts of biological systems, is reasoned by comparing the stimuli received from a current
event with memorized perceptions.

In the field of earthquake engineering, the damage intensity of a seismic event stands on an empirical
correlation between the damage of buildings and the magnitude of strong ground motions observed in
past events. The benefit of such intensity measure is timeliness where an automated system computes
and announces the intensity of seismic damage to the public; such system is named Earthquake Early
Warning (EEW) system. However, this measure does not provide information on the state of individual
buildings (i.e., operationability of damaged buildings). Consequently, one may wait for weeks or months,
especially for a large seismic event in a heavily populated area, until damage estimates based on visual
inspections by certified structural engineers become available.

The estimates on regional building damage in a seismically affected region can be significantly
improved by the inclusion of biological reasoning and learning processes that works on sensing and
information technologies. In the system, spaciously-distributed smart buildings (i.e., buildings interfaced
with sensors) self-diagnosis their healthiness by referencing to a biological database inspired by a
cognitive-type neural database model where sensor information and damage states of individual buildings
in past events and numerical simulations are pre-memorized. Here, a small number of smart buildings are
selected to represent various structural types (e.g., steel, concrete, or timber structure; old or new
construction) in a region whose estimates are invoked to the rest of non-smart buildings (without sensors)
in the region. A cyberenvironment specifically designed for combining multiple layers of information
and experience (e.g., actual damage estimates, past and numerically simulated damage, regional database
for structures, and strong ground motion records) supports a biological reasoning process in the proposed
regional building damage estimating system. The proposed system helps inspectors for prioritizing the
list of buildings to be inspected. Such estimates released in a rapid manner can serve as the first basis for
planning post-earthquake restorations by local communities.
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Electrochimica Acta (a society journal of ISE), technological advisor of Japan Science and Technology
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Technical Achievements from the Electrochemical Society of Japan (2006). He published 250 original
papers, 62 review papers and 33 books.
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Grand Challenge: Highly-Sensitive Electrochemical Imaging for Biosensing

Tomokazu Matsue
Professor
Advanced Institute of Materials Research (WPI-AIMR)

Graduate School of Environmental Studies and Faculty of Engineering
Tohoku University, 6-6-11-605, Aoba, Sendai, 980-8579, Japan

Bioimaging has been a key technology to support rapid developments of fundamental and applied
biosciences. The methods developed so far are usually based on fluorescence detection since fluorescence
measurement usually has a high sensitivity and a variety of tools for performing the measurements are
commercially available. However, fluorescence detection has some drawbacks such as undesired
fluctuations due to quenching or emission from other materials, shielding by a turbid solution or vessels,
and need for labeling non-fluorescent species, which may cause toxic side effects in the analytes.
Bioimaging based on electrochemical measurements has also been attempted. The electrochemical
method has been considered to have some advantages, including high compatibility with micro- and
nanomachining technologies, system simplicity, small size, reliability, ease of use, and high sensitivity,
but so far it only showed limited successes. I will show recent status and perspective of
bioelectrochemical imaging with integrated microelectrode arrays and scanning electrochemical
microscopy (SECM).

SECM has been widely applied for imaging of electrochemical reactions proceeding at various
surfaces, including enzyme reactions, cellular functions, and membrane-related processes. Owing to
recent efforts for incorporation of sophisticated nano-positioning control and multi-functionality to SECM
systems, modern systems afford high-resolution imaging of non-contact topography and electrochemical
signals of biomaterials. However, SECM imaging is not a high-throughput method; acquisition of full
images usually requires more than 10 min.

Bioimaging with an individually addressable microelectrode array has also investigated. The
conventional way to individually address each electrode of an array is to connect the electrode line to a
corresponding bond pad. The electrochemical measurements are then carried out on each electrode
sequentially. This method is easy to implement from a technological point of view; however, the number
of individually addressable electrodes is limited since sufficient space for bond pads is not available on
the chip border. Another way to realize the individual addressability with array electrodes is to use an
integrated circuit (IC). However, it is difficult to detect very low currents (pA to nA) with an IC-based
array.

Recently, new types of highly-sensitive bioelectrochemical imaging methods using 3D

micro/nanoelectrode arrays and bio-LSI have been proposed. I will report the applicability of these
devices to high-throughput bioimaging for Grand Challenge.
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Grand Challenge: extended nanospace for mimicking intracellular space and application to
sensing technology

Kazuma Mawatari
Associate Professor
Department of Applied Chemistry
School of Engineering
The University of Tokyo, Tokyo, Japan

Spaces of 10-100 nm between cell membranes like synaptic gaps are believed to play very important
roles in cell functions such as tissue formation and signaling process. In this space, some specific solution
properties (viscosity increase and enhancement of proton transfer rate) are suggested near cell membranes
(Chem. Rev. 2006). So, it is necessary to make a tool for investigating solution properties between them.
By investigating the relationship between the liquid properties confined in 10-100 nm and the cell
functions, next generation biomimetic devices can be expected. These devices will contribute to artificial
tissue formation device or sensing device using the cell function.

However, it is quite difficult to directly measure the liquid properties in vivo. In addition, there was
no experimental tool in vitro due to the very small space. Therefore, a big issue is to develop an
engineering tool to investigate the liquid properties and to realize an artificial device utilizing the cell
functions. In our laboratory, we made the 10-1000 nm extended nanospace channel in glass substrates
and found many specific water properties, such as higher viscosity and faster proton transfer rate etc. It is
revealed that there are similarity of solution properties between the extended-nano space and intercellular
spaces. Therefore, we believe the biomimetic extended-nano space can be developed by modifying the
wall of the channel by cell membranes, which leads to artificial biomimetic devices in future. At present,
we could modify the channel with lipid bilayers and obtained preliminary results on direct evidence of
enhancement of proton transfer rate below 1000 nm. However, many properties (viscosity, liquid
structure, etc.) should be clarified. Technologies should be also developed to embed functional molecules
on the lipid and to detect the very small amount of molecules inside the extended nanospace.
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Grand Challenge: Biofied Building Embedding Adaption Mechanisms of Biological
Systems for Safe, Energy-Efficient and Comfortable Living Space

Akira Mita
Professor
Department of System Design Engineering
Keio University, Yokohama, Japan

Living things have been surviving thanks to adaptive mechanisms as categorized into four, sensory
adaption, adaption by learning, physiological adaption, and evolutionary adaption. The latter two adaption
mechanisms give the living things an ability of conquering harsh events such as unseen virus infection
and drastic change of living environment. We do not have such capabilities in our engineering systems.
To embed the adaption mechanism, we are particularly interested in using robots as moving sensor
agents, that we call sensor agent robots. They gather information of buildings and residents, and more
importantly interface buildings and residents. The information includes emotion and unconscious feeling
of humans. Introduction of the robots will open a new era for buildings that talk to residents explicitly as
well as implicitly. We call this concept “biofied building” or "biofication of living spaces" and are
working to integrate the concept.

The smart house was proposed to make a house to be safer, more comfortable, energy-efficient, more
durable, responsive to individual needs, and safer for aging and handicapped people. However, the smart
house relies on scenario-based control systems so that the smart house does not have capability to deal
with unexpected events. In addition, many sensors and actuators should be embedded in the house. Thus,
the system is not flexible to adapt to a new generation of technologies. Once it is completed, it will
immediately start becoming obsolete.

We propose the use of sensor agent robots to minimize the number of sensors embedded in building
spaces. The sensor agent robots will be pets for residents. As the robots are self-contained systems, they
are portable to be used at any building spaces. When the robots become degraded, they will be replaced
by new robots while the data taken by the old robots will be inherited to the new robots. Thus the whole
system can be always up-to-date by keeping the robots to be new. One of the most promising control
methods for the robots to control the environments, homeostasis control mechanism has been studied at
our laboratory. The homeostasis control mechanism is not based on scenarios so that it will be useful even
for unexpected events such as failure of devices. However, the system requires that the feeling and
emotion of the residents be obtained by the sensor agent robots.

One of the most important research topics in biofied building is to develop sensors to be implemented
into the sensor agent robots to acquire information on inherent feeling, health conditions, emotions and
activities of the residents in the building spaces. By detecting all important information on residents by
bio-integrated sensors, buildings will evolve to biofied buildings.
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Grand Challenge: Learning from Nature, and Engineered Top down and Bottom up
approach will lead us an innovative fundamental change of New Design and Emergent
Functionality of Regenerative Bionic Systems Powered by Chemical Energy
for Cellular Build Up Wet Machines

Keisuke Morishima
Professor
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Osaka University, JAPAN
E-mail: morishima@mech.eng.osaka-u.ac.jp

There have been so far many studies on downsizing and integration of “man-made machines”; not
only semiconductor devices but also mechanical systems and chemical systems, such as micro electro
mechanical systems (MEMS) and micro total analytical systems (WTAS). Those systems and devices are
driven by external energy power source. Most of their fabrication process is based on “top-down
approach.” However, this top-down approach generally need a large-scale external system and have many
issues regarding energy conversion efficiency, energy supply system, and sensitivity. Here we propose an
environmentally robust hybrid (biotic—abiotic) robotic system that uses living components, called
“Cellular Build Up Wet Nano Robotics”. Our group has already presented a bioactuator using rat heart
muscle cells, but it is difficult to keep rat heart muscle cells contracting spontaneously without
maintaining the culture conditions carefully. By contrast, insect cells are much robust over a range of
culture conditions (temperature, osmotic pressure and pH) compared to mammalian cells. Therefore,
insect cells are more practical use of a hybrid wet robotic system, and they can be driven without precise
environmental control.

From this point of view, to utilize robust biological components as a functional systems and self
assembly process and their emergent functionality, and to build up such a soft and wet machines will lead
us an innovative fundamental change and produce a new principle and design to future man-made
systems. We demonstrate the example of a micro bioactuator and mechanical systems driven by
biochemical energy. This novel muscle-powered bioactuator successfully show autonomous beating at
room temperature for a long time without maintenance. Experimental results suggest the possibility of
constructing an environmentally robust hybrid wet robotic system with living components and open up a
new science and technology, biorobotic approach, medical, environmental monitoring, agriculture and
industrial application.

Future Perspective: Cellular Build Up Wet Nano Robotics
Key: Soft and Wet Science &Technology and Understanding of Control Architecture
Application:
B Healthcare & Medicine
Novel Micromachine inside Human with Chemical Energy
Bioautomation and Biofactory for producing Wet Machines, Wet Lego using Stem cells and iPS cells
B Environment & Energy
High Energy Efficient Device, such as a Biofuel Cell
Environmental Monitoring system using robust Insect Cells
Less Polluted-Mass Production System for Bio-Hybrid devices
B Safety & Security
Novel Biosensor for Environmental monitoring
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Grand Challenge: Multilevel Sensing Fusion and Evolutionary Algorithm Refinement
Toward Infrastructure Monitoring

Tomonori Nagayama
Assistant Professor
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7-3-1, Bunkyo, Tokyo JAPAN

As infrastructure ages, their efficient management is a common and important issue in many countries
including Japan and the U.S. Objective condition assessment of infrastructure based on sensing
technologies is considered to improve this management allowing extraction of bridges, pavements, and
other infrastructure components needing maintenance. Also, condition assessment of newly built
structures and those after maintenance work can be used to evaluate the quality of the design and work.
Such feedback would help improve the quality of the current infrastructure and that in the future.
However objective condition assessment based on sensing technology has not matured yet.
Characteristics of infrastructure, such as the large size, designs different from each other, large numbers
of components, continuous service operation, pose limitation on the application of currently available
technologies.

One possible break-through approach is one analogous to biological systems. Biological systems
consist of a large number of sensing components. Many kinds of sensors are used simultaneously and the
outputs are combined to reach the final decision. Such information fusion is performed on multiple
phases. Low level perception (e.g., combination of vision and hearing) and high level logical judgment
(e.g. combination of current information and past experiences) are jointly utilized. Recent advance in
smart sensing technologies possibly allows sensing of a variety of physical quantities, storing data
efficiently, and analyzing them. However, simply combining sensing, storing, and analysis capabilities
would not solve the problem. In biological systems, among many possible DNA combinations, only a few
successful ones exist. Refinement of the combination depending on the environment and/or purpose is
necessary. For infrastructure monitoring, combinations of several sensing capabilities are being studied.
However, these efforts need to be tailored toward condition assessment purposes with more emphasis on
application needs.
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Designing a Nano-Interface in a Microfluidic Chip to Probe Biological Processes and
Living Cells: Challenges and Perspectives

Daisuke Onoshima
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Nagoya University, Nagoya, 464-8601, JAPAN

Micro- and nanoelectronics technology would enable fabrication of a biosensor array capable of rapid
high content screening to identify and investigate pharmacological agents or toxins. For instance,
dielectrophoresis in microfluidic chip has been proposed for positioning cells, proteins, or DNA on the
substrate, and the control of viral protein or DNA positioning shows promise for guiding self-assembly of
molecular electronics circuits in the push for smaller, faster, more energy-efficient device designs. These
examples illustrate recent advances in the measurement and control of mechanical, biochemical, and
electrical interactions at the interface between biomaterials and living cells. Thus, new tools are becoming
available at a time when biologists are learning more about molecular mechanisms such as physiology
and pathology. However, the elucidation of disease mechanisms and increased sensitivity to detect small
amounts of biological agents requires improved robustness and spatial resolution for fabricating
nanostructured surfaces within microfluidic chips. A major challenge for the next 5-10 years is the
reproducible placement and seamless interfacing of functionalized nanoscale features and messaging
systems within a chip-based device to measure and interpret complex biological processes in real time.

Existing technologies to manipulate a single intact cell or to measure biological processes within a
microchip environment include chemical, optical, and electrokinetic, each of which take advantage of
different physical forces at the micrometer length scale. Biochemical approaches have been traditionally
used by biologists and biochemists to characterize cell populations, and more recently these methods have
been adapted for use in microdevices. The most prominent example is the development of a chip-based
DNA purification and PCR technique that rapidly synthesizes thousands of copies of a DNA fragment,
thus amplifying the amount of DNA above the detection threshold. Biochemical tags or cues or inhibitors
of cellular functions can be delivered to a single cell either in soluble form or immobilized on a solid
surface. The introduction of soluble biochemical cues within microchip systems is limited by
micromixing and by characteristically slow diffusion of reagents in small channels. However, the surface
area of a microchannel wall is large compared with channel volume, which enables presentation of
controlled concentrations or spatial gradients of chemical stimuli or sensors over a relatively large area
with respect to the cell surface. The quantitative measurement of cell responses from such chemical cues
remains a challenge. Fluorescence-based techniques show promise for single molecule detection in
systems with ideal optical imaging conditions, but accurate quantification is difficult at such small length
scales. In addition, advances in nanotopography fabrication on both horizontal and vertical surfaces in a
microfluidic channel are required to accomplish chemical trapping of single biomolecules and cells at a
given location. Finally, rapid throughput and analysis are required to determine whether results from only
a few molecules used in the microdevice are indicative of a population behavior.
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Grand Challenge: Agent Model of Smart Materials for Bioloically Inspired Robots
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5-1-5 Kashiwa-shi, Chiba Japan 277-8568

In this statement, I introduce design philosophy of gel robots, biologically inspired robots based on
agent model of one of the smart materials, electroactive ionic polymer gels, from my monograph
“Electroactive Polymer Gel Robots” pp.213, for presenting future direction.

In the field of artificial intelligence, agent is defined that anything that can be viewed as perceiving its
environment through sensors and acting upon that environment through actuators. This definition also
applies to smart materials. Among various types of agents, we can model smart materials as model-based
reflex agents, which maintain some sort of internal state that depends on the percept history and thereby
reflects at least some of the unobserved aspects of the current state. Internal state functions are determined
based on the electrochemomechanical property of each material.

Knowing about the current state of the environment is not always enough to decide what to do, the
agent needs some sort of goal information that describes situations that are desirable. The agent program
can combine this with information about the results of possible actions in order to choose actions that
achieve the goal. However, goals alone are not really enough to generate high-quality behavior in most
environments. Goals just provide a crude binary distinction between desirable and undesirable states,
whereas a more general performance measure should allow a comparison of different world state
according to exactly how desirable they would make the agent if they could be achieved. If one world
state is preferred to another, then it has higher utility for the agent. A utility function maps a state onto a
real number, which describes the associated degree of desirability.

Control system for smart materials should contain modules which represent goal or utilities, since
smart materials are modeled as simple reflex agents with internal state without goal or utility by its nature.
Therefore, we modeled on of the typical electroactive polymers, and include the model into control
systems. Then, the utility function was added in order to determine the appropriate action or electrical
stimuli to the material from the control system. Simulation had been conducted in various situations so
that condition action rules are determined. The controller with condition action rules was necessary for
real-time operation.

Future direction includes modelling smart materials as agents for applying artificial intelligence
theories to design biologically inspired smart sensors and actuators.
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Grand Challenge: Development of Biologically Functionalized Microfluidic Device for
Rapid, High-sensitive and High-resolution Bioanalysis Based on Electrophoresis

Kenji Sueyoshi
Assistant Professor
Department of Material Chemistry
Graduate School of Engineering
Kyoto University, Kyoto, JAPAN

In studies on Life Science, one of the important fields is Separation Science because a numerous
amounts of analytes take part in biosystems in human being. In addition, most of the biogenic
compounds are positively or negatively charged, thus electrophoretic analyses play a significant role to
clarify the relationships between the biosystems and health. Considering the electrophoretic separation, a
molecular sieving effect of a slab gel has been utilized for the size separation of proteins and DNAs in the
early stage of the study on Life Science. Especially, the developments of the blotting methods after the
slab gel electrophoretic separation provide valuable information, e.g., presence/absence of the specific
DNA related on genetic disorder, immunoaffinity analysis of specific proteins, and so on. However, the
slab gel immuno-blotting has numerous drawbacks such as troublesome manual operations, requirement
of long analysis time, and so forth, which disturb the study on Life Science.

Capillary electrophoreses (CE) is also used for the separation of bioanalytes due to some advantages
e.g., high resolution, small consumption of reagents/samples, short analysis time, and many versatile
separation modes. In CE, some biologically important parameters such as the isoelectric point, molecular
size, specific interaction between bioanalytes and ligands can be rapidly estimated by capillary isoelectric
focusing, capillary gel electrophoresis (CGE), and affinity capillary electrophoresis, respectively.
Especially, it is well-known that a paradigm shift emerged within genomics by the development of a
DNA sequencer based on the multi-array CGE. Furthermore, it is also reported that the direct sampling
from the living body was employed by the capillary equipped with a microdialysis probe. In a
microelectro-mechanical system (MEMS), microchip electrophoresis (MCE) was developed to realize
further high throughput electrophoretic analysis. Additionally, MCE can be combined with some
microfluidic devices as a separation and detection scheme of a micro total analysis system ([1-TAS).
Resent investigations on [1-TAS also allow the immuno-blotting techniques in slab gel electrophoresis to
be carried out in the microdevice, providing a rapid immunoassay with an easy experimental procedure.
Hence, the progress of the microfabrication techniques makes CE/MCE versatile techniques for the
separation of the numerous kinds of biogenic analytes.

As a next step, it will be important to emulate/mimick the biological systems and processes in
CE/MCE for the investigation of the molecular recognition on the cell membrane, measurement of the
activity of enzyme in the internal organs, highly sensitive and specific detection of targets by employing
affinity sensor, and so on. However, the emulation of the biosystems is still difficult for the CE/MCE
equipment due to some experimental reasons, e.g. the difficulty of the cultivation of the living cells in the
capillary/microchannel, the joule heating due to a high ionic strength of the body, tissue and culture
fluids, the durability of living cells under the applied electric field during the analysis, and so on.
Through the application of biological systems to CE/MCE analyses, it will become possible to realize a
rapid and sensitive biogenic and diagnostic analysis based on the biogenic interaction. There is a pressing
need for new paradigms that advance a novel electrophoretic analysis which can be carried out with
overcoming these difficulties.
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Grand Challenge: Bio-inspired Active Soft Materials for Biosensing System for Next
Generation Medicine

Madoka TAKAI
Professor
Department of Bioengineering, The University of Tokyo, Tokyo, JAPAN

Nature provides a wide range of materials with different functions and which may serve as a source of
bio-inspiration for the materials scientist. In contrast to artificial materials natural materials such as
wood, bone and shells are composed of only limited number of basic components. They gain their
diversity in mechanical properties by hierarchical structuring which allows them to fulfill a variety of
functions e.g. self-healing, mechanical stability, high toughness. Thus, bio-inspired materials science —
also referred to as biomimetic materials science— is a rapidly growing of increasing interest in many
diverse fields, such as biosensing, bioactuating, biomedical engineering, and bionanotechnology inspired
in part by the paper of Heuer et al. published by 1992[A. H. Heuer, et al., Science 1992, 255, 1098]. The
embryonic tendency is to focus on just a few hard biological materials, such as wood, bone and shells.
There is however much more to be discovered but the access to the knowledge about relevant biological
systems is difficult.

The challenging field of bio-inspired materials science focuses on developing a fundamental
understanding of the synthesis, directed self-assembly and hierarchical organization of naturally occurring
materials, and uses this understanding to engineer "new bio-inspired" artificial materials for diverse
applications. The main thrust in the developing of "new bio-inspired" materials is the artificial multi-
functional materials involving an active biological network system, instead of looking at the relationship
between biological materials and functions only one point of view.

Cell membrane is a perfect example as biological materials control a biological sensing network
system such as cell-cell communication, conjugation, recognition, and signaling. Sugar chain and
membrane protein that are sensing unit implant in the phospholipid bilayer coordinates response of a cell
to its external environment specifically. Materials exploration of a radically new approach for the design
of "cell-inspired" is synthetic polymers with environmentally responsive mechanical- chemical-
biological- properties. The external stimulus causes a reversible change of the specific unit in the
polymers, and the change of the mechanical properties proceeds to next response in sequence. The
specific signal can be distinguished under perfect materials platforms that have unresponsive, non-
specific properties like phospholipid bilayer. Characteristic manner in the "cell-inspired" materials is soft
polymers that can work dynamically active in nano/micro scale in a chain reaction. Among them a
liquidity structure of cell membrane plays an important role in a signaling mechanism of biological
system. That is a grate challenge to develop "new bio-inspired" soft- and active- materials having multi-
functions for biosensing system for next generation medicine. To obtain further advancing functions for
creating active sensing device system, the hybrid, composite materials with organic and inorganic
substances appear promising. Fusion nanotechnology, which defies the boundaries of organic/inorganic
materials, bottom-up technology based on self assembly/top-down technology is needed for creating bio-
inspired materials.
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Grand Challenge: Seeing the Unseen in vivo for Possible Revolution of Personal Medicine;
Evidence-based Diagnosis and Therapy of Disease by Developing Rationally Designed
Chemical Tools

Yasuteru Urano
Professor
Graduate School of Medicine
The University of Tokyo, Tokyo, JAPAN

So many men, so many diseases. In these several years, much attention has been paid on the concept
of personal medicine. Even if two men suffer from the same disease, different therapies should be applied
based on personal characteristics like activities of metabolism. For acquiring personal characteristics,
genetic features of patients’ extracted genes have been extensively examined sofar, however, I think
examining “living” features of patients’ personal disease cells have much impact and efficiency for
achieving real personal medicine.

Chemical tools have been extensively utilized in biological fields as critical methods for exploring the
nature of life. Small molecule agonists and antagonists are good examples of great contribution of
chemical tools to biological researches. Further, nowadays, chemical probes like fluorescent probes and
photosensitizers are frequently used in biological researches which offer chances of critical observation
and perturbation of responses in living cells and organs. In other words, these chemical tools afford
precise examination of living features of cells and organs.

However, these tools have been rarely utilized for medical purposes, i.e., visualization and therapy of
disease. In principle, in situ diagnosis of disease cells in living human should afford true personal
evidence-based therapy, because doctors are able to understand the nature of disease site. Forachieving
this goal, we must know exact and much characteristics of living normal and disease cells and organs in
human body by using various chemical probes and metabolome approaches. Based on these “live”
information of every normal and disease cell and organ, doctors can suggest one by one efficient strategy
to cure diseases. These approaches would lead to possible revolutionof personal medicine. For achieving
these unmet medical needs, probes and instruments for visualizing various targets such as disease marker
proteins, protein-protein interactions, and epigenetics in vivo.
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biosensors
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Sensing in this document indicates ‘detecting’ that means discovering or identifying the
presence or existence of something. When we develop a sensor, which includes some necessary
steps: (1) detecting something and generating a signal (2) transfer the signals to another part (3)
interpreting the signal to get some information. In nature, many animals have many kinds of fully
integrated sensing system such as five senses that includes all components noted above.

About a half century ago, bioinspired specific sensors called ‘Biosensor’ was conceived. In
the sensor, biomolecules or organelle immobilized onto the electrodes to detect the chemicals,
and signals from them are transduced to electric information through electrodes. As the science
and technologies advance, this concept has been widely expanded involving other fields. For
example, electrodes are integrated to electric circuits and microfluidic environments utilizing
microelectro mecanichal systems (MEMS) techniques, and not only biomolecules but also living
cells and cellular spheroids have been applied for sensing modules.

Practical application of biosensors has become wider. However, these devices have a limited
useful life-span because the sensing part is not immortal. And this mortality has made it unable to
long term (such as several month) monitoring by biosensors. To overcome the difficulty, I
suggest a new function for biosensors (4) self maintenance and self renewal. For example, in the
living body, almost living cells increase and dead cells are cleared off to maintain the living
tissue. To mimic the life for the longevity of the biosensors, active maintenance system for in
vitro cell culture should be developed. For example, integrating a miniaturized cell culture
platform, biosensors and the controlling unit, the concentration of analytes and cellular conditions
are monitored simultaneously. All information is fed back to the controlling system and it adjusts
the environment to maintain the cellular condition. This integrated sensing system would enable
the robust biosensors for long term monitoring. And that would also provide a new cell culture
and analysis platform for medical use such as cellular engineering, tissue engineering, and drug
screening.
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Grand Challenge: On-chip Cellomics Technology for Re-Constructing quasi-in vivo Pre-
Clinical Toxicity Measurement using hES/iPS Cells and Their Community Effects

Kenji Yasuda
Professor
Department of Biomedical Information
Institute of Biomaterials and Bioengineering
Tokyo Medical and Dental University, Tokyo, Japan

Prof. Yamanaka team have reported a new way to create pluripotent cells from human somatic cells in 2007. The advent of induced pluripotent
stem (iPS) cell technology has a great impact on the patient-specific cell therapy and also might have a great promise as a research tool to
improve predictive power of toxicology testing. One of the advantages of the iPS cell technology is that iPS cells can be prepared from healthy
volunteers of different races, sexs and also from patients with various diseases, and they can differentiate into any types of human tissues
(endodermal, mesodermal and ectodermal tissues) to provide an ideal testing platform, distinct from the traditional in vitro testing using
immortalized cell lines and primary cultured cells. .

However, there are many hurdles to validate testing systems. For example, we have not yet known the detailed mechanisms for
reprograming and how closely iPS cells resemble conventional ES cells, or how closely the provided human cells from iPS cells resemble human
tissue cells. The efficiency of derivation of human somatic cells remains low. Supply of standard iPS cell-derived specific cell types, how to
identify and open protocol are important to validate testing systems among participating companies and academics. Moreover, as we only can
acquire human cells, not tissues nor organs, we need to develop and validate a new in vitro testing systems and protocols which can expand its
ability to in vivo screening indexes, i.e. quasi-in vivo assay.

Consequently, as an initial step, our research team have focused on the risk assessment of QT prolongation using human iPS/ES cell-derived
cardiomyocytes. QT prolongation is still a major safety concern for selecting and developing candidate compounds. The current integrated assay
systems using hERG-transfected HEK-293/CHO-cells (hERG assay), isolated animal tissues (APD or MAP assay) and conscious and/or
anesthetized whole animals (QT or Map assay) may identify QT prolongation, but cannot fully predict the potential lethal arrhythmias such as
Torsades de Pointes (TdP) or ventricular fibrillation (VF) by drug candidates. There is, therefore, an urgent need for a surrogate marker that can
distinguish the torsadogenic potential better than the QT interval duration. Added to the current testing systems, human iPS cell derived
cardiomyocytes might provide further insight into the extrapolation of preclinical data to human clinical settings or could replace existing in vitro
and in vivo models to the quasi-in vivo model.

Understanding the importance of spatial and temporal regulation of cellular orientation, community size and shape, variety and interactions are
the keys to resolving mechanisms of epigenetic processes in highly complex heart system for expanding conventional in vitro cell assay to cell-
network assay and quasi-in vivo assay. To investigate the meaning of the spatial distribution of cells, an on-chip cell network cultivation system
has been developed, and extra-cellular signals (field potentials: FP) of human embryonic cardiomyocytes in geometrically patterning chambers
have been recorded with an on-chip multi-electrode array (MEA) system.

In our research project, especially, we have focused on the strategy of an on-chip assay for providing further insight into the extrapolation of
preclinical data to human clinical settings or for expanding or replacing existing in vitro and in vivo cardio- toxicity models as the special topics
as follows:

1) TdP prediction by evaluation of temporal fluctuation of ion channels. Abnormal triggering (temporal dispersion) causing lethal arrhythmias
have been estimated by analyzing the time course FP dispersion of single human cardiomyocyte cells using Poincaré plotting.

2) TdP prediction by evaluation of spatial fluctuation cell-to-cell propagation. Spatial dispersion of cells causing fluctuation of signal propagation
and spiral re-entry have been measured by using a cell network loop which can choose different propagation pathways of human cardiomyocyte
cells among neighboring circulations. Especially, addition of human fibroblasts into the cell network has a potential for representing the more
close to real heart tissue propagation model.

3) Evaluation of the inhibition on the trafficking pathway of ion-channel proteins. Expanding the testing of the conventional direct inhibition to
the ion channels, the inhibitory effects on the protein synthesis, protein maturation, and intra cellar vesicle transport in human heart cells have
been measured.

4) Genetic/epigenetic variety of human heart cell sources provided from variety of human iPS cells. In the workshop, we hope to discuss

the trends and potentials of single-cell-based re-constructive approach for creating quasi-in vivo assay in a chip.
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Grand Challenge: Development of micro/nanostructures with bio- and medical sensing
applications

Takao Yasui
Ph.D. student
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Nagoya University, Nagoya, Japan

New nanomaterials and nanostructures using semiconductor, nanofabrication and chemical technologies
have been developed. The grand challenge is to develop new structures with bio- and medical sensing
applications via label-free biomolecule separation and detection at ultrahigh resolution with a wide range of
molecular length. To achieve this challenge the appropriate micro/nanostructures for DNA, protein or cell
analysis should be selected, resulting in the most appropriate personalized medicine.

For several years nanotechnology has been applying to disease diagnosis, especially the detection of
biomarkers, SNP (single nucleotide polymorphism) analysis and DNA sequencing. Now, some medical
groups work to develop very-early-stage cancer detection based on single cell or biomolecule analysis.
System biologists also would like to analyze expression profiles of genes from human. For this aim,
nanostructures for analyzing over 20000 genes in a single run and in parallel need to be developed, even
though the scale of analysis of genetic materials is still small. The nanotechnology is a key technology for
targeting the biological, medical, or system biological fields. Personalized medicine has a wide variety of
goals. For example, the detection of SNPs to predict side reactions of drugs has been already used. But SNPs
are only a small part of personalized medicine. The real personalized medicine will take more than 10 years to
reach because there is no knowledge from system biology at present. An expression profile of all genes and all
expressed proteins, all modifications of proteins and all other reactions in the cell should be categorized. To
do that, a number of nanotechnological break through are desired. In Situ, in vivo real time single molecule
analysis is also an important goal. The very small number of expressed proteins can be a key issue for cancer
and other diseases. To look at interactions between small numbers of molecules, very small volumes are
necessary but conventional technologies use large volumes. Using large volumes it is easy to detect single
molecules, for example single molecule DNA or single molecule proteins. But if interactions between
proteins, proteins and DNA or molecules and cells would be detected, very small nanostructures which could
deal with very small volumes would be required because biological reactions occur at micro- to nano-, even
pico-molar concentrations. Chip-based technology means very small volumes can be available, making
nanotechnology key for this kind of work.

Another challenge is making older people feel happier, because the aging population is increasing and 10
years from now 25% of the Japanese population will be over 65. Nanotechnology would be also used as a
measure of happiness, stress levels and health. And also the stages of cancer or diabetes would be measurable,
since genomic research would tell us which genes relate to which diseases. The next stage is that the analysis
of proteomics and glycomics in more detail and measurement of the brain function to look at happiness and
stress. The control of disease and measurements of health means happiness for some people. To develop that
technology we could measure the happiness. The definition of happiness is different for each of us so a
personalized happiness measurement based on nanotechnology is needed. That is an important target, too.
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Grand Challenge: Learning and Mimicking Biological Systems for Next-Generation
Sensors and Actuators for Health Monitoring of Civil Infrastructure Systems
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It is well known that the light-trapping system in photosynthetic bacteria was formed under the
illumination of the sun light [1]. Mimicking such a biological system, we have developed photon-assisted
fabrication process, and have shown that the device was formed as an optimum structure.

One example was the nano-scale waveguide that consisted of the metallic nanoparticles chain [2].
Instead of conventional top-down method such as electron-beam lithography, we deposited metallic
nanoparticles chain using sputtering under the illumination with a photon energy that will be used as a
nano-scale waveguide. We realized self-assembly of the uniform chain structure of the metallic
nanoparticles, in which the separation was optimized for the application of nano-scale waveguide.

Another example was the solar cell [3]. To fabricate the electrode of the semiconductor solar cell, we
also performed laser-assisted deposition. As a result, we succeeded in the increase in the photo-current
conversion efficiency at a wavelength region that was used for the electrode deposition.

Based on our achievement, if the certain sensor or actuator which utilize light during operation is given, we
believe their performance can be optimized when the device was fabricated under the illumination.

[1] K. Mukai, S. Abe, and H. Sumi, “Theory of rapid excitation-energy transfer from B800 to optically-
forbidden exciton state of B850 in the antenna system LH2 of photosynthetic purple bacteria,” J.
Phys. Chem. B, 103, pp. 6096 (1999).

[2] T. Yatsui, W. Nomura, and M. Ohtsu, “Self-assembly of size- and position-controlled ultra-long
nanodot chains using near-field optical desorption,” Nano Lett., 5, 2548 (2005).

[3] S. Yukutake, T. Kawazoe, T. Yatsui, W. Nomura, K. Kitamura, and M. Ohtsu, “Selective
photocurrent generation in the transparent wavelength range of a semiconductor photovoltaic device
using a phonon-assisted optical near-field process,” Appl. Phys. B- Lasers and Optics, 99, 415
(2010).
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Grand Challenge: Rapid Identification of Pathogenic Bacteria
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How many times have you ever dosed yourself with “antibiotics”? With or without our knowledge,

each time we take antibiotics, we are taking the following serious risks:
a) Fostering antibiotic-resistant bacteria
b) Upsetting the natural balance of bacteria in our body

As we experienced in our history, such as the Spanish influenza which killed more than 20 million
people all over the world (this is still one of the top records of the death toll among all kinds of causes,
including World War II (~ a few tens of million in total)), antibiotic-resistant bacteria can cause a global
crisis. The number of deaths is estimated up to millions or even billions once highly toxic and infectious
bacteria which have resistance to any kinds of antibiotics emerge at somewhere in the world.

The risk b) has been gradually becoming clear recently. Although this issue has received far less
attention, it can be equally serious. Antibiotics kill the bacteria we do want, as well as those we don’t.
Recent studies indicate that, sometimes, our friendly flora never fully recover. These long-term changes
to the beneficial bacteria within people’s bodies may even increase our susceptibility to infections and
disease. Overuse of antibiotics could be fuelling the dramatic increase in conditions such as obesity, type
1 diabetes, inflammatory bowel disease, allergies and asthma, which have more than doubled in many
populations.

The critical problem for the current situation is the absence of a good sensor which can rapidly
identify pathogenic bacteria, while the conventional method takes at least a few days. Accordingly,
medical doctors prescribe an antibiotic based on their experiences (empiric therapy) as the first choice.
Since it is impossible to identify the exact bacterial species, they give a broad spectrum antibiotic which
acts on a wide range of bacteria in most cases, thereby running the above risks a) and b) everyday all over
the world.

The sensor must be small, low-cost, and easy to use anywhere in the world because evil bacteria can
casily spread globally irrespective of its place of emergence. We are now trying to address this Grand
Challenge by means of a recently developed sensor, namely a membrane-type surface stress sensor (MSS;
Fig. 1) [1]. If we can solve this challenge, such a sensor system can be also utilized as a versatile tool for
the daily health-care by placing it at bedside, in a toilet, etc, connected to a health-care cloud, in addition
to saving the world and the future from the threats related with bacteria.

[1] G. Yoshikawa, T. Akiyama, S. Gautsch, P. Vettiger, H. Rohrer, Nano Letters 11, 1044-1048
(2011).

Fig. 1: Membrane-type Surface stress Sensor (MSS)
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Grand Challenge: New design concepts for nanophotonic biosensors
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Advanced biosensing and bioanalysis researches are mainly focused on the high sensitivity and
ultramicroanalysis, and nanotechnology is used to improve their performances. The problem is that
advanced biosensing and analysis using precise and complicated micro- nanostructure and special
expensive apparatuses are difficult to be widely used. A new concept is necessary to utilize advanced
nanobiotechnologies for public health and safety.

Biosensor using interaction between photons (light) and nanostructures is both scientifically and
technologically interesting and important. Not only high sensitivity and ultramicroanalysis, but also high
throughput, low cost, and easy and safety operation are expected by the development of nanophotonic
biosensor.

So far, in nanophotonic biosensors, light has been used as a signal probe. But light, especially a
focused laser beam has potentials to induce photochemical reactions, temperature elevation, trapping of
small objects, and so on. By using these effects induced by a focused laser beam, unique nanophotonic
biosensors can be designed. For example, gold or silver ion reduction and their nanoparticle deposition by
a focused laser beam is demonstrated by some researchers. Thus a focused laser beam has a potential to
fabricate metal nanostructures, which are applicable to nanophotonic biosensors based on localized
surface plasmon resonances (LSPR) and surface enhanced Raman scattering (SERS). If a focused laser
beam can be used both as the energy source of metal nanostructure fabrication and a signal probe, time-
consuming and expensive nanofabrication process can be skipped.

A focused laser beam is quite commonly used in daily work and life. A small optical device called
“optical (laser) pickup” is used for reading and recording of an optical disc and equipped in CD and DVD
recorders, game hardware, and personal computers. In optical pickup devices, a laser beam emitted from a
laser diode is tightly focused by a lens on a surface of an optical disk. A reflected or backscattered light of
the laser beam is corrected by the lens and introduced to a photodetector and converted into electric
signal. The position of the beam is precisely controlled.

By using such widely used devices, I think sophisticated nanophotonic biosensing systems can be

realized without both complicated nanofabrication processes and expensive apparatuses, and such
biosensors can contribute to public health and safety.
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