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Views from the Front Lines of
Engineering
The annual US Frontiers of Engineering (FOE) Symposium brings together outstanding young engineers,
ages 30 to 45, to share ideas and learn about cuttingedge research on a wide range of engineering topics.
Approximately 100 of us gather for a few days each year
and spend our time networking, learning, and discussing.
A unique characteristic of the symposium series is that
participants are competitively selected from researchers
working across the spectrum of engineering disciplines
in academia, industry, and government. FOE is a gem
among NAE activities and provides these emerging engineering leaders with a rare opportunity to learn about
the latest research in engineering areas other than their
own and to meet with promising engineers working in
different fields. The symposium is truly memorable, and
I encourage you to nominate your eligible colleagues. I
attended my first US FOE symposium in 1998 as a new
assistant professor, and it is now my great privilege to
serve as chair of the organizing committee and meeting.
The nineteenth US FOE Symposium, hosted by
DuPont, was held September 19–21, 2013, at the Hotel
du Pont in Wilmington, Delaware. The meeting was
organized into four sessions with the following themes:
designing and analyzing societal networks, cognitive
manufacturing, energy: reducing our dependence on
fossil fuels, and flexible electronics. Six papers, representing the highly engaging topics covered by this year’s
presentations, are included in this issue of the Bridge.
Below is a brief summary of this event (for additional
detail, see the write-up and photo on page 63).

The session on designing and analyzing societal networks was organized by Tanzeem Choudhury of Cornell
University and Scott Klemmer of the University of
California, San Diego. Speakers addressed opportunities and challenges posed by the massive-scale adoption
of social technologies such as social networks, smart
mobile devices, digital health, and online education. In
this issue Duncan Watts of Microsoft discusses progress
and challenges in computational social science, which
covers the study of complex social systems through
computational modeling and related techniques. He
notes that despite significant developments, progress in
research related to the “big” questions (e.g., systemic
risk in financial systems, problem solving in complex
organizations) has been more limited. He describes reasons for this, and the need for new platforms and institutions for collecting and conducting this research.
The second session, chaired by Elizabeth Hoegeman
of Cummins Inc. and Rhett Mayor of the Georgia Institute of Technology, was on cognitive manufacturing.
Here, the term refers to production systems that utilize
cognitive reasoning engines or distributed intelligence
agents and are thereby capable of autonomous operation that requires only high-level supervisory control.
We learned about systems that perceive changes in processes and then respond to stay within target ranges
of metrics such as production cost, rate, and energy
consumption. In “The Rise of Computer-Enabled Supply Chain Design,” Steve Ellet of Chainalytics reviews
the deployment of computer-enabled decision making at the production system logistics level, exploring
approaches to global logistics optimization and supply chain design. Steven Skerlos of the University of
Michigan discusses the importance of integrating sustainability objectives into product design and describes
areas where cognitive manufacturing techniques may
enable mass sustainability.
Presentations in the third session, chaired by Halil
Berberoglu of the University of Texas at Austin and
Stuart Thomas of DuPont, related to energy and efforts
to reduce dependence on fossil fuels and find technical
solutions for diversifying the fuel production infrastructure to meet energy needs. The session talks addressed
technical, economic, environmental, social, and political issues associated with dependence on fossil fuels, as
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well as challenges in biofuel production and incorporation of nonfossil fuels in the infrastructure. In “Artificial
Solar Fuel Generators,” Miguel Modestino and Rachel
Segalman1 of the University of California, Berkeley,
review artificial photosynthesis research on harvesting
solar energy for fuel production, and in particular the
development of an integrated solar hydrogen generator
that consists of integrally connected photovoltaic and
catalytic units.
The final session of the meeting, chaired by Lynn Loo
of Princeton University and Tina Ng of the Palo Alto
Research Center, covered advances in flexible electronics. Here, we learned that conventional fabrication processes are being transformed to incorporate electronic
control and power sources into any object, including surfaces that are soft, pliant, and often easily damaged (such
as human tissue). Applications ranged from energy-efficient, stretchable lighting to lightweight photovoltaics, smart-sensing wallpaper, and dissolvable electronic
implants. Nanshu Lu from the University of Texas at
Austin explains the mechanics, materials, and biointegration of tissue-like electronics that can conform to and
deform with living organisms for physiological sensing
and stimulation. Polina Anikeeva of the Massachusetts
Institute of Technology describes next-generation flexible electrode arrays and optoelectronic neural probes
that minimize tissue damage and maintain high-quality
neural recordings over longer time scales.
In addition to the oral presentations, the FOE symposia provide lively Q&A sessions, panel discussions, and
other activities that encourage conversation and networking. At this year’s meeting, these activities included a variety of technical tours at DuPont’s Experimental
Station and Chestnut Run Plaza.

1 Rachel

Segalman presented the paper at the symposium.

The dinner speaker, a traditional highlight of FOE
programs, was Doug Muzyka, senior vice president and
chief science and technology officer at DuPont. He presented an engaging perspective on DuPont over its 211year history, which provided insight into the company’s
current emphasis on integrated science and engineering
to develop solutions to global challenges. Dr. Muzyka
concluded his talk by noting that the collective impact
of collaboration provides one of the best opportunities
for engineering innovation, and he encouraged attendees to challenge traditional boundaries and ways of
thinking. Ellen Kullman, DuPont chair and CEO, spoke
by video about engineering as creative problem solving
and the important role of engineers in finding solutions
to pressing needs.
Finally, I would like to note that it was my sincere
pleasure to serve as chair of the Organizing Committee
for this year’s US FOE Symposium. I always leave the
program invigorated and excited about the future of our
profession. I also want to express my sincere gratitude
and thanks to the NAE staff with their boundless energy
and enthusiasm that truly make this program a timeless
success. Specifically, I appreciate the tireless contributions of Janet Hunziker, NAE senior program officer,
Vanessa Lester, program associate, and Lance Davis,
NAE executive officer, to the planning and implementation of the Frontiers of Engineering symposia. I also
thank the sponsors of the 2013 symposium: DuPont,
The Grainger Foundation, National Science Foundation, Defense Advanced Research Projects Agency,
Microsoft Research, Cummins Inc., and the Greater
Wilmington Convention and Visitors Bureau.

Deep and significant progress in computational social
science requires novel and creative approaches to data
collection and research.

Computational Social Science
Exciting Progress and Future Directions

Duncan J. Watts

The past 15 years have witnessed a remarkable increase in both the scale
Duncan J. Watts is a principal researcher at Microsoft
Research.

and scope of social and behavioral data available to researchers. Over the
same period, and driven by the same explosion in data, the study of social
phenomena has increasingly become the province of computer scientists,
physicists, and other “hard” scientists. Papers on social networks and related
topics appear routinely in top science journals and computer science conferences; network science research centers and institutes are sprouting up at top
universities; and funding agencies from DARPA to NSF have moved quickly
to embrace what is being called computational social science.
Against these exciting developments stands a stubborn fact: in spite of
many thousands of published papers, there’s been surprisingly little progress on the “big” questions that motivated the field of computational social
science—questions concerning systemic risk in financial systems, problem
solving in complex organizations, and the dynamics of epidemics or social
movements, among others.
Of the many reasons for this state of affairs, I concentrate here on three.
First, social science problems are almost always more difficult than they seem.
Second, the data required to address many problems of interest to social scientists remain difficult to assemble. And third, thorough exploration of complex social problems often requires the complementary application of multiple
research traditions—statistical modeling and simulation, social and economic
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theory, lab experiments, surveys, ethnographic fieldwork,
historical or archival research, and practical experience—
many of which will be unfamiliar to any one researcher.
In addition to explaining the particulars of these challenges, I sketch out some ideas for addressing them.
Why Is Social Science Hard?

By definition, “social” phenomena are less about the
behavior of individuals than of collections of individuals in groups, crowds, organizations, markets, classes,
and even entire societies, all of which interact with each
other via networks of information and influence, which
in turn change over time. As a result, social systems—
like complex systems in physics and biology—exhibit
“emergent” behavior, meaning that the behavior of
entities at one “scale” of reality is not easily traced to
the properties of the entities at the scale below (Anderson 1972). Firms, for example, can exhibit highly stable
identities and cultures even as the particular employees
who work in them change completely over time, just as
you remain you even as the cells in your body turn over
during the course of your lifetime. Conversely, the stock
market, the economy, or a political regime can collapse
suddenly and unexpectedly even as the various players
and background conditions remain the same.

The computing revolution
has dramatically increased
the speed and memory of
computers and the scale and
scope of social data that can
be analyzed.
Complicating matters further, emergent properties
can be both the cause and the effect of social change.
Sometimes, that is, the decisions of corporations or
even governments may depend critically on the personal interests of a handful of executives, whereas at
other times the behavior of those same individuals may
be powerfully constrained by the corporate or political
culture to which they belong.
Nor is emergence as simple as one scale of reality
aggregating to another. Rather, in many problems of
interest to social scientists, the actions of individuals,

firms, regulatory and government agencies, markets, and
political institutions may all play important roles. Moreover, because these different types of actors not only
exist at different scales (firms comprise individuals, markets comprise firms and individuals, etc.) but also may
interact with each other in important ways, problems
of this type require one to consider events, actors, and
forces across multiple scales simultaneously.
Given the unavoidably multiscale, complex, and emergent nature of social phenomena, it is not surprising that
theories of social behavior and change have been difficult to work out in any realistic detail. Compounding this
theoretical difficulty are two separate but related empirical difficulties. First, it has been impossible to collect
observational data on the scale of hundreds of millions, or
even tens of thousands, of individuals. Second, because
cause and effect can be difficult to infer from observational data alone, experimental studies are also necessary. Yet
experiments involving, say, the performance of an organization with a particular structure, or the popularity of
songs in a single instance of a cultural market, represent
the collective behavior of hundreds or even thousands of
individuals, designs that are clearly impossible to implement in a physical lab (Zelditch 1969).
The Emergence of Computational Social Science

In light of these three interrelated difficulties—(1) the
complexity of the theoretical issues confronting social
science, (2) the difficulty of obtaining the relevant
observational data, and (3) the difficulty of manipulating large-scale social organizations experimentally—it is
hardly surprising that progress in social science has been
slow relative to that in the physical, engineering, and
biological sciences, in particular over the past century.
But the computing revolution of the past two decades—
a revolution that has dramatically increased not only
the speed and memory of computers themselves but
also the scale and scope of social data that can now be
analyzed—has the potential to revolutionize traditional
social science, leading arguably to a new paradigm of
“computational social science”1 (Lazer et al. 2009).
1

“Computational social science” is a contested label, referring
in some quarters to simulation of agent-based models (see, for
example, http://computationalsocialscience.org/) and in others
strictly to the analysis of computationally challenging datasets
(http://research.microsoft.com/en-us/groups/cssnyc/). Here I use
the term somewhat liberally to refer to the emerging intersection
of the social and computational sciences, an intersection that
includes analysis of web-scale observational data, virtual lab–style
experiments, and computational modeling.
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The most prominent strand of research in computational social science leverages communication
technologies—including email, social networking and
microblogging services, and cellphones—as well as
online games, ecommerce sites, and other Internetenabled services. All of these devices and services generate digital signals, often referred to as digital exhaust or
digital breadcrumbs, from which inferences can be made
about individual and/or collective behavior. In this
way, it is increasingly possible to observe the actions
and interactions of hundreds of millions of individuals
in real time as well as over time.
Data derived from instant messaging services and
social networking sites, for example, have been used
to construct networks of hundreds of millions of nodes,
analysis of which (Leskovec and Horvitz 2008; Ugander et al. 2011) has confirmed earlier conjectures about
the topology of large social networks (Newman 2003;
Watts and Strogatz 1998). Other studies have mined
email data to estimate the microlevel rules describing new tie formation (Kossinets and Watts 2006) or
used blog networks to measure the propensity to join
new groups (Backstrom et al. 2006). Others still have
mapped the diffusion of online content (Bakshy et al.
2009; Dow et al. 2013; Goel et al. 2012; Leskovec et al.
2007; Sun et al. 2009) or conducted massive randomized field experiments to estimate the causal effects of
social influence on adoption (Aral and Walker 2011),
voter turnout (Bond et al. 2012), or likelihood to share
content (Bakshy et al. 2012).
A less well explored but also important strand of
research uses the web to create “virtual labs”: controlled environments for the conduct of “macrosociological” experiments (Hedstrom 2006). Although early
efforts relied on volunteers (Dodds et al. 2003; Salganik
et al. 2006), an important recent development in this
field has been the use of crowdsourcing sites such as
Amazon’s Mechanical Turk to recruit and pay subjects,
analogous to the longstanding tradition in behavioral
science of recruiting from college student populations
(Mason and Watts 2009).
One important advance due to crowdsourced virtual
labs has been resolution of the synchronicity problem
to ensure that N subjects will arrive contemporaneously
and remain engaged in the experiment for its duration
(Suri and Watts 2011), thereby allowing for networked
experimental designs. Another advantage is that experiments can be designed, launched, and executed on
a much shorter timescale than has been historically
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feasible, and on a lower cost basis (Wang et al. 2012).
Finally, by shrinking the hypothesis-testing cycle—the
lag between analyzing one set of experimental results
and running the next set of experiments—from months
or years to days or even hours, crowdsourced virtual lab
experiments can dramatically expand the range of conditions that can be studied.

The web can be used to create
“virtual labs,” controlled
environments for the conduct
of macrosociological
experiments.
Challenges and Opportunities for
Computational Social Science

As impressive as its recent accomplishments have been,
computational social science faces a number of pressing
challenges if it is to address the important questions of
social science in a meaningful way. For example, organizational and interorganizational problem solving,
collective action and decision making, the relationship
between deliberation, governance, and democracy, the
emergence of disruptive technologies, and the rise of
new political or cultural movements are all core social
scientific questions, but they have received little attention from computational social science largely on the
grounds of limits to current data sources, platforms, or
methods. In the following sections I describe three challenges and suggest some directions for future progress.
Creating a Social Supercollider

First, the dominant digital exhaust model of data collection imposes important limitations on the type of
research questions that can be answered.
Consider, for example, the problem of measuring
how friends influence each other’s purchase behavior,
a question that is of great interest to social scientists as
well as to marketers, policymakers, and other change
agents. Answering such a question requires the ability to observe both the complete friendship network
(already a difficult task) and the shopping behavior
of everyone in the network. Using existing systems,
one might obtain an approximation of the friendship

The

BRIDGE

8

network by using, say, Facebook data or mining email
logs, while ecommerce sites or retailer databases may
show how much individuals are spending on particular
products. Currently, however, it is extremely difficult to
combine even two such sources of data, and of course
there are many different modes of communication and
many different places to make purchases.
Generalizing beyond this one example, many questions of interest to social scientists require studying the
relation between different modes of social action and
interaction—for example, search data to infer intent,
network data to infer relationships, ecommerce data
to infer choices, and social media data to infer opinions—but these modes are generally recorded and
stored separately, often by different companies. A major
breakthrough for computational social science, therefore, would be a “social supercollider”: a facility that
combines multiple streams of data, creating richer and
more realistic portraits of individual behavior and identity, while retaining the benefits of massive scale.

A “social supercollider”
would combine multiple
streams of data about
individual behavior and
identity while retaining the
benefits of massive scale.
Against this considerable promise stands the equally
pressing concern of protecting individual privacy. Privacy is already an important issue for all industries that
collect digital information about their consumers; however, for the same reason that the social supercollider
would be so powerful a scientific tool—namely that it
would put all the pieces together—it raises far more serious questions about individual privacy even than are
posed by existing commercial platforms. These questions have in fact already been raised by recent revelations of the National Security Agency’s Prism project,
which also appears to be an attempt to combine data
from multiple sources. Construction and management
of anything like a social supercollider would therefore have to proceed under the strictest scrutiny, with
respect to both governance and the end uses of the data.

Expanding Virtual Labs

A second challenge for computational social science
concerns the continued development of experimental
macrosociology. Perhaps surprisingly, the major limitation to existing experimental designs is not technical
but rather logistical—namely, the difficulty of recruiting
large numbers of subjects in a reliable and cost-effective
manner. For example, the largest synchronous virtual
lab experiments to date have not exceeded N=36,
largely because of the practical difficulty of recruiting
more than that number at any single time.
One potential solution to this problem would be
to construct a large, persistent, and well-documented
panel of subjects—potentially hundreds of thousands
of individuals—who might participate in many experiments over months or years. Increasing the scale of
experiments from dozens to thousands of simultaneous participants would fundamentally alter the types of
experiments that could be run—making it possible to,
for example, study the proverbial army in a lab (Zelditch 1969). By allowing researchers to specify their sampling frame in advance, another advantage of a large
persistent subject set would be to facilitate investigations of variation in behavior by demographic, national,
or racial group.
Such a panel would also enable the study of entirely
novel questions about the connections between individual attributes and behavior as well as between different
elements of behavior itself. Do people who contribute
generously to public goods games behave in any characteristic way when participating in a collaborative
problem-solving exercise or in an exchange network?
Finally, beyond virtual lab experiments, a panel of
this scale and duration could be of great value for survey
research and randomized field experiments.
Putting the “Social” in Computational Social Science

A final challenge for computational social science is
that, in spite of many thousands of papers published
on topics related to social networks, financial crises,
crowdsourcing, influence and adoption, group formation, and so on, relatively few are published in traditional social science journals or even attempt to engage
seriously with social scientific literature. The result is
that much of computational social science has effectively evolved in isolation from the rest of social science, largely ignoring much of what social scientists
have to say about the same topics, and largely being
ignored by them in return.

WINTER 2013

It is unclear who is to blame for this state of affairs—
computer scientists for being presumptuous, social scientists for being defensive, or both—and even whether
it is a bad thing. Perhaps all interdisciplinary fields start
out as ugly ducklings and have to become swans on
their own, not by making friends with existing fields
but by outcompeting them. My view, however, is that
meaningful progress on important problems will require
serious engagement between the communities, each of
which has much to offer the other: computer scientists
have technical capabilities that are of great potential
benefit to social scientists, and the latter’s deep subject
matter knowledge is essential in order to ask the right
questions and to formulate even simple models in ways
that address these questions.
New Institutions for Computational Social
Science

Unfortunately, harnessing the complementary strengths
of multiple research communities is easier said than
done. Consider, for example, the problem of managing
systemic risk in financial systems. On the one hand,
simple and elegant models of financial crises that are
inspired by the analogy of contagion in networks (Delli
Gatti et al. 2012; Gai and Kapadia 2010; May and Arinaminpathy 2010; Nier et al. 2007) turn out to omit
certain features of real banking systems—for example,
that banks “create” money by expanding their balance
sheets or that prices must adjust so that markets will
clear—that are critical to understanding recent crises.
On the other hand, descriptively accurate accounts of
real financial crises tend to be so complex and multifaceted (Brunnermeier 2009; Financial Crisis Inquiry
Commission 2011; Gorton 2012; Hellwig 2009) that it
is difficult even for experts to agree on which mechanisms are the most important and therefore what features are critical to include in even a simple model.
The existence of diverse and even incommensurate
literatures on the same topic is a surprisingly common
problem in social science, and resolving it requires
substantial investment in time as well as considerable
diversity of expertise. As no one individual is likely
to satisfy this requirement, interdisciplinary teams
of researchers who have both the resources and the
incentives to engage in long-term, high-risk collaborations seem increasingly necessary. Such collaborations
are also challenging, however, in light of the cultural
and language differences that separate disciplines like
computer science from the social sciences, as well the
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wide variations in publication norms and timescales.
Finally, to be successful computational and experimental research designs must be coordinated with methods
drawn from the theoretical, survey, and ethnographic
traditions of social science.
Deep and significant progress in social science, in
other words, will require not only new data and methods but also new institutions that are designed from the
ground up to foster long-term, large-scale, multidisciplinary, multimethod, problem-oriented social science
research. To succeed, such an institution will require
substantial investment, on a par with existing institutes
for mind, brain, and behavior, genomics, or cancer, as
well as the active cooperation of industry and government partners.
The current and justifiable excitement surrounding
computational social science presents an opportune
moment to engage in such an undertaking.
Conclusion

Driven by new sources of data, ever-increasing computing power, and the interest of computer scientists, social
science is becoming a computational discipline much as
biology did in the late 1990s. As exciting and important
as this development is, however, social science is not
and should not become a subfield of computer science
or “data science.” Just as in computational biology, the
computational element of computational social science
should remain in service to the substantive and substantial questions of social science.
Achieving this goal will require significant investments in new sources of data, new platforms for organizing existing data, and new institutional arrangements
for fostering team-based interdisciplinary research.
Although somewhat novel for social science, which has
long operated on the model of the single-authored book
or paper, the research lab model is familiar from the biological and medical sciences, and with the appropriate
commitment could revolutionize social science in the
21st century.
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Recent advances in supply chain design are enabling
sophisticated modeling to evaluate options, suggest new
configurations, and test alternatives before proceeding
with costly implementation.

The Rise of Computer-Enabled
Supply Chain Design
Steve Ellet

Engineers across all practices, industries, and applications are dealing with
Steve Ellet is vice president of supply chain design
at Chainalytics in Atlanta.

increasing system complexity, pushing the limits of engineering and human
ability to grasp the large and complex. Whether it’s designing an iPhone, a
semiautonomous rover to land on Mars, or a modern, fast, and efficient supply chain, an increasing level of sophistication is required. In supply chain
design, this growth is being driven by increasing business complexity, access
to “big data,” and Moore’s Law.
The Role of Supply Chain Design

Like all fields of design, engineers in supply chain design sift through a vast
quantity of options to arrive at the best design—one that meets the needs
of a business and its customers with minimal cost, risk, and environmental
impact. Decisions about where to manufacture and stock products, which
transportation modes to use, and what service levels to provide can either
give a company a competitive advantage or leave it vulnerable to competitors and service disruptions.
Today’s supply chain designers increasingly use large-scale mathematical
programming models (with the help of optimization- and simulation-based
software tools) to evaluate tradeoffs between cost and performance. These
tools enable the sophisticated modeling of end-to-end supply chains to evaluate a large number of alternatives, suggest new configurations, and test the
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robustness of the alternatives before proceeding with
costly implementation.
Supply chain design has become a respected area of
industrial engineering, with dedicated academics, practitioners, software vendors, and consultants. Over the
last 20 years the field has transformed from spreadsheets
and a few early heuristic-based tools to modern tools
and techniques that have become the standard for supporting critical design decisions in leading companies.
Historical Overview: Linear and Mixed Integer
Programming

Mathematical historians credit Leonid Kantorovich, a
Soviet economist, with developing linear programming
(LP) in 1939, applying it first to the lumber industry and
soon thereafter to the war effort. In 1947 an American,
George Danzig, published the Simplex method for solving LP problems, leading to broader applications of the
approach.
In supply chain design, the first LP models were used
to answer network flow questions—for example, to
determine the amount of volume for each node (i.e.,
facility) or arc (i.e., transportation lane) in a given network configuration. These analyses became commonplace in the 1980s and early 1990s, and were typically
used to identify the best locations for distribution centers. At this time, it was common to refer to this type
of analysis as network optimization; the term supply chain
design came much later once the design capabilities were
more robust.
Linear programming led to the development of mixed
integer programming (MIP), which has been substantially more useful in supply chain design. It allows for
the direct consideration of on-off decisions and step
functions (e.g., deciding whether a facility or manufacturing line should be active or inactive and how large
it should be). MIP is highly effective, but it creates an
enormous amount of mathematical complexity, and
can break down badly in real-world applications, as
explained in Box 1.
Like an efficient searching algorithm, MIP looks
across the millions of options and cuts off entire sections
of the solution space that can be proven to be worse
than the current best solution. This way, only a fraction
of the network configurations actually have to be solved
to determine a global optimum. But even then, MIP
requires large amounts of memory and time, often more
than can be accommodated with current hardware in a
business-reasonable amount of time.

BOX 1
MIP vs. Enumeration in the Real World
Mixed integer programming (MIP) involves a massive
amount of mathematical complexity, but is useful in
solving otherwise intractable problems. Consider a
small system of three warehouses (A, B, and C), in
which each facility can be either active or inactive. The
number of alternative network configurations to evaluate is 23 or 8 (A, B, C, AB, AC, BC, ABC, or none of
these). If there were 10 warehouses, there would be
210 or 1,024 configurations. But, even then, it is still
not impossible to simply test each one by running an
LP 1,024 times and choosing the lowest cost (which is
what mathematicians like to call enumeration). Now
consider Coca-Cola’s US finished goods warehouse
network, with over 400 warehouses. The number of
options—2400 or around 2.6 × 10120 —is more than
the estimated number of atoms in the universe (≈1080).
This single example vividly shows that enumeration has
serious limitations in real-world applications.

Recent Advances in Supply Chain Design

Over the past decade improvements in processor performance and the correlated drop in cost as described by
Moore’s Law (see Figure 1) have supported a dramatic
increase in the speed, complexity, and size of supply
chain design models. The most important advances
have allowed for the consideration of additional detail
and accuracy, thus increasing confidence that the model
represents the actual state. Like AutoCAD, the more
detailed and accurate the model the better (to a point
of diminishing returns, which is still pretty far off in supply chain design). Key recent advances have occurred in
computer hardware, big data systems, and modeling tools.
Computer Hardware

Computer hardware moved to 64-bit Windows. Under
a 32-bit system, the MIP solver was limited to 2 GB
of memory (up to 3 GB in some configurations). The
removal of this constraint, coupled with the low incremental price, has led to an explosion of model complexity in recent years. Also, the common availability of
multicore and multiprocessor hardware in recent years
has produced a step change in modeling capability.
Solving an MIP model generates many subproblems and
is therefore well suited to a multithreaded approach.
Cloud-based solving technology is further removing
barriers to large-scale modeling. Some vendors have
built this capability directly into the software: the user
can opt to connect to a remote solution-focused server maintained by the software vendor to solve one or
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FIGURE 1 The increasing availability of computing power as described by Moore’s Law has significantly enhanced the complexity,
accuracy, and adoption of computer-enabled supply chain design. Source: WG Simon.

more larger problems. Services like Amazon Cloud also
enable users to push the limits of high-end hardware
with a fraction of the hardware investment.
Big Data Systems

Big data systems make it possible to access and manipulate the large datasets that underlie supply chain design
models. A company’s records of orders, shipments, and
production, all at the transaction level, are the preferred
inputs to the modeling process to ensure an accurate and
unbiased model. The rise of business data warehouses,
which provide easy access to these data, has increased
the use of historical data for analytical purposes, in turn
increasing the focus on data accuracy.

In addition to historical data, supply chain design
models require what’s called design data, information
about options that did not exist in the historical network, such as candidate transportation lanes and potential facilities. Design data play an important role in
supply chain design, and it’s essential to guard against
bias in such data. For example, consider a model in
which all existing transportation lanes use actual costs
(i.e., heavily negotiated rates) while new or potential
lanes just have a carrier’s general estimate and are not
negotiated at all. The model would choose all the existing lanes (because they are cheaper), incorrectly reinforcing the current state. The team members might be
happy because the model says they’re doing a great job
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FIGURE 2 Screen image of a modern supply chain design software depicting a global distribution network. Source: LLamasoft.

and have an optimal supply chain, but this conclusion
would be very wrong.
Accurate and unbiased “market data,” such as freight
costs, are also critical to the success and credibility of
the analysis. Big data systems empower large-scale, multicompany econometric models, such as Chainalytics’
Freight Market Intelligence Consortium, that produce
the required inputs from the market.
Modeling Tools

Modeling tools have become sophisticated but remain
easy to use (Figure 2). Some of the important strides
in this area are support for multiple objective functions, the coupling of optimization and simulation in a
single application, automated sensitivity analysis, math
formulation and solver improvements, and usability
improvements that have reduced the barriers to entry
for inexperienced users.
These advances have pushed the boundaries of supply
chain design beyond network optimization into far more
complex and valuable analyses of specific manufacturing lines, near-shoring or reshoring (i.e., whether to
move production closer to the point of consumption),
seasonal production plans, omnichannel distribution,

the building of seasonal inventory, global tax strategies,
item-specific flow path design, and the consideration of
greenhouse gas emissions and other sustainability factors.
Conclusion

The world is becoming more complex. Change is accelerating. Companies need to be able to formulate strategies
that deal with external factors such as changing oil prices,
natural and man-made disasters, and customers’ increasing service expectations. Using sophisticated modeling
techniques and tools such as MIP, companies are making better, faster, fact-based decisions that require fewer
resources to make and move their products to market.
In the world of supply chain design, being more efficient means not only cheaper but greener as well. The
more accurate and detailed supply chain design models
become, the easier it will be to reduce cost and waste.
And this is only the beginning. These tools and techniques have made tremendous strides in the past few
decades, but they are still in their infancy. Software
companies and practitioners are pushing the envelope
on the size of model that can be solved, addressing more
and more complexity.

Cognitive agents can help a manufacturer maximize its
profit while coordinating achievement of the company’s
sustainability targets.

Advancing Sustainable
Manufacturing with the
Use of Cognitive Agents
Steven J. Skerlos

The emerging field of “cognitive” manufacturing is characterized by capaSteven J. Skerlos is Arthur
F. Thurnau Professor of
Mechanical Engineering at
the University of Michigan
in Ann Arbor.

bilities and visions for moving beyond “smart” manufacturing toward systems
that have the capacity to monitor and evaluate manufacturing performance
and then propose process and operations improvements based on sensor and
multifaceted data, optimization techniques, and advances in machine learning. In this paper I consider how cognitive systems can advance the state of
the art in sustainable manufacturing.
After providing a definition of sustainable and cognitive manufacturing, I
explain the importance of an optimization framework for sustainable manufacturing, discuss research needed using different knowledge systems to assess
sustainability impacts, and illustrate several applications of cognitive agents
to advance sustainable manufacturing.
Defining Sustainable and Cognitive Manufacturing

Sustainable manufacturing has been defined by the US Department of Commerce as the creation of manufactured products using processes that minimize negative environmental impacts, conserve energy and natural resources,
are safe for employees, communities, and consumers, and are economically
sound (Haapala et al. 2013). Implicit in this definition is the support of sustainable development, which is defined as meeting the needs of humanity
today without compromising the ability of future generations to meet their
own needs (WCED 1987).
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Sustainable manufacturing efforts are viewed as
incomplete unless they address concerns in three core
dimensions: economic, environmental, and social.
These dimensions are now commonly referred to as the
triple bottom line. Sustainable manufacturing can thus
be thought of as a multidimensional challenge with
components that must be evaluated in a temporal, geographical, and cultural context.
But sustainable manufacturing is challenged by
incomplete data, knowledge, metrics, and supporting
systems. It must therefore increasingly rely on cognitive
manufacturing, which involves the implementation and
interaction of a variety of sensors and machine learning
techniques that not only provide real-time monitoring
but also can perceive performance and suggest alternatives to reduce cost and environmental impacts. These
machine-based interpretive systems, called cognitive
agents, are embedded in the processes of design, supply,
production, control, and procurement, to name a few.

Sustainable manufacturing
efforts should address
economic, environmental,
and social concerns.
The application of cognitive agents can help identify
and navigate sustainability tradeoffs in manufacturing
decision making. Toward this end, I review research
advances needed to help manufacturers establish their
sustainability targets. I then suggest that cognitive
agents, inspired by early advances in carbon/energy
management, can help a manufacturer maximize its
profit while coordinating achievement of the company’s sustainability targets across its forward/reverse supply chains, manufacturing processes and systems, facility
operations, product designs, and, potentially, the influence of future regulations.
Optimization Framework for Sustainable
Manufacturing

Translated into an optimization statement, the Department of Commerce definition of sustainable manufacturing would aim to simultaneously maximize economic,
environmental, and social performance. But such an
approach is inconsistent with how most firms operate.
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social dimensions posed as constraints, which could be
conceptually written as follows:
MAX
Profit = (unit revenue– unit cost) * production volume (1)
Subject to Environmental targets
Social targets

Equation 1 is a corporationwide execution system
problem based on setting environmental and social
improvement targets as constraints. The distinction
between targets within the objective function and constraints is important since the introduction of environmental and social targets alongside economic targets
would require the inherently arbitrary task of monetizing
sustainability targets against the firm’s primary objective
of profit. The inclusion of environmental and social targets in the constraint set is a more transparent expression
of what is valued by the firm and makes clear what steps
are being taken to address sustainability issues beyond
compliance with applicable legislation.
The embodiment of Equation 1 as a design driver for
the life cycle influence of manufacturing firms is represented in Figure 1. At the highest level, the manufacturing system would not only optimize product design
to maximize profit but also predict environmental and
social impacts across the product life cycle to meet
environmental and social constraints, using deviations
between predictions and data to improve subsequent
predictions. The master system would coordinate subsystems at the factory level, and these subsystems would
select manufacturing processes and orchestrate facility
operations in concert with firm objectives to minimize
costs, waste, and negative impacts on workers, communities, and the environment.
Given the complexity of Figure 1 it is appropriate to
ponder the development of cognitive agents to support
the achievement of sustainable manufacturing objectives. However, as discussed in the next section, the
challenges are manifold. Nonetheless, real-world applications of optimization-driven sustainable manufacturing are emerging in narrower contexts, such as factory
operations, supply chain design, and manufacturing process planning, as discussed below.
Knowledge Systems to Enable Sustainable
Manufacturing: Research Needs

The first challenge in achieving the vision of Figure 1
is establishing the link between manufacturing systems
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FIGURE 1 Scope of consideration for cognitive agents advancing sustainable manufacturing systems. The top-level system coordinates
operational subsystem agents and product/supply chain design choices toward the achievement of corporationwide sustainability targets.

and their life cycle environmental and social consequences. Research in environmental and social impact
assessment methods is needed to understand these consequences and then, based on the results, set meaningful targets for social and environmental improvement of
manufacturing systems.
I discuss below research advances needed in the areas
of environmental impact assessment, consequential
life cycle assessment, and social life cycle assessment to
achieve these ends. Then I conclude this section with a
discussion of how firm-level targets can be met with the
assistance of coordinated cognitive agents.
Environmental Impact Assessment Methods

Because not all reductions in air/water emissions are
equivalent, emissions constraints in Equation 1 cannot
be set rationally without some understanding of their
real consequences. The need for such knowledge has
prompted research to understand the transport, fate,
and damages caused by specific product and manufacturing emissions. There is also a need to understand
where and when pollutants are emitted throughout the
supply chain to connect manufacturing system decisions to their real environmental impacts. As a result

researchers in the life cycle assessment (LCA) community are working to resolve LCA data spatially and temporally as well as to interpret the impacts of emissions
in terms of ecology and toxicology (e.g., Pennington et
al. 2006; Reap et al. 2008). This research is important
to help manufacturing firms provide their stakeholders
with relevant and unbiased data as sustainability targets
are established.
Consequential Life Cycle Assessment (cLCA)

Life cycle assessment entails holistic consideration of
the environmental impacts of a product or process,
starting from material acquisition and continuing to
the product’s end of life, accounting for all the unit processes in the product system (Curran 2006; ISO 2006).
Consequential LCA (cLCA) developed from the need
to expand the system boundaries of LCA beyond a single product to the interactions between one life cycle
and another (Ekvall and Weidema 2004; Finnveden et
al. 2009; Hertwich 2005).
cLCA is a technique that can identify expected
changes to the environmental performance of interacting manufacturing systems when new technologies are
proposed to advance sustainability in factories. Since
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sustainable manufacturing exists at the nexus of multiple product and process life cycles, advances in cLCA
methods and data are necessary to help make decisions
that may be counterintuitive but are actually better for
the environment and society. For instance, carbon dioxide may be viewed either as a greenhouse gas pollutant
to be avoided in manufacturing or, less intuitively and
more correctly, as an environmentally conscious process fluid that is a waste from other industrial processes
and that should be recovered for use in manufacturing
to eliminate health hazards and water pollution while
reducing life cycle greenhouse gas emissions. cLCA
methods can distinguish between surface-level rules
of thumb and the deeper causalities that actually drive
environmental impact.
Social Life Cycle Assessment (sLCA)

sLCA is an effort to fold social aspects of a product or
system into environmental life cycle assessment. Jørgensen and colleagues (2008) reviewed sLCA methods
and summarized many midpoint indicators (e.g., in the
areas of human rights, working conditions, labor practices, job creation, community communication, corruption) and endpoint indicators (e.g., mortality, morbidity,
autonomy, safety, security, opportunity, influence) that
manufacturers and their stakeholders can consider in
establishing sustainability targets. sLCA is an emerging
field and accelerated efforts to develop datasets, metrics,
and interpretation methods are needed to advance it
for seamless use with other LCA tools in the context of
sustainable manufacturing.

LCA can help firms
establish targets aligned
with ecological and societal
sustainability requirements
relevant to the firms’ activities.
From Targets to Action

Advances in LCA will help firms establish targets that
are well aligned with the ecological and societal sustainability requirements most relevant to the firms’ activities. Once targets are set, they need to be rationally
distributed among products and operations. For instance,

a firm may set a goal to reduce its carbon footprint in
addition to reducing water pollution and improving
workplace health and safety. Today it is common for
such goals to be applied uniformly across the firm’s business units or factories. But such an approach is not cost
optimal and could limit opportunities for breakthrough
improvements. For instance, it might be more practical
and advantageous to increase the carbon footprint in
one factory if it means eliminating worker health risks
and water pollution at that factory. In such a case the
firm’s other factories might reduce their carbon footprint
so that the firm can meet its overall sustainability goals.
Given the complexity of operations and the multidimensional nature of sustainability, a quantitative
approach consistent with the goals of cognitive manufacturing can be useful to coordinate activities in a manner that achieves all firm-level sustainability goals at
least cost.
Analytical target cascading is an optimization method that decomposes a system into a hierarchy of subsystems and coordinates their optimization problems
such that the solutions are consistent with the overall
optimization solution for the top-level system (e.g., Kim
2001; Nyström et al. 2003). Sustainability applications
of target cascading can help firms determine sustainability targets for specific products and manufacturing
processes to ensure that the firm meets all its goals without unintentionally compromising some (e.g., worker
exposure to process chemicals) while pursuing others
(e.g., reductions in carbon footprint).
Toward Cognitive Agents to Advance
Sustainable Manufacturing

Advanced optimization techniques are now being
applied in supply chains to minimize fuel costs and carbon emissions by proposing alternative transportation
modes and routes. Such efforts are being encouraged
by the US Environmental Protection Agency SmartWay program1 and adopted by large corporations such
as Walmart. These supply chain design tools can be
easily modified to include additional metrics. A top
priority should be to minimize the harm caused by
other air pollutants emitted alongside carbon dioxide,
since air emissions from transportation systems are a
1 According

to the SmartWay website (www.epa.gov/smartway/),
“SmartWay® is an EPA program that reduces transportationrelated emissions by creating incentives to improve supply chain
fuel efficiency.”
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FIGURE 2 A hypothetical application of combining additive and subtractive manufacturing to convert mold tooling with minimal
material investment and environmental emissions. CAD = computer-aided design; DMD = direct metal deposition.

significant cause of disability and premature mortality
(e.g., Caiazzo et al. 2013).
In factories, systems are emerging to help reduce energy consumption and carbon emissions from manufacturing operations. These systems range from control systems
for lighting and HVAC based on occupancy to the timing of machine warm-up and standby assignments based
on production schedules. More advanced systems are
being applied to optimize production schedules based on
time of day and peak demand electricity charges.
As automated systems “learn about” their own energy
consumption relative to alternatives available in the
marketplace, they will be able to generate suggestions
for capital purchases of equipment such as motors and
pumps to increase manufacturing process efficiency and
eliminate waste. This takes the “energy treasure hunt”
concept2 and embeds it in the factory’s cognitive control.
Cognitive agents applied to sustainable manufacturing would extend energy/carbon considerations to
material and water consumption, air and water pollutant emissions, and long-term health impacts on workers. These metrics can be constantly evaluated relative
to firm-level sustainability objectives to yield suggestions generated by cognitive agents for changes to facility operation or manufacturing process selection.
2 Energy

treasure hunts, developed by Toyota, are an extension of
the concept of lean manufacturing, aiming to eliminate energy
waste.

Two hypothetical examples below illustrate how cognitive agents could begin to influence manufacturing
process selection.
Energy Consumption of Alternative Manufacturing
Pathways

In the first case a cognitive agent is endowed with models of energy consumption for alternative processes to
make dies and molds, with both additive and subtractive manufacturing pathways. The cognitive agent considers the following conceptual problem:
MIN
Subject to

Production cost
Reduce life cycle energy per unit product

(2)

Morrow and colleagues (2007) built energy consumption models for tool and die production based on subtractive and additive pathways, establishing criteria for
the selection of additive manufacturing in Equation 2
over conventional milling. They found that products
with high cavity percentage in the total volume were
viable candidates for sustainable manufacturing via an
additive pathway and that additive manufacturing created the possibility of new mold and die systems with
lower life cycle energy consumption (e.g., in systems
with conformal cooling channels, heat sinks, protective
coatings, and remanufacturing).
In this case the cognitive agent facilitates process selection to include additive, subtractive, and
combination pathways that minimize production
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FIGURE 3 Interaction of systems that influence environmental and social impacts.

cost while reducing life cycle energy consumption.
This concept is illustrated in Figure 2, which shows
the modification of a mold die from a capital M to a
lowercase m using the combination of milling (subtractive process) and direct metal deposition (DMD;
additive process).
Gas-Based vs. Water-Based Cutting and Grinding
Fluids

Aqueous metalworking fluids are significant polluters of
water and cause long-term health risks for workers (e.g.,
Skerlos et al. 2008). In this case we suppose that a cognitive system is aware of alternative metalworking fluids,
such as gas-based minimum quantity lubrication systems,
and considers the following variant on Equation 1.
MIN
Subject to

Production cost
(3)
Reduce disability adjusted life years (DALYs)
for workers
Reduce water consumption
Reduce fats, oils, and grease emissions to water
Quality, throughput not reduced

Based on the materials being machined and on
process operating parameters, cognitive agents could
advise on the availability of more sustainable metalworking fluid alternatives. They also could adjust process parameters and process operations to enable the

accommodation of environmental and health constraints while minimizing
cost. Using productivity
and quality metrics fed back
to the system, the cognitive
system can make decisions
about metalworking fluid
applications that maximize
productivity while minimizing the generation of
waste and health hazards.
To maximize their effectiveness, the agents would
be connected to complementary agents in the
wastewater treatment system, occupational health
system, tool/fluid/material
procurement system, and
others such that total system costs to the firm are
factored into the decision.

Cognitive Agents beyond the Factory Walls

Future generations of cognitive systems may link decisions made within the firm to its forward and reverse
supply chains. The efforts of large manufacturing firms
to understand upstream carbon emissions have already
led to Internet-based systems to provide information about supplier carbon performance to centralized
databases. Networks of cognitive agents could perform
this task in an automated manner while offering, for
instance, recommendations to procurement regarding
supply chain design (Seuring and Müller 2008) and recommendations to product design for enabling “reverse”
supply chains through targeted design for remanufacturing actions (Hatcher et al. 2011).
The notion of cognitive agents working collaboratively to achieve sustainability objectives is fundamentally different from simply linking data systems
containing environmental performance metrics. The
linked cognitive agents would automatically generate
opportunities for firms to collaborate toward reducing emissions via strategies that would yield greater
profit for both firms than they could achieve if they
acted alone.
This concept would not need to stop at communication between firm-level cognitive agents: these could
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connect with similar agents at the community and
national levels to explore new opportunities for mutual
gain. For instance, where regulators aim to reduce the
environmental impact of manufacturing firms, cognitive agents at the policy level could connect with those
at the firm level to inspire novel solutions such as funding mechanisms for clean technology that could benefit manufacturers by overcoming financial hurdles and
benefit society by achieving environmental improvements at less cost than traditional “command and control” regulation.
Research has already begun to demonstrate how
cLCA frameworks could support efforts to tackle such
challenges by enhancing understanding of the interactions shown in Figure 3 that lead from regulation to
production/consumption and ultimately to social and
environmental impact (Whitefoot and Skerlos 2012).
Summary

The complexity of sustainable manufacturing demands
the creation of new knowledge and systems to set targets for social and environmental improvement and
achieve them at least cost. This effort can start with
today’s nascent systems for energy and carbon management and be extended to a broader set of environmental
and health metrics. As cognitive manufacturing systems
emerge and gain access to LCA data from the supply
chain, they can influence the design of forward/reverse
supply chains, factory siting decisions, and broader
aspects of manufacturing process selection.
Cooperation between cognitive agents that influence
both product design and manufacturing creates opportunities to improve product environmental performance
and expand remanufacturing activity. In addition, the
cooperation of firm- and government-level cognitive
systems can lead to new strategies for achieving sustainability objectives at lower societal cost than permitted
by legacy regulatory frameworks.
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As scientific and engineering aspects of artificial
photosynthesis devices mature, a better understanding
of the challenges to fabricate cost-effective solar fuel
generators is critical for their deployment.

Artificial Solar Fuel Generators
Miguel A. Modestino and
Rachel A. Segalman

There has been significant interest in increasing the share of renewable
Miguel A. Modestino

Rachel A. Segalman

energy sources in the world energy landscape (Chu and Majumdar 2012).
Associated technologies support the generation or capture of energy from
carbon-neutral sources, storage so that the energy can be used when and
where needed, and more efficient use. In discussions of alternatives available for power generation from renewable sources, solar energy conversion
is prominent, given the vast amount of energy it can yield (peak irradiation
of 7.5 kWh/m2/day, mean annual global irradiation of 8,372 terawatt hours
[TWh]/yr), making it a potentially important candidate for a sizable portion
of US energy.
This potential contrasts with its current relatively small portion of the
global energy portfolio: 0.06 percent (IEA 2012; Zhang and Shen 2012).
While economic factors account for a substantial part of the barrier to implementation, considerable technological challenges stem from the inherently
intermittent nature of the solar generation process. Adoption of solar power
generation will entail significant changes in operation of the power grid, as
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classical power generation plants will need to respond
not only to changes in consumer demand but also to
noncontrollable variations in energy generation.
Background

One option to mitigate the intermittency of solar
energy generation is the incorporation of energy storage capacity into the grid, so that fluctuations in energy
generation are buffered and do not affect the operation
of the electricity distribution channels. But large-scale
implementation of energy storage faces both technological and economic hurdles requiring significant research
and development.
Alternatively, one could take inspiration from nature,
where energy is stored in the form of chemical bonds.
In the case of artificial photosynthesis, this means the
generation of fuels directly from solar energy.
Types of Solar Fuel Generators

Integrated energy capture and storage solutions such as
solar fuel generators have the potential to increase the
fraction of renewables in the mix of energy sources, and
can apply to all sectors of energy consumption (industrial, commercial, residential, and transportation) (Bard
and Fox 1995; Chu and Majumdar 2012; Concepcion
et al. 2012; Faunce et al. 2013; Lewis and Nocera 2006;
Nocera 2012). Integrated solar fuel generators are photoelectrochemical (PEC) cells that can capture solar
energy and catalytically convert low-energy reactants
into energy-dense fuels.
One category of solar fuel generators, water-splitting
systems, take water as a feed and produce hydrogen fuel
and oxygen as byproduct. A general representation of
these systems is shown in Figure 1. Practical systems
take water and solar energy as inputs and produce output
streams of hydrogen and oxygen in a safe and scalable
manner. In this way pure fuel streams can be collected
and used in electrochemical energy conversion devices
(i.e., fuel cells) or in chemical processes to synthesize
or enhance the energy content of liquid fuels (e.g., the
Fischer-Tropsch process).
The concept of solar fuel generation can be extended
to the electrochemical reduction of CO2, which can
yield carbon-containing fuels but represents a closed
cycle from the carbon perspective, making these new
fuels truly carbon neutral. Solar-driven CO2 reduction poses greater technical challenges, as the number
of electron transfer steps in the reactions is higher, the
concentration of CO2 in electrolytes is generally low,

FIGURE 1 (A) Solar fuel generators are composed of photoelectrochemical (PEC) devices that can generate separate
streams of fuels directly from sunlight (H2 and O2 in the case of
water splitting). (B) A PEC device contains photovoltaic units
that absorb light and move charges to catalytic centers, where
electrochemical hydrogen and oxygen evolution reactions take
place. In the diagram, the membrane component is used as the
matrix for PEC units, and allows for both ion conduction (i.e.,
H+) and gas separation.

and the diversity of products makes the necessary separation more difficult.
Mechanics of Solar Fuel Generators

As shown in Figure 1, solar fuel generation begins with
the absorption of light to form charges that are used
to drive oxidation and reduction reactions. These three
processes can be done in separate units—for example,
using a photovoltaic cell to generate electricity that
powers an electrolyzer, which incorporates the catalysts—or in a fully integrated device. Practical comparisons between these two scenarios are largely dependent
on possible gains in terms of economics and flexibility
of deployment.
A fully integrated water-splitting or solar hydrogen
generator, as shown in Figure 1, would consist of inter-
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connected photovoltaic and catalytic units. Ideally, the
oxidation and reduction sites are physically separated
so that the product (H2 in the case of water splitting) is
generated in a space different from the byproduct (O2 in
this case). The size of the photovoltaic unit is generally
set by the solar absorption depth of the material and is
on the order of microns to millimeters.
For a number of reasons it makes sense to have an
array of photovoltaic units held together by a mechanically robust membrane that separates the product gases
and shuttles ions from one catalyst site to the other.
Under acidic conditions, water will be dissociated into
O2 and protons on the oxidation side of the membrane.
The protons will then be transported through the membrane to the reduction side, where H2 will be evolved.
In this way oxidation and reduction products will be
generated in separate regions of the membrane, preventing the need for further separation.
In the case of operation under basic electrolytes,
the processes are analogous and the ionic current in
the system is carried by OH− ions at steady state. The
incorporation of ion-conducting membranes is crucial
for this type of operation, as they provide transport
pathways for charged intermediaries between the oxidation and reduction sites and at the same time serve
as a barrier for gas diffusion, allowing the production of
fuel in its pure form. Achieving this configuration can
be simple for macroscopic units, but for micrometer- to
nanometer-scale (i.e., mesoscale) systems significant
advances are required in terms of both membrane and
PEC unit self-assembly.
Progress on these technological options depends on
research and development currently under way in academic, government, and industrial laboratories. In this
article, we discuss aspects of an integrated system that
are the focus of current exploration and development.
The sections below touch on some of the advances
and challenges in achieving practical solar fuel generators, implications for mesoscale assemblies and for
membranes used in these systems, and overall system
design considerations. Throughout, we describe current
research as well as specific areas that require further
study to enable progress in this area.
Solar Fuel Generation Systems

Since the first demonstration of solar-driven water splitting by Fujishima and Honda (1972), the prospect of
using PEC cells for solar fuel generation has motivated
the quest for components and integrated systems that
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can continuously and robustly produce hydrogen fuels
directly from sunlight. Over the past 40 years many
studies have attempted to tackle parts of the problem,
and fuel-generating systems have reached solar hydrogen generation efficiencies of up to 18 percent (Peharz
et al. 2007).
But solar hydrogen generation units fall short in satisfying stability and cost-effectiveness requirements.
Some high-efficiency systems rely on III-V multijunction photovoltaic components that have prohibitively
high costs and serious photocorrosion challenges at the
interface between the semiconductor and the electrolyte (Khaselev and Turner 1998; Khaselev et al. 2001;
Peharz et al. 2007).

Current solar hydrogen
generation units fall short in
satisfying stability and costeffectiveness requirements.
Other systems, based on silicon light-absorbing components, including earth-abundant catalysts, face significant stability problems when operated under basic
or acidic electrolytes. Recently, however, Nocera’s group
at MIT demonstrated integrated systems that incorporate earth-abundant components that can stably operate
under buffered electrolytes at moderate pH (Reece et al.
2011). This promising demonstration can open avenues
for the implementation of cost-effective solar hydrogen
generators, but important challenges for the management of ion and mass transport remain, largely based on
the need to separate the gaseous products while providing pathways for steady-state ion conduction (Haussener
et al. 2012; Hernandez-Pagan et al. 2012).
When systems are operated at moderate pH regimes,
the low concentration of proton or hydroxide conduction results in high solution resistance for these ions,
and most of the ionic current is carried by supporting
ions present in the solution (i.e., ions dissociated from
buffer molecules). Under these circumstances, as the
conducting ions are not part of the electrode reactions,
concentration gradients will evolve and the overall system will not be able to operate continuously.
Efficient solar hydrogen generation would represent a
large step to increase the share of renewable fuel sources
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but implementation would be challenging as current
infrastructure is based on liquid carbon–based fuels.
An alternative to solar water splitting lies in the
direct reduction of CO2 for the generation of liquid
carbon–containing fuels (Gattrell et al. 2007; Kondratenko et al. 2013; Lewis and Nocera 2006; Olah et
al. 2008). Notwithstanding considerable research in
this field, challenges persist as requirements for catalyst
selectivity, CO2 absorption, and product separation are
quite stringent.
Last, the technoeconomic aspects of solar fuel generators are crucial for the achievement of deployable
systems. The US Department of Energy has set the price
of hydrogen produced at less than $4/kg, which imposes
bounds on the material systems and configurations that
are implementable (Saur and Ainscough 2011). Few
reports have tackled these aspects or provided guidance
to achieve this price point (e.g., James et al. 2009; Pinaud et al. 2013).
As both the scientific and engineering aspects of artificial photosynthesis devices mature, a better understanding of the challenges to fabricate cost-effective solar fuel
generators will be critical for their deployment.

Silicon-based microwire
arrays can lead to
large-area coverage of
photoactive components.
Mesoscale Building Blocks for Artificial
Photosynthesis Systems

The examples cited above represent initial attempts at
developing integrated devices that can produce hydrogen fuels directly from the sun, and they all rely on
macroscopic PEC units arranged such that ion transport involves a liquid electrolyte. Under concentrated
electrolyte conditions (~1 M), ion transport does not
provide significant resistance if the ionic pathway is less
than a few centimeters (Haussener et al. 2012). Furthermore, if the ionic conductivity of electrolyte is lowered,
or for operation of systems under water vapor (Spurgeon and Lewis 2011), it is highly desirable to develop
PEC units with dimensions in the micro- or nanometer
range, so that ions have to migrate only small distances.

Several mesoscale building blocks for PEC units have
been developed. Complex nanocrystal structures (e.g.,
nanorods, nanowires) can be synthesized in solution
(Amirav and Alivisatos 2010; Dukovic et al. 2008; Sun
et al. 2011, 2013) and have shown promising performance in terms of hydrogen evolution. Methods for
arranging these nanostructures into architectures that
enable oxidation and reduction reactions to occur at
separate locations depend on the shape, dimensions,
and self-assembly characteristics of the particles.
For long semiconducting nanowire systems, large surface area mats permit a percolated network of wires to
act as a self-standing water-splitting membrane (Sun et
al. 2011). And for nanorod-based systems, self-assembly
techniques are required to achieve architectures resembling that shown in Figure 1 (Baker et al. 2010; Baranov
et al. 2010; Gupta et al. 2006; Ryan et al. 2006).
Although these self-assembly techniques have
demonstrated the fabrication of large-scale vertically
aligned nanorod arrays from solution, it is not clear
how to obtain preferential directionality of the ends
of asymmetric water-splitting nanorods (Amirav and
Alivisatos 2010).
As an alternative to solution-based methods, photocatalytic units can be directly grown via vapor-liquidsolid deposition methods so that the resulting arrays
have the desired directionality. The development of
silicon-based microwire arrays is an example of such
a strategy and can lead to large-area coverage of the
photoactive components that can then be incorporated into ion-conducting membranes (Boettcher et al.
2010; Maiolo et al. 2007; Plass et al. 2009; Spurgeon
et al. 2011). These systems have many advantages over
planar PEC devices as they can absorb nearly all the
incident light with only a small fraction of areal coverage (Kelzenberg et al. 2010) and each microwire in the
arrays acts as an independent unit, largely alleviating
stability constraints.
The incorporation of mesoscale PEC units into fully
functional solar hydrogen generators represents a promising alternative to overcome the technological challenges that prevent deployment, and so a great deal of
research is being conducted in this area.
Membrane Materials for Artificial
Photosynthesis

Membranes in solar hydrogen generators serve two basic
functions: to provide pathways for ion conduction and to
keep gaseous products separated (as shown in Figure 2).

WINTER 2013

27

and volume fraction of each phase (Peckham and Holdcroft 2010). BCP membranes based on blends with ionic
liquids (ILs) and polymerized ILs (PILs) are characterized by good ionic conductivity and tenability (Bara et
al. 2008, 2009; Gu and Lodge 2011; Gwee et al. 2010;
Hoarfrost and Segalman 2011, 2012; Lu et al. 2009;
Mecerreyes 2011; Simone and Lodge 2009). Recent
work has demonstrated the potential of PIL BCP materials for tuning transport properties in membranes used
for solar fuel applications (Schneider et al. 2013; Sudre
et al. 2013).
FIGURE 2 Diagram of membrane material used for solar water
splitting. These materials contain conductive domains capable
of transporting ions across the membrane (positive or negative),
while preventing crossover of the gases produced.

Ion-conducting membranes, which have been investigated for several decades, are important components not
only in artificial photosynthesis applications but also in a
variety of energy conversion devices (Walter et al. 2010;
Zhang and Shen 2012). The fundamental similarities
in membrane requirements between solar fuel devices,
hydrogen fuel cells, and electrolyzers suggest an existing
set of candidate materials.
In the case of artificial photosynthesis applications,
the operating current density is dictated by the solar
absorption rate and is relatively low when compared to
the requirements for other similar devices, but very sensitive to crossover due to the relatively small quantity
of product. Moreover, the presence of a large number
of interfaces between the polymer and inorganic PEC
components can severely affect the structure and transport properties of common nanostructured fuel cell
membrane materials. Perfluorosulfonic acid (PFSA)
ionomer membranes (e.g., Nafion®) are the most prominent alternatives for proton conduction, given their
high ionic conductivity and remarkable chemical and
structural stability.
With artificial photosynthesis membranes, high levels of conductivity are not required and the emphasis
should instead be on the balance between the ionic and
gas transport properties of materials. The development
of ion-conducting block copolymers (BCPs) represents
a promising route to decouple these two properties, as
different blocks can be designed to provide complementary structural and gas barrier properties as well as
ionic conductivity.
Furthermore, properties of BCP systems can be easily
tuned and optimized by altering the molecular weight

System Design Considerations

All the components of a solar fuel generator system
need to operate stably and perform efficiently under
the same conditions (i.e., temperature, electrolyte
selection). Additionally, the photovoltage generated
by the light-absorbing units needs to be sufficient to
support the water-splitting reaction (1.23 V), the catalyst overpotential requirement, the ohmic drop associated with transporting both electrons and ions across
the device, and any additional overpotential that may
arise from chemical potential differences (i.e., concentration overpotential). Furthermore, all the transport
processes in the system need to occur in parallel so that
the electronic current matches the ionic current across
reaction sites.
Several electrochemical modeling studies provide
some guidance on the optimal arrangements and dimensions of each of the components in an integrated solar
hydrogen generator (Berger and Newman 2013; Haussener et al. 2012; Surendranath et al. 2012; Winkler et
al. 2013). The output from the photovoltaic component
must match the electrochemical load from the catalytic
and ion transport components of the device. By controlling the dimensions and component architecture, it
is possible to optimize the performance of the device
so that it operates at near maximum possible efficiency
(Jacobsson et al. 2013; Peharz et al. 2007; Winkler et
al. 2013).
Looking Ahead

Optimizing the topology of the components in a device
can help overcome some stability limitations, achieve
operations under a wide range of conditions, and
increase overall efficiency. As new components become
available, significant work in this design area is necessary to understand what shape and form will lead to
optimization of cost, efficiency, and stability.
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Mechanics, materials, and microfabrication techniques
have advanced the design and manufacture of flexible
and stretchable electronics, which will likely revolutionize
health care and human-machine interaction.

Mechanics, Materials,
and Functionalities of
Biointegrated Electronics
Nanshu Lu

Robust bioelectronic interfaces present unlimited potentials in wearNanshu Lu is an assistant
professor in the Department
of Aerospace Engineering
and Engineering Mechanics
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at Austin.

able health monitors, implantable devices, and human-machine interfaces.
But conventional high-performance electronics, which are based on planar
and rigid silicon wafers, are intrinsically incompatible with curvilinear and
deformable natural organisms. This challenge is being approached with a
mechanics-based strategy involving the use of neutral planes and filamentary
serpentine networks. The resulting structural-electrical design has enabled
flexible and stretchable electronics to conform to—and deform with—biological tissues for physiological sensing, programmable stimulation, and ondemand therapeutics. This article summarizes the mechanics, materials, and
functionalities of such biointegrated electronics and concludes with a discussion of future directions.
Background

Research on flexible electronics started nearly two decades ago (Bao et al.
1997; Garnier et al. 1994) with the demand for macroelectronics (i.e., largearea electronics), such as paperlike flexible displays (Rogers et al. 2001).
Early research focused on organic semiconductors and conducting polymers
because their intrinsic deformability, light weight, and low manufacturing
cost are appealing for large-area flexible electronics, especially when merged
with roll-to-roll processes (Forrest 2004). Methods to synthesize, pattern,
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Mechanics: Bendability and Stretchability of
Inorganic Electronic Materials

FIGURE 1 Maximum allowable bending curvature is plotted
as a function of silicon plate/membrane thickness, with insets
showing the bendability of (A) a bulk silicon wafer, (B) a silicon
thin film, and (C) silicon nanoribbons. Reprinted from Kim et
al. (2012a) with permission from Nature Publishing Group.

and passivate organic electronic materials (Forrest and
Thompson 2007; Menard et al. 2007) were then developed and applied to the manufacture of devices such as
organic solar cells (Kaltenbrunner et al. 2012; Lipomi
et al. 2011) and artificial electronic skins for robotics
(Mannsfeld et al. 2010; Someya et al. 2004; Takei et
al. 2010), and flexible displays based on organic lightemitting diodes are nearing commercial reality.1
But the chemical instability of organic semiconductors and difficulties associated with low electronic performance have somewhat limited their application in
high-speed, low-power, or long-lasting electronics. In
contrast, inorganic semiconductors exhibit high carrier
mobility and on-off ratio as well as excellent chemical
stability in ambient environments (Service 2006). Furthermore, the material and electronic properties of inorganic semiconductors and metals have been well defined
and the manufacturing processes well established after
more than 100 years of research and applications. Thus
flexible electronics based on rigid but high-quality
monocrystalline inorganic semiconductors started to
emerge in the mid-2000s (Khang et al. 2006).
To overcome the rigidity of inorganic electronic
materials, thin film mechanics has been applied to
enhance the deformability of polymer-bonded metallic
and ceramic membranes.
1

As evidenced in a promotional Samsung video, www.youtube.
com/watch?v=N3E7fUynrZU, presented at the International
Consumer Electronics Show (CES), January 8–11, 2013.

Inorganic materials such as silicon and metals are stiff
and readily rupture or yield when their intrinsic strain
exceeds even very small values, such as 1 percent. But
the mechanical limit of a structure can be offset by the
geometry of the construction even for intrinsically fragile materials.
Basic beam theory predicts that the bending-induced
maximum strain of a membrane is proportional to the
product of film thickness and bending curvature. If the
maximum strain is limited to a critical strain to rupture
of the material (e.g., 1 percent), the maximum allowable bending curvature will be inversely proportional to
the thickness of the silicon plate/membrane, as shown
in the log-log plot of Figure 1. As the membrane thickness decreases from millimeters to tens of nanometers,
the attainable bending curvature can be enhanced by
five orders of magnitude. As a result, although bulk
silicon wafers are rigid plates, silicon nanomembranes
(with a thickness of ~100 nm) can be readily arched to
the radius of a folded paper (~0.1 mm) without rupture,
as shown in Figure 1C.
Building on this unprecedented bendability, silicon
nanomembranes can be made stretchable by applying
two prevailing design strategies. One strategy calls for
bonding flat nanoribbons to a prestretched elastomeric
substrate to produce wrinkled nanoribbons (represented
in Figure 2A) (Khang et al. 2006; Kim et al. 2008a; Sun
et al. 2006). When the prestretch is released, the elastomeric substrate fully retracts, inducing out-of-plane
sinusoidal buckling in the nanoribbons in a mechanism similar to the Euler buckling of an elastic rod
under axial compression. Nanomembranes bonded to
biaxially prestretched elastomeric substrates form twodimensional wrinkled patterns as shown in Figure 2B
(Choi et al. 2007). Buckling instabilities involving large
displacement but small strains are the desired outcome
in stretchable electronics.
With the other strategy, isolated rigid islands linked
by buckled linear metallic ribbons (Figure 2C) can be
stretched up to 40 percent without mechanical failure (Kim et al. 2008b; Ko et al. 2008; Lee et al. 2011).
When serpentine ribbons (Figure 2D) are used instead
of linear ribbons, stretchability of the system can vary
from 10 percent to 300 percent depending on the serpentine tortuosity (Kim et al. 2011a,b; Xu et al. 2013).
Both wrinkling and serpentine strategies have proven
effective in keeping strains in inorganic semiconducting
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such as printing papers, fabrics, and aluminum foils (Kim
et al. 2009).
Exciting discoveries such as these offer ways to overcome the intrinsic brittleness and stiffness of inorganic
semiconductors and open the door for their applications
in flexible and stretchable electronics.
Materials Processing: Microtransfer Printing

FIGURE 2 Design strategies of stretchable electronics enabled
by the mechanics of film-substrate interaction. (A) Silicon
nanoribbons buckled on uniaxially prestretched soft elastomer.
Reprinted from Khang et al. (2006) with permission from the
American Association for the Advancement of Science. (B)
Silicon nanomembrane buckled on biaxially prestretched soft
elastomer. Reprinted from Choi et al. (2007) with permission
from the American Chemical Society. (C) Isolated device
islands interconnected by popped-up linear metallic ribbons.
Reprinted from Kim et al. (2012b) with permission from the
Materials Research Society. (D) Isolated device islands interconnected by serpentine-shaped metallic ribbons. Reprinted
from Kim et al. (2008b) with permission from the National
Academy of Sciences.

Microtransfer printing technology developed for single
crystal inorganic semiconductors (Kim et al. 2010c;
Meitl et al. 2006; Yoon et al. 2010) has enabled the
integration of high-performance electronics on deformable substrates such as flexible displays (Park et al.
2009), high-efficiency flexible solar cells (Yoon et al.
2008, 2010), bioinspired electronic eye cameras (Ko et
al. 2008; Song et al. 2013), and biointegrated electronics (Kim et al. 2012a,c,d).
Figure 3 illustrates the generalized two-step microtransfer printing method. The fabrication begins with
the high-temperature process of doping silicon nanomembranes on silicon-on-insulator (SOI) wafers. Preprocessed monocrystalline silicon nanomembranes are
then released from the SOI wafer and printed onto the
polyimide (PI)-coated rigid handle wafer using elastomeric stamps; the precoated PI layer serves as a support
and encapsulation layer for the functional metal and
semiconducting nanomembranes. Conventional microfabrication processes (e.g., low-temperature sputter or
electron beam deposition, photolithography, and wet
or dry etching) can then be readily performed on the
PI‑coated wafer. The circuit is eventually patterned into

or metallic materials below 1 percent when the polymer
substrate is subjected to significant deformation (e.g., of
orders of magnitude).
Furthermore, when substrate materials are too stiff
to stretch but thin enough to bend (e.g., plastic sheets,
paper, leather, fabric), electronics fabricated on the
surface of such substrates
have to survive tensile
strains induced by bending curvatures. A thin
compliant layer laminated
between the substrate and
the active device islands has
been found to greatly reduce
tensile strain in the islands
through large shear deformation (Sun et al. 2009).
Such a strain isolation
mechanism has enabled FIGURE 3 Schematics of the fabrication procedures of stretchable electronics: transfer doped
silicon (Si) nanomembranes from silicon-on-insulator (SOI) wafers onto polyimide (PI)-coated
bendable and even fold- rigid handle wafer with an elastomer stamp. Silicon patterning and metallization are followed by
able electronics on lots of PI encapsulation. Dry etching of PI defines the serpentine open mesh structure. Finally the wellunconventional substrates, fabricated stretchable circuit is transferred from rigid wafer to a deformable substrate.
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Functionalities

Epidermal and in Vivo
Sensing

With the maturity of the
enabling technology for
microtransfer printing,
flexible and stretchable
electronics found their
exemplary applications
in the late 2000s with the
emergence of biointegrated
electronics, a field that has
greatly facilitated epidermal
and in vivo sensing (Rogers
et al. 2010).
For epidermal sensing,
physiological electrodes are
mounted on the skin (via
adhesive tape, mechanical straps, or needles) with
terminal connections to
separate boxes that house
collections of rigid circuit
FIGURE 4 Biointegrated sensors based on stretchable electronics. (A) Ultrathin, ultrasoft epiboards,
power supplies, and
dermal electronic system laminated on a human forehead to read human electroencephalograph
(EEG) (upper frames). Discrete Fourier transform coefficients of EEG alpha rhythms (middle communication components
left), demonstration of Stroop effects in EEG (middle right), and spectrogram of alpha rhythm (Gerdle et al. 1999; Webster
(bottom). Reprinted from Kim et al. (2011b) with permission from the American Association for 2009). These systems have
the Advancement of Science. (B) Multifunctional “instrumented” balloon catheter incorporatmany important capabilities,
ing stretchable electrophysiological and radio frequency ablation electrodes, temperature sensors,
pressure sensors, flow sensors, and arrays of microscale inorganic light-emitting diodes (μ-ILEDs) but they are poorly suited
performing electrocardiogram recording of a rabbit heart. Reprinted from Kim et al. (2011a) with for practical application outpermission from Nature Publishing Group.
side of research labs or clinical settings.
stretchable open mesh networks and transfer printed
The development of novel electronic systems with
from the wafer onto a wide variety of deformable submatching form factors and the mechanical properties
strates, again using elastomeric stamps to render a fully
of biotissues is essential for long-term, intimate bioelecfunctional flexible/stretchable system.
tronic interfaces. To that end, the application of serpenBecause high-quality monocrystalline silicon is used
tine structural designs and transfer-printing methods
as the semiconductor and low-resistance gold wires are
has enabled the development of ultrathin, ultrasoft
used as the conductor in these devices, their electronic
electronics composed of high-performance inorganic
performance and long-term chemical reliability are on
materials. Such biointegrated electronics have in turn
par with wafer-based electronics while high flexibility
led to exciting applications such as epidermal electronand/or stretchability is incorporated through the strucics for vital sign monitoring (Huang et al. 2012; Kim et
tural design. Similar fabrication strategies are applicable
al. 2011b; Yeo et al. 2013), brain-computer interfaces
to the fabrication of stretchable AlInGaP2 optoelec(Kim et al. 2010a; Viventi et al. 2011), electrocardiotronics (Kim et al. 2010b) and gallium arsenide (GaAs)
gram (ECG) mapping devices (Kim et al. 2012b; Vivenphotovoltaics (Lee et al. 2011).
ti et al. 2010), and smart or minimally invasive surgical
tools (Kim et al. 2011a, 2012e).
Figure 4 illustrates the use of biointegrated electron2 Aluminum gallium indium phosphide.
ics for epidermal and in vivo physiological sensing.
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Electroencephalograph (EEG) measurements are shown
vivo functionalities, such as epicardial ECG and beatin Figure 4A, based on epidermal electronic systems
ing amplitude sensing (Kim et al. 2012b; Viventi et al.
laminated on a human forehead in a manner much like
2010) as well as the mapping of brain activities (Kim et
a temporary transfer tattoo, mechanically invisible to
al. 2010a; Viventi et al. 2010, 2011).
the wearer (Kim et al. 2011b). Because the attachment
Stimulation and Treatment
is enabled solely by van der Waals force without any
conductive gels, these systems can function for more
The most sophisticated version of biointegrated electhan two weeks at the exact same position without
tronics will be a fully automated, closed-loop sensingdecomposition of the adhesives. Depending on where
diagnosis-feedback device; the “feedback” that the
the electronic tattoo is placed, EEG, ECG, and EMG
device transmits will be information (e.g., a reminder
(electromyogram) measurements are possible with very
to take medicine) or therapeutics (e.g., a pacemaker
high signal-to-noise ratio, thanks to the low impedance
adjustment). Although the development of closed-loop
enabled by the intimate interface.
biointegrated electronics is not yet fully realized, several
In addition to electrophysiological sensing, studies
types of stimulation and treatment are available.
have successfully demonstrated the monitoring of skin
One type involves the administration of a modulated
temperature, mechanical deformation (strain), and
electrical current to human skin to excite cutaneous
hydration (Huang et al. 2012; Kim et al. 2011b; Yeo et
mechanoreceptors, which provide instantaneous electroal. 2013). Wireless power and data transmission coils
tactile feedbacks to the wearer in an acute and time-conas well as a stretchable battery (Xu et al. 2013) and
trolled manner (Warren et al. 2008). Figure 5A features
stretchable memory patches (Son et al. 2013) further
a wearable finger tube that integrates high-performance
contribute to the standalone operation of wearable
physiological sensors.
Soft electronics can integrate with not just human
skin but also internal
organs for in vivo monitoring. As an example, Figure
4B shows a multifunctional, “instrumented” balloon
catheter that maintains
a small initial diameter
to travel through human
veins and then inflates by
200 percent in cardiovascular cavities to perform
minimally invasive surgeries such as the deployment
of coronary stents. Electrodes and temperature,
contact, and flow sensors
integrated on the balloon
skin provide in vivo endovascular and endocardial FIGURE 5 Biointegrated electrotactile stimulation and treatment tools based on stretchable
information, which used to electronics. (A) Wearable, conformable finger tube generates electrotactile sensation on human
be very difficult to obtain fingertip with suitably modulated current. Reprinted from Ying et al. (2012) with permission from
IOP Publishing. (B) Lesions on a rabbit heart created by radio frequency (RF) ablators integrated on
(Kim et al. 2011a).
a balloon catheter (left frame). The supplied RF power and in situ tissue temperature measured by
Studies have also shown adjacent temperature sensors are shown in the right frame. Reprinted from Kim et al. (2011a) with
the effectiveness of other in permission from Nature Publishing Group.
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inorganic electronics to sense finger-tip motion and provide electrotactile stimulation. The voltage-frequency
combination to enable electrotactile sensation is shown
in the right frame of Figure 5A (Ying et al. 2012).
As an in vivo example, Figure 5B shows lesions on a
live rabbit heart, treated by radio frequency (RF) ablation as a therapeutic procedure to stop heart arrhythmia. The ablation was performed using stretchable
electrodes on an inflatable balloon catheter (Kim et
al. 2011a). Lesion size and depth can be determined
with the use of in situ temperature monitoring during
RF ablation (right frame). In vivo pretreatment sensing can provide critical information to guide treatment,
and in situ posttreatment sensing can provide immediate data to evaluate treatment results and help guide
the next treatment if any.
Outlook

In the past decade, studies on mechanics, materials, and
microfabrication techniques have advanced the design
and manufacture of flexible and stretchable electronics,
and it is likely that biointegrated electronics will soon
revolutionize personal health care and human-machine
interaction.
Further progress will likely depend on advances in the
following areas. Maximization of the application potentials of wearable and implantable electronic systems will
require the development of mechanically compatible
and electronically sufficient microcontrollers, memory,
power supply, and wireless data transmission modules.
Multifunctional compliant systems that incorporate
optical and biochemical tools would also be desirable.
Another frontier of biointegrated electronics concerns
transient electronics (Hwang et al. 2012). Roll-to-roll
transfer printers for the deterministic assembly of inorganic semiconductors on polymer substrates hold the
key for large-volume, low-cost manufacture of biointegrated electronics (Yang et al. 2012). More detailed discussion on the mechanics, materials, and functionalities
of biointegrated electronics is available in several recent
review articles (Kim et al. 2012a,c,d; Lu and Kim 2013).
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Flexible organic and hybrid electronics and
optoelectronics offer unique opportunities to address
the elastic, geometric, and chemical compatibility
challenges of neural probe materials.
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such as Parkinson’s disease, spinal cord injury, and chronic pain is limited
largely by the lack of materials and devices that can seamlessly interface with
neurons and restore or bypass the malfunctioning neural circuits (Cogan et
al. 2008; Gilja et al. 2011; Normann 2007). But the technology involved
in deep brain and spinal cord stimulation devices used to treat such conditions dates back to the 1950s (Hamani and Temel 2012; Kringelbach et
al. 2007). Even cutting-edge experiments that enable tetraplegic patients
to control robotic aids (Hatsopoulos and Donoghue 2009; Hochberg et al.
2012) depend on devices invented more than 20 years ago (Campbell et al.
1991). These devices do not take into account the fundamental materials
properties of neural tissue, and so their reliability and long-term effectiveness
are diminished (Lee et al. 2005; Polikov et al. 2005).
Flexible organic and hybrid electronics offers a compelling solution to the
elastic and surface chemistry mismatch between neural probes and neural
tissues, while enabling novel approaches for neural interrogation. Recent
developments in materials chemistry and fabrication methods make flexible
electronics ripe for tailored, biointegrated neuroprosthetics.
In this article I review challenges and opportunities in the materials
selected for neural probes and the role of flexible electronics and optoelectronics at the frontier of neural engineering.
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Background

Methods of Neural Stimulation and Recording

Devices for neural recording and stimulation interact
with neural tissues with different degrees of precision
and invasiveness (Buzsáki et al. 2012). For example,
electroencephalography (EEG) is performed noninvasively through the skull and thus offers a low-resolution
map of smoothed field potentials associated mainly
with the neural activity of the whole cortical surface.
Electrocorticography (ECoG), involving devices placed
directly on the cortical surface, yields higher temporal
and spatial resolution and is routinely used to identify
seizure loci in epilepsy patients.
Neural systems exchange information in the form of
action potentials—voltage spikes that propagate along
neuronal membranes—and fluctuations in local field
potentials (LFPs) averaged across a neuronal subnetwork or even an entire structure in the nervous system.
Detailed mapping of neural activity is clinically relevant
not only in the cortex but also in deep brain regions
(e.g., the subthalamic nucleus in Parkinson’s patients),
the spinal cord, and peripheral nerves (e.g., in trauma
patients or those in chronic pain). Moreover, many neurological disorders are associated with abnormal activity
of specific types of neurons, and hence single-neuron
resolution is essential to the development of effective
therapies. I focus here on penetrating neural recording
devices, designed to interface with individual cells in a
particular region of the nervous system.

Penetrating neural recording
devices are designed to
interface with individual cells
in a particular region of the
nervous system.
As with neural recording, neural stimulation offers
varying degrees of precision and invasiveness. Noninvasive transcranial magnetic stimulation (TMS)
allows for interrogation of cortical circuits via initiation of local flows of ions, which are hypothesized to
cause changes in LFPs (Allen et al. 2007; Ridding and
Rothwell 2007). However, there is currently no strategy for extending this approach to deep brain regions

or targeting it to specific neuronal types because of the
nonspecific nature and limited penetration depth of the
low-frequency magnetic fields used in TMS.
In deep brain stimulation (DBS), an approved treatment for Parkinson’s and essential tremor patients,
high-voltage pulses (1–10 V; as compared to membrane
voltages, ~30–100 mV, or LFPs, ~1–5 mV) are used
to stimulate the neural tissue surrounding the electrodes (Perlmutter and Mink 2006). But although the
DBS therapeutic effect is well documented, its underlying mechanisms remain unclear; both electrically
induced excitation and inhibition of neural activity
have been proposed (Kringelbach et al. 2007). Furthermore, nonspecific interrogation of large tissue
volume often yields undesirable side effects such as
depression or compulsive behaviors (Frank et al. 2007;
Temel et al. 2007).
Epidural electrical stimulation (in the spinal cord
of chronic pain patients) is essentially equivalent to
DBS, with the key difference that the electrode leads
are placed on top of the dura (the thin barrier that isolates nerves from other tissues) rather than deep in the
neural tissue.
Development of Optogenetics

With the development of optogenetics it became possible to excite or inhibit specific neuronal types with
millisecond precision (Boyden et al. 2005; Zhang et al.
2007). This method uses genetic targeting of light-sensitive proteins, opsins (of algal, archaeal, and bacterial
origin), to establish neuronal sensitivity to a variety of
visible light wavelengths. Opsins can be roughly categorized as excitatory (used for evoking action potentials; e.g., cation channel channelrhodopsin 2, ChR2)
or inhibitory (used for inhibiting action potential
firing; e.g., modified chloride pump halorhodopsin,
eNpHR3.0, and modified proton pump archaerhodopsin, eArch3.0) (Zhang et al. 2011).
Optogenetics is a powerful tool for scientific investigation of the behavioral correlates of neural dynamics,
but its genetic and mechanical invasiveness impedes its
clinical translation (Yizhar et al. 2011). As mammalian
tissues are highly scattering and absorptive in the visible light range, implantation of optical waveguides or
light-emitting devices is necessary for implementation
of optogenetics. Thus, optical stimulation technologies
face materials design and biocompatibility challenges
similar to those of tissue-penetrating neural recording
and stimulation electrodes.
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Reliability Challenges of Implantable Neural
Probes

Neural recording and stimulation devices have traditionally been fabricated out of hard materials with
elastic moduli (Young’s modulus E ~ 10s–100s GPa1)
exceeding those of neural tissues (E ~ kPa–MPa)
(Borschel et al. 2003; Green MA et al. 2008) by many
orders of magnitude. For example, neural recording
and electrical stimulation electrodes (Figure 1) are
often based on silicon (silicon multielectrode or “Utah
arrays”; Bhandari et al. 2008; Campbell et al. 1991),
multitrode probes (Blanche et al. 2005; Kipke et al.
2003; Seymour et al. 2011), silica (cone electrodes;
Bartels et al. 2008; Kennedy et al. 1992), or metals
(individual microwires of tungsten, gold, platinum,
or platinum-iridium alloys; tetrodes and stereotrodes
of nickel-chromium alloys; Gray et al. 1995; Jog et
al. 2002; McNaughton et al. 1983). Similarly, optical
stimulation in optogenetic experiments is most often
performed with standard commercially available silica
optical fibers (E ~ 50 –90 GPa) implanted directly into
neural tissue.
It is hypothesized that this mismatch in stiffness
contributes to tissue damage and the resulting encapsulation of devices in dense scars composed of glial
cells, leading to a decrease in recording quality (Lee
et al. 2005; Polikov et al. 2005). It is reasonable to
assume that the probe insertion itself produces a certain amount of initial damage as well (destruction
or displacement of cells in the path of the implant),
an assumption that is supported by the commonly
observed improvement in recording quality approximately two weeks after implantation. However, the
signal-to-noise ratio (SNR) and the total number of
recorded neurons then decay steadily over the course
of the implant lifespan.
Several mechanisms have been proposed to explain
the neuronal death and glial scarring that compromise
the probe’s effectiveness. One hypothesis is that, as
neural probes are generally at least partially fixed
to the skull/vertebrae, their motion is constrained,
whereas the neural tissues may shift by tens to hundreds of micrometers due to movement, heartbeat, and
respiration (Britt and Rossi 1982; Muthuswamy et al.
2003). This micromotion of soft neural tissues around
the hard implants is thought to introduce additional
tissue damage.
1 GPa

= gigapascals; kPa = kilopascals; MPa = megapascals.

FIGURE 1 Examples of single unit and local field potential
(LFP) recording devices commonly used in research. (A) Silicon
multielectrode array (reprinted with permission from Blackrock
Microsystems). (B) Tetrode microwire bundle (reprinted with
permission from the University of Queensland). (C) Silica cone
electrode (reprinted with permission from Bartels et al. 2008).

Another theory is that the disruption of glial networks
by devices larger than an average cell (i.e., >10 µm) may
increase astrocytic and astroglial responses that lead to
thickening of the scar tissue around the device (Seymour
and Kipke 2007). Furthermore, devices with particularly
sharp edges have also been shown to be disruptive to the
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Because these devices
exhibit high flexibility and
conformability to complex
landscapes, they found
immediate application in
high-density microstructured cortical arrays (microECoG) and nerve cuffs.
Contact printing methods developed by Rogers and colleagues have
enabled highly innovative
neural probes. This technology takes advantage
of mature semiconductorbased (opto)electronics and
combines it with flexible
interconnects that enable
FIGURE 2 Examples of neural probes on flexible substrates. (A) Microprinted high-resolution transfer of circuit elements
microelectrocorticography array on polyimide substrate for cortical LFP mapping (reprinted from that are several microns
Viventi et al. 2011 with permission from MacMillan Publishers Ltd.). (B) Microprinted optoelec- thick onto polyimide
tronic device on a polyimide substrate incorporating a gold electrode, a gallium nitride–based light- and silk fibroin backing
emitting diode, a silicon photodetector, and a resistor for temperature monitoring. For insertion
(Kim et al. 2010a, 2011).
device is adhered onto a silicon microneedle with silk fibroin (reprinted from Kim TI et al. 2013
with permission from the American Association for the Advancement of Science). (C) Flexible These flexible and foldmicroelectrode array on a PDMS substrate (reprinted with permission from Minev et al. 2012). able devices were recently
introduced deep into the
(D) Parylene C sheath electrode (reprinted with permission from Kim BJ et al. 2013).
brain with the use of resorbblood-brain barrier, inducing an inflammatory response
able microneedles (Kim TI et al. 2013).
that raises glial activity and the likelihood of scarring
Meng and colleagues have taken an alternative
(Saxena et al. 2013).
approach by using a thermal molding process to produce soft cone electrodes based on parylene C, with
Materials and Methods for Flexible Substrates
active electrode pads facing inside the cone (Kim BJ
Flexible organic and hybrid electronics and optoet al. 2013; Tooker et al. 2004). This creative technolelectronics offer opportunities to address the elastic,
ogy relies on earlier findings by Kennedy and colleagues
geometric, and chemical compatibility challenges of
(1992), who used silica capillaries seeded with nerve
neural recording and stimulation devices.
fragments to attract neuronal growth into the capillary
Combining traditional metal and semiconductor
containing an electrode, thus making a truly biointetechnologies with flexible substrates provides a first
grated device.
transitional step toward stealthy bioinspired neural
Yet there remain a number of challenges in the fabprobes. Over the past decade polymer substrates have
rication of neural probes on flexible substrates, such
been used as a backing for metal and silicon-based
as relatively low resolution (dictated by contact printneural recording electrodes. As illustrated in Figure 2,
ing methods), inability to scale to the high number
electrode arrays have been developed (using lithoof channels necessary for comprehensive mapping of
graphic MEMS-inspired processing2) on silicone resbrain activity, and inadequate capacity to interface
ins (poly(dimethylsulfoxane); PDMS), polyimide, and
with optical or drug delivery elements essential for
parylene C, to name a few (Kim BJ et al. 2013; Minev
neural interrogation (and potentially cell type identifiet al. 2012; Stieglitz et al. 2009; Viventi et al. 2011).
cation). Robust reproducible manufacturing of probes
suitable for use in human patients presents another
challenge, as MEMS-style processing offers relatively
2 MEMS = microelectromechanical systems.
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low yield and is currently constrained to standard wafer
sizes (several inches as compared to the several feet
needed for a spinal cord).
Surface Modification and Encapsulation of
Neural Probes

Because materials interfaces between devices and neural
tissues play a critical role in both tissue response and
the quality of neural recording, surface engineering is an
important aspect of neural probe design. With their tunable chemical properties and low elastic moduli, organic
materials offer a compelling toolbox for the engineering
of intimate electrically and optically active interfaces
between neurons and neural probes.
Surface Engineering

Polymers such as (poly(3,4-ethylenedioxythiophene);
PEDOT) (Blau et al. 2011; Ludwig et al. 2011; Richardson-Burns et al. 2007), polylysine (Boehler et al.
2012; Hai et al. 2010), and polypyrrole (Abidian et al.
2010; George et al. 2005) have been shown to boost the
reliability and SNR of neural recording electrodes by
promoting cell adhesion and reducing the impedance
of equivalent circuits between the devices and the neuronal membranes.
Hydrogels based on polymers and polymer blends
of natural (agarose, alginate, xyloglucan, hyaluronan,
methylcellulose, chitosan, and matrigel) and synthetic
(methacrylate, polyethylene glycol (PEG), poly(vinyl
alcohol), and poly(acrylic acid)) origins are used for
most neural regeneration scaffolds (Frampton et al.
2011; Hanson Shepherd et al. 2011; Jhaveri et al. 2008;
Nisbet et al. 2008; Seliktar et al. 2012; Shin et al. 2012)
and have recently found application in surface modification of neural probes (Jun et al. 2008; Kim et al. 2010b;
Lu et al. 2009). The advantages of hydrogels include
elastic moduli comparable to those of the neural tissues
as well as high permeability for nutrients and oxygen.
However, the electrical and optical properties
of these soft gels have not yet been engineered for
improved neural recording and stimulation. Consequently their application in neural probe engineering
has been restricted to providing low-modulus biocompatible buffers, which may reduce the damage associated with micromotion.
Encapsulation

Encapsulation is another form of surface modification routinely used during deep-tissue implantation

43

of flexible neural probes. As mentioned above, flexible substrates make it possible to overcome the elastic
modulus mismatch between an electronic or optoelectronic probe and the surrounding neural tissue. But it
is difficult to target soft devices to a specific region of
the nervous system as they are prone to buckling, which
hampers straight-line penetration.
Dissolvable encapsulation temporarily stiffens the
probe to permit targeted implantation. Organic and
biopolymeric materials such as PEG, sugar, tyrosinebased polymers, and silk fibroin are often used because
of their adjustable dissolution speed in aqueous environments as well as their versatile chemistry and biocompatibility. Silk fibroin (also used as a biocompatible
adhesive) enables the introduction of PDMS-backed
probes through silicon microneedles that are retracted shortly after implantation upon dissolution of the
silk fibroin.

Organic and biopolymeric
materials feature adjustable
dissolution speed in
aqueous environments,
versatile chemistry, and
biocompatibility.
Opportunities with Polymer Optoelectronics

Two decades of advances in materials chemistry have
propelled small-molecule organic optoelectronics into
commercial applications in the display industry and
beyond, but the sensitivity of these materials to environmental moisture and oxygen hinders their application in the human body. In contrast, environmentally
stable polymers and polymer composites with versatile
chemical and electronic properties and low elastic moduli present a promising materials system for the development of multifunctional tissue interfaces.
Despite their wide adoption throughout the medical community (orthopedic implants, encapsulation
materials for stimulation electrodes, porous scaffolds for
soft tissue regeneration), polymers have yet to be fully
explored with respect to their applications in neural
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probes (Green RA et al. 2008). Pioneering studies by
Martin and Kipke, among others, illustrate the potential
of PEDOT, polypyrrole, and polymer-carbon composites
(Abidian et al. 2010; Kozai et al. 2012) (Figure 3) to
solve the elastic mismatch of neural recording devices
while reducing the overall electrode impedance and
thus increasing SNR. In parallel, Capadona and Tyler
have applied biologically inspired design principles to
create polymer composites with controllable elastic
properties that mimic sea cucumber dermis (Capadona
et al. 2008; Harris et al. 2011).
Despite growing evidence of the utility of polymers
in neural probe design, various engineering challenges
prevent widespread adoption of these materials systems
by neuroscientists and clinicians. For example, polymer probes are primarily fabricated by electrospinning,

FIGURE 3 Examples of polymer and organic/inorganic composite neural recording electrodes. Left: Carbon-composite
microelectrodes chemical vapor deposition (CVD)-coated with
polyxylene. Right: Tip electrochemically coated with poly(3,4ethylenedioxythiophene) (PEDOT) (reprinted from Kozai et al.
2012 with permission from Nature Publishing Group).

FIGURE 4 (A) Thermal drawing process (TDP) applied to fiber-inspired neural probe (FINP)
fabrication. (B) Longitudinal cross section of a FINP for recording, optical stimulation, and drug
delivery. (C) Sample FINP. (D) Optically evoked action potentials recorded with a FINP in the
medial prefrontal cortex of a transgenic Thy1-ChR2-YFP mouse expressing ChR2 in a broad neuronal population. WG = waveguide.

chemical vapor deposition,
thin film spin-casting, and
lithography. The first two
methods offer relatively
low throughput and require
painstaking postsynthesis
assembly if multiple electrodes are desired, which is
true for most neuroprosthetic applications. Furthermore,
these methods currently do
not allow for integration of
optical elements, which are
essential for neural stimulation applications. Although
well-developed lithographic
methods allow for integration of multiple functional
elements, they are limited
by the flat substrate geometry, which is not ideal for
applications in deep brain
regions.
In my laboratory we
have recently explored a
thermal drawing process
(TDP) inspired by optical fiber production as
a means of fabrication
for multifunctional neural probes. During TDP a
macroscale preform, which
can be fabricated using
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low-end mechanical processing, is drawn into a fiber
with microscale features (Abouraddy et al. 2007; Bayindir et al. 2004; Goff 2002; Varshneya 1994). The lateral
dimensions are scaled by as much as 10,000-fold using, if
necessary, multiple drawing steps, enabling the creation
of structures on the nanometer scale without the need
for high-resolution fabrication technology (Kaufman
et al. 2011; Yaman et al. 2011). At the same time, the
length is stretched by a factor of ~100, yielding hundreds of meters of fibrous devices with a conserved crosssectional pattern.
Because TDP faithfully reproduces the cross-sectional geometry of the macroscopic preform, it enables the
creation of sophisticated multifunctional structures on
the microscale. In addition, it is compatible with a wide
range of materials with varying optical and electrical
properties, permitting, for example, the combination
of waveguide core and cladding materials, conductive
polymer composites, and low-melting-temperature
metal microwires in a single device.
We have used TDP to produce a range of fiber-inspired
neural probes (FINPs), from high-channel-count neural
recording arrays of arbitrary lengths to multifunctional
devices incorporating waveguides, drug delivery channels, and neural recording electrodes (Figure 4).
Our preliminary in vivo evaluation of FINPs suggests that TDP may provide a scalable fabrication tool
for flexible optoelectronic devices compatible with
implantation in a variety of regions of the nervous system. Furthermore, this process may complement recent
materials discoveries by Martin, Capadona, Kipke, and
others as it may not only enable the integration of
these innovative polymer systems into multifunctional probes but also offer a pathway toward their highthroughput production.
Conclusion

High-fidelity recording and stimulation of neural activity are essential to the development of neuroprosthetic
devices as well as to the mapping of neural circuits
involved in neurological and neuromuscular disorders.
While mature semiconductor technologies provided
initial promise for neural probe design, recent tissue
engineering studies illustrate the need for alternative
biocompatible materials platforms. In this article I have
reviewed the challenges of established neural probe
technologies and the opportunities of flexible organic
and hybrid materials platforms for improvements in the
biocompatibility and longevity of these sensors. I have
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also emphasized the importance of integration of optical
neural stimulation modules and discussed fabrication
approaches that may enable flexible multifunctional
neural prosthetics.
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NAE News and Notes
NAE Newsmakers
In September John C. Angus, Kent
H. Smith Professor Emeritus of
Engineering, Case Western Reserve
University, was selected to deliver
the inaugural Diamond Award
Lecture at the International Conference on Diamond and Carbon
Materials in Riva del Garda, Italy.
The award is “to honor most contributing scientist in the field of diamond or carbon research” [sic].
Anil K. Chopra, Horace, Dorothy, and Katherine Johnson Chair
in Engineering, Department of Civil and Environmental Engineering,
University of California, Berkeley,
has been awarded the 2013 Norman Medal. This award of the
American Society of Civil Engineers (ASCE) is given to the best
paper among all journals published
by ASCE. Dr. Chopra was honored
for his paper “Earthquake Analysis
of Arch Dams: Factors to Be Considered,” published in January 2012
in the Journal of Structural Engineering. He was also a recipient or corecipient in 1979, 1991, and 2001;
receiving the Norman Medal four
times is a rare distinction, achieved
only for the second time in the history of ASCE.
Martin Cooper, chairman, Dyna
LLC, and inventor of the personal
cellular telephone, was inducted
into the Engineering and Science Hall of Fame (ESHF), an
international nonprofit organization honoring persons who have
made outstanding contributions to
engineering and science that have
improved the quality of life for
humankind. Mr. Cooper assembled

a team that developed the portable
cellular phone and demonstrated its
feasibility.
Jack J. Dongarra, University Distinguished Professor, University of
Tennessee, Knoxville, will receive
the Association for Computing
Machinery–Institute of Electrical
and Electronics Engineers (ACMIEEE) Computer Society Ken Kennedy Award for his leadership in
designing and promoting standards
for mathematical software used to
solve numerical problems common to high-performance computing (HPC). His work has led to
the development of major software
libraries of algorithms and methods
that boost performance and portability in HPC environments, which
rely on supercomputers and parallel
processing techniques for solving
complex computational problems.
Dr. Dongarra received the award on
November 19 in Denver at SC13,
the International Conference on
High Performance Computing.
Edward A. Feigenbaum, Kumagai Professor Emeritus of Computer
Science, Stanford University, was
named the Institute of Electrical
and Electronics Engineers (IEEE)
Computer Society’s 2013 Computer Pioneer Award recipient. Dr.
Feigenbaum received the award “for
pioneering work in artificial intelligence, including development of
the basic principles and methods of
knowledge-based systems and their
practical applications.” The Pioneer
Award is given for significant contributions to early concepts and developments in the electronic computer

field that have clearly advanced the
state of the art in computing.
Karl A. Gschneidner Jr., Anson
Marston Distinguished Professor,
Department of Materials Science
and Engineering, Iowa State University, and chief scientist, Critical
Materials Institute, Ames Laboratory, has been named the winner of
the 2014 Acta Materialia Materials and Society Award. The award
honors scientists who have made
a major positive impact on society
through materials science. Through
his long scientific career and expert
testimony before Congress in 2010
and 2011, Dr. Gschneidner has
been instrumental in bringing
attention to the importance of rare
earths for the nation’s energy and
security future.
Stephen E. Harris, professor of
electrical engineering and applied
physics, emeritus, Stanford University, has been elected an Honorary Member of the Optical
Society (OSA), the Society’s most
distinguished membership status.
Dr. Harris was chosen for his pioneering and profoundly influential
contributions to the science of
light, including optical parametric
emission, lasing without inversion,
electromagnetically induced transparency, and single-cycle optical
pulse generation. He joins a group
of only 45 OSA Honorary Members elected since the Society was
founded in 1916.
Shirley Ann Jackson, president,
Rensselaer Polytechnic Institute,
has been inducted into the New
Jersey Inventors Hall of Fame
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(NJIHoF), honored for a lifetime of
leadership and achievement in science, technology, engineering, and
mathematics (STEM) policy and
research. She received the NJIHoF’s
highest honor, its Trustees Award,
for being “An exemplary model for
inventors, innovators, and entrepreneurs throughout a successful career
as a theoretical physicist at Bell
Laboratories, a physics professor at
Rutgers University, chair of the US
Nuclear Regulatory Commission,
and president of Rensselaer Polytechnic Institute.”
On June 25, 2013, the first Queen
Elizabeth Prize for Engineering was
presented to five engineers who created the Internet and the World
Wide Web. The prize was presented
by Her Majesty the Queen at a ceremony in Buckingham Palace. Robert E. Kahn and Vinton Cerf, along
with Louis Pouzin, made seminal
contributions to the protocols that
make up the fundamental architecture of the Internet. Tim BernersLee created the World Wide Web,
which vastly extended the use of
the Internet beyond email and file
transfer. Marc Andreessen wrote the
Mosaic browser that made the World
Wide Web accessible to everyone.
The QEPrize for Engineering is a
£1million global engineering prize
designed to reward and celebrate
individuals responsible for groundbreaking innovation in engineering that has been of global benefit
to humanity. Each awardee was also

given a trophy designed to capture
the essence of modern engineering. NAE President C. D. Mote, Jr.
served on the panel of judges.
Sanjit K. Mitra, research professor of electrical and computer engineering, University of California,
Santa Barbara, has been elected
a foreign member of the Finnish
Academy of Sciences and Arts.
Katepalli R. Sreenivasan, president, Polytechnic Institute of NYU,
and University Professor of Physics, New York University, has been
elected to the Accademia dei Lincei. Dr. Sreenivasan was one of 20
new members selected by the institution, whose early members included Galileo Galilei. His research
focuses on the behavior of fluids and
turbulence.
Willis H. Ware, corporate
research staff emeritus, the RAND
Corporation, has been inducted
into the National Cyber Security
Hall of Fame. Dr. Ware is considered a pioneer in the field of computer technology and has been
involved in digital computing since
the mid-1940s; as the first chair of
the Information Security and Privacy Advisory Board, he was the
first to approach the subject of
information system security as not
just a technical matter but also a
policy issue.
Twelve NAE members have been
elected to the American Academy of Arts and Sciences. The
induction ceremony took place on

October 12, 2013, at the academy’s
headquarters in Cambridge, Massachusetts. Those elected were Anant
Agarwal, president, edX; Rakesh
Agrawal, Winthrop E. Stone Distinguished Professor, School of Chemical Engineering, Purdue University;
Edward C. (Pete) Aldridge, retired
under secretary of defense, US
Department of Defense; David L.
Dill, professor of computer science,
Stanford University; Susan J. Eggers, professor of computer science
and engineering, emerita, Department of Computer Science and
Engineering, University of Washington; Arunava Majumdar, vice
president for energy, Google, Inc.;
Jitendra Malik, Arthur J. Chick
Professor of EECS, Department of
Electrical Engineering and Computer Science, University of California, Berkeley; C.L. Max Nikias,
president, University of Southern
California; Terrence J. Sejnowski,
Francis Crick Professor and head,
Computational Neurobiology Laboratory, Salk Institute for Biological
Studies; Richard A. Tapia, University Professor and Maxfield-Oshman
Professor in Engineering, Rice University; David R. Walt, Robinson
Professor of Chemistry, Department
of Chemistry, Tufts University; and
Sheldon Weinbaum, CUNY Distinguished Professor of Biomedical and
Mechanical Engineering, emeritus,
Department of Biomedical Engineering of the City College of the
City University of New York.
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Highlights from the 2013 Annual Meeting

Anniversary members (l to r): Front row: Frank Parker, William F. Ballhaus Jr., Robert
M. Nerem, C. D. Mote, Jr., Ward O. Winer; Back row: James O. Jirsa, Richard C. Alkire,
William J. Spencer.

NAE members, foreign associates,
and guests gathered in Washington, DC, in October for the 2013
NAE Annual Meeting, held in
the National Academy of Sciences
(NAS) Building on Constitution
Avenue. The meeting began on Saturday afternoon, October 5, with a
luncheon and orientation session
for new members. That evening the
NAE Council hosted a dinner in
the Great Hall of the NAS Building, honoring the 69 new members
and 11 new foreign associates.

NAE Class of 2013.

NAE chair Charles Holliday
opened the public session on Sunday, October 6, with brief remarks
on public awareness of engineers
and engineering. President C. D.
Mote, Jr. then gave his inaugural
address to the members and guests,
titled “What I have been thinking about. . . ” (see page 55). He
spoke of the need for action on
three strategic issues for engineering: the importance of talent in the
engineering workforce, the forces
of globalization and the global role

of the NAE, and the visibility and
understanding of engineering. How
these familiar issues evolve will
affect the course of engineering.
His remarks are also posted on the
NAE website (www.nae.edu).
The induction of the NAE Class
of 2013 followed President Mote’s
address, with introductions by NAE
Executive Officer Lance Davis.
The program continued with the
presentation of the 2013 Founders and Bueche Awards. The 2013
Simon Ramo Founders Award was
presented to Albert D. Wheelon,
retired chair and CEO, Hughes Aircraft Company, “for outstanding contributions to aircraft, spacecraft, and
communication satellite technology
that enhanced national security and
strengthened the US economy” (see
page 59). John E. Kelly III, senior
vice president and director, IBM
Research, received the Arthur M.
Bueche Award “for his leadership in
driving US semiconductor technology excellence through the creation
of world-class government, university, and corporate R&D partnerships”
(see page 60).
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Mitchell E. Daniels, President of Purdue
University and former Governor of the
State of Indiana, delivering keynote
address.

The Bernard M. Gordon Prize
Lecture featured the three 2013
winners: Richard K. Miller, president and professor of mechanical
engineering; David V. Kerns Jr.,
Franklin and Mary Olin Distinguished Professor of Electrical and
Computer Engineering and Founding Provost; and Sherra E. Kerns,
F.W. Olin Distinguished Professor of
Electrical and Computer Engineering and Founding Vice President
for Innovation and Research, all at
Olin College of Engineering. The
speaker, Richard K. Miller, described
the school’s learning model, lessons
learned, and the next decade.
After the awards presentations,
Dr. Mote introduced the Armstrong
Endowment for Young Engineers—
Gilbreth Lecturers. These lectures
recognize outstanding young engineers who have given especially
well-received presentations at the
NAE’s Frontiers of Engineering
symposia. Amy Kaleita, associate
professor of agricultural and biosystems engineering, Iowa State
University, spoke on “Applications
of Precision Agriculture in Rural
Communities.” Christopher Geyer,
chief scientist, BAE Systems, spoke

about “Robot Navigation.” The Distinguished Guest Speaker, Mitchell E. Daniels, president of Purdue
University and former governor of
Indiana, spoke on “Reengineering
America: Not Just about Numbers.”
The day ended with a reception for
members and their guests.
At the Annual Business Session
for members on Monday morning,
Dr. Mote provided a brief overview of recent NAE activities and
addressed questions from some of
the members present. The business
session was followed by the Forum,
“The Importance of Engineering Talent to the Prosperity and
Security of the Nation.” Christine
Romans, host of Your Money, CNN,
moderated a discussion exploring
the many dimensions of engineering
talent and the importance of acquiring it both locally and globally. It is
critical not only to encourage talented young students in the United
States to pursue an engineering education but also to inspire a significant fraction of engineering talent
in the global pool to immigrate to
the United States. Historically, the
United States has had access to a
disproportionate share of top global
talent in engineering, to the benefit
of the competitiveness of the US
economy, national prosperity, security, and quality of life. To maintain

Forum panelists and moderator.

national well-being, it is critical to
continue to attract engineering talent both locally and globally.
The panelists were David Baggett,
serial entrepreneur and founder
of Arcode; William F. Banholzer,
chief technology officer, New Business Development, and executive
vice president, the Dow Chemical
Company; Lord Alec N. Broers,
UK House of Lords and past president, Royal Academy of Engineering; John A. Montgomery, director
of research, Naval Research Laboratory; Subra Suresh, president,
Carnegie Mellon University; and
Marie Thursby, Regents’ Professor
and Hal and John Smith Chair in
Entrepreneurship, Scheller College
of Business, Georgia Institute of
Technology. A video of the Forum
is available on the NAE website
(www.nae.edu).
On Monday afternoon, members
and foreign associates participated
in NAE section meetings at the
NAS Building and Keck Center.
The meeting concluded with the
annual reception and dinner dance,
at the JW Marriott. Music was provided by the Odyssey Band.
The next annual meeting, celebrating NAE’s 50th anniversary,
is scheduled for September 28–29,
2014, in Washington, DC. Save
the date!
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Special Events

Financial and Estate Planning
Brunch

On Sunday, October 6th, the NAE
held its annual Financial and Estate
Planning Brunch during the Annual
Meeting. Cindy Sterling, an independent financial planning expert,
described ways members could
incorporate philanthropy and giving into their retirement and estate
plans while maximizing tax benefits.
She highlighted charitable remainder unitrusts and charitable IRA
rollovers among other ways of giving. She also touched on the estate
tax and the ways it can impact your
finances. As each person’s financial
situation is unique she stressed the
importance of taking these ideas
to your CPA or financial advisor
to review the details that would be
most beneficial. The event was well
received and the Members Room
was filled to capacity. Attendees participated actively by asking questions to clarify ideas about
their planning. For more information, materials from the event, or
to include the NAE in your estate
plans please contact Jamie Killorin,
Director of Planned Giving, at JKillorin@nas.edu or 202.334.3833.
Dinner to Honor NAE’s Most
Generous Donors

In honor of 60 of the NAE’s most
generous members and friends, NAE
President Dan Mote and his wife,
Patsy, hosted the Golden Bridge
Society Dinner on Sunday, October 6th, at the Carnegie Institution
for Science. Special guest Richard
Meserve, President of the Carnegie
Institution for Science and NAE
Council Member, provided a brief
history of the Carnegie Institution
and spoke about founder and philanthropist Andrew Carnegie. He

Left to right, NAE Chairman Charles O. Holliday Jr., Ken Xie, and Dr. C. D. Mote, Jr.

noted that the Carnegie Institution
and NAE both strive to achieve
similar goals of furthering science
and engineering education and
innovation in the United States.
Eight new Golden Bridge members were in attendance: NAE Members Wm. Howard Arnold, Robert
and Pauline Koerner, Ken and Marty Reifsnider, NAE Treasurer Martin Sherwin, Robert Wagoner, and
Isabelle Katzer, widow of NAE Member James Katzer. Members of the
Golden Bridge Society have each
cumulatively contributed between
$20,000 and $99,999 to the NAE.
Einstein statuettes were presented
to three new Einstein Society members as an expression of appreciation
for their tremendous support of the
NAE. The honorees are Class of
2013 member Ken Xie; Robert M.
White, NAE president emeritus,
and his wife, Mavis; and President
and Mrs. Mote. Einstein Society
membership is based on cumulative
contributions of $100,000 to the
National Academies.
A Heritage Society medal was
presented to Tina Bueche for making a provision in her will to donate
property to the NAE. Her gift will
be used to ensure that the Arthur
Bueche Award, named for her late

father and NAE member Arthur,
will continue to be awarded to
future NAE members who have
been dedicated to science and technology and have had an active role
in determining US science and
technology policy, promoting technological development, and contributing to the enhancement of
the relationship between industries,
government, and universities.
Dr. Mote expressed his gratitude
to the honorees and donors in attendance. He stressed the importance of
giving so that the NAE can reach its
50th anniversary fundraising goals to
help continue its work and service
to the nation (see page 62 for more
about these goals).

Tina Bueche and Dr. C. D. Mote, Jr.
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Remarks by NAE Chair Charles O. Holliday Jr.

Charles O. Holliday Jr.

Good morning. In the few minutes
I have today, I will talk about only
one topic: the deficit. No, not that
deficit. It’s a leadership deficit. Perhaps even greater than the dollarsand-cents deficit, our nation and
our world are facing a deficit of
leadership.
I would like you to think with me
about the leaders you have known
and what it takes to be a leader.
Think back about a leader you followed. Maybe you even made the
statement, “I will follow him or her
anywhere.” What were the characteristics of that leader? I think
they will include honesty and ethical standards. Leaders have many
other characteristics, of course, but
those two would be critical. That
is what I’ll be talking about today,
honesty and ethical standards.
And—fair warning—I’m going to
have a request for you at the end,
so listen carefully.
Where do engineering and other
professions stand when it comes to
honesty and ethical standards? The
Gallup survey company, one of the
oldest and most respected survey
groups in the world, has been asking that question for 36 years. I am
going to give you the results from 36
years ago and last year for five major

professions. For many people coming
into the Academy today, that spans
a good part of your career and your
contributions, so you could think
about this in terms of what has been
happening during your career so far.
The first profession is a banker. In
1976 only 34 percent of the American people would rate a banker high
or very high in relationship to honesty and ethical standards on a fivepoint scale. Think about whether
bankers improved or went down in
that period of time. The answer is a
shock: they only went down to 28
percent by last year.
A journalist—and I’m talking
about a real journalist now, not a
blogger—was rated 33 percent high
or very high in 1976, down to 24
percent today.
What about our friends the lawyers? Twenty-five percent in 1976,
down to 19 percent today.
And we couldn’t be in this town if
we didn’t have the rating for members of Congress. They were 15 percent in the first survey. They were
at 10 percent last year, and most of
them would take the 10 percent and
run today.
If you add all that up, the average
of these four was 27 percent high or
very high on honesty and ethical
standards 36 years ago, down to 20
percent last year.
Now we come to the engineers.
This is your career, this is your time.
Where did you pick up the rating
as you started, and did it drop significantly like all the other professions? In 1976 engineers rated 48
percent high or very high, markedly
higher than all the rest. In today’s
environment, where all the other
professions were going down, where

do you think engineers went? Up
to 70 percent. And in the low/very
low category, we had only 3 percent,
which is just amazing.
As you wear the mantle of engineer, I want you to think about one
more step. What if you approached
the Gallup people and said, “Before
you ask people to rate engineers,
I’d like to explain what membership in the National Academy of
Engineering means.” You’d explain
the decades of work someone has
to go through, the member who
nominates you, the members who
second you and support you. Then
even after all that, the ratio is about
one in nine who make it through
the final selection process. And
you would describe that person.
Undoubtedly, the high/very high
rating would be much greater than
70 percent.
So be proud to be an engineer.
Every time someone asks you after
today what’s your role, why don’t
you say “engineer”? (If you start
modifying the word with all those
other great things you’ve done, be
careful—your rating may go down.)
Then if the time is right, take five
minutes not to describe yourself
but to describe all your colleagues
in the National Academy of Engineering, because we have got to get
that word out.
I am leading up to my ask. It’s
very appropriate on a Sunday to
consider the phrase, “To whom
much is given, much is expected.”
I am not suggesting anyone in this
room was given anything. But as
you sit there and watch candidate
after candidate walk across the
stage, you’ll have some time to
think. Think about your parents,

WINTER 2013

think about your friends, your mentors, your spouse, your children—
everyone who in some way helped
you accomplish what you have
today, because they have given you
very much, and you should thank
them for that.
Now here is the request I have
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for you: Because of the respect and
honesty you have, and because engineers solve problems and get things
done, of course you should serve in
the Academy—that’s critical. But
don’t stop there.
Be a leader in your community.
You don’t have to run for elective

office to make a change. Make something happen out there because you
walk in the room with the respect
and value that are necessary for
a leader and with the skills of the
engineer that are critical.
Thank you very much and congratulations.

What I have been thinking about . . .
Annual Address by NAE President C. D. Mote, Jr.
Strategic Issues for Engineering

C. D. Mote, Jr.

Colleagues and friends, I wish to
use this opportunity to speak to you
about two related matters that have
captured my attention for some
time. The first are strategic issues for
engineering that could have significant implications for our nation’s
future. The second is our plan for
celebrating the NAE’S fifty-year
anniversary in 2014.
The Academy’s 50th anniversary
year kicks off today and culminates
at the end of 2014, a 15-month year.
(As I get older, longer years have an
attraction.) Our celebration of the
50th anniversary is scheduled for
the 2014 Annual Meeting. You will
discover that there may be a role for
you in this celebration, should you
choose to seek it. I hope that this
possibility inspires more curiosity
than anxiety.

Now to strategic issues for engineering. In China, there is a saying that
when a person assumes a new position, he must light three fires. So for
my fires, I have been thinking about
three strategic issues for engineering. They are (1) the importance of
talent in the engineering workforce,
(2) globalization and the global
role of the NAE, and (3) the visibility and understanding of engineering. How these familiar issues
are resolved will affect the course
of engineering. Consequently, I
am striking these matches today in
hopes of combustion.
Talent in the Engineering
Workforce

The first match is to talent in the
engineering workforce, which is
normally not mentioned when
discussing our national preparedness in engineering. The numbers
of engineers graduating from our
universities and the numbers in
the workforce, and even the numbers out of the workforce, are used
as surrogates for our engineering
workforce preparedness. However,
the presence of engineers and engineering talent are not equivalent.
In a recent NRC study on future
Department of Defense workforce

needs,1 industry and government
leaders providing input to the committee affirmed that the available
talent in the workforce was problematic for both.
If the need for talent and the
value placed on talent are high,
talent in engineering deserves priority attention. If society depends
on engineering talent for its future,
ensuring a talented engineering
workforce should be a national priority. However, I do not see that talent is given priority attention.
With respect to the number of
engineering graduates, according
to a 2012 National Science Board
report,2 the percentage of undergraduate engineering degrees among
all undergraduate degrees in the
US was 4%, among the smallest
national percentages in the world.
For a sense of scale, the average
percentage in key Asian countries (India, Japan, China, Taiwan,
South Korea, and Singapore) is
23%, and in European countries
(United Kingdom, Sweden, Finland,
1 Assuring

the U.S. Department of Defense
a Strong Science, Technology, Engineering, and Mathematics (STEM) Workforce;
National Academies Press, 2012.
2 National

Science Board, Science and
Engineering Indicators 2012; appendix
Table 2-32.
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Denmark, Germany, and France) it’s
13%. In short, the percentage of US
engineering graduates among all
its graduates is 1/3 of the European
average and 1/6 of the Asian competitor average.
Recruitment of talented international students over the past
half century, mostly at the graduate level, has contributed remarkably to US engineering and has
compensated for this deficiency
in undergraduate degree numbers.
The large number of first- and
second-generation Americans that
founded startup companies reflects
this understanding. However, times
have changed. For one thing, virtually every society globally, friend
and adversary alike, is recruiting
engineering talent aggressively,
and particularly the “in-demand”
talent with current skills. Talent
is the coin of the global engineering realm. Increasingly, attractive
opportunities for engineers that
offer excellent salaries, facilities,
and economic growth potential are
in Asia and the Middle East, and
soon in Africa. Countries in those
regions are substantially increasing
the competition for international
talent. In 2007, the former President of China, Hu Jintao, stated,
“The worldwide competition of
overall national strength is actually
a competition for talents, especially
innovative talents.” I read this as
primarily “engineering talents,”
those who create value for humanity and society.
Compounding this competition are engineering expansions in
emerging economies, particularly in
Asia, where the demand for engineering talent is already quite significant. This past August McKinsey
Global Institute projected that in
2020—six years from now—China

will experience a 25-million-person
shortfall of highly skilled employees
creating, according to McKinsey,
“a demand for global talent that
the world has never seen before.”
McKinsey further projects that this
talent shortfall equates to a 2– 4%
GDP problem for China.
So how will China respond? Will
it simply say the equivalent of “c’est
la vie” in Mandarin and collapse?
Will it reduce the number of students it sends abroad, say some of the
190,000 Chinese students enrolling in the US? Will it take steps
to recruit engineers from abroad or
move its enterprises abroad to the
employees as the US did to China
earlier? Or will it be a combination
of the above?
The disruptive scale of this talent
drive will have profound implications for the US and US engineering. Because the US is dependent
on forefront engineering talent, it
is an evergreen issue that has not
received the attention, let alone the
priority attention, needed.
We are most fortunate to have
assembled a distinguished panel
for tomorrow morning’s Forum on
the engineering talent question.
The panelists, whose experiences
span different professional sectors,
will address the significance of the
engineering talent issue from their
perspectives. They may provide
counsel on ensuring that our need
for engineering talent is satisfied.
My remarks are a trailer for the
Forum, which I look forward to
greatly, as you can see.
Globalization and the Global
Role of the NAE

Now my second match strikes under
globalization and the global role of
the NAE. Globalization has uncertain footing in the US both in its

concept and in reality. It is the
proverbial elephant in the room
that nobody wants to see or talk
about. Even not talking about it is
not talked about. US industry has
been fully globalized for well over
a decade though it remains publicly
mute on globalization. And so is
the government. A highly skeptical
public believes globalization is for
other countries, not for the US. It
associates globalization with the loss
of jobs, competitiveness, and intellectual property and it professes to
see no benefits. Consequently, the
foundation for national global policies, and those of direct importance
to engineering, is more quicksand
than concrete.
Still, the NAE is moving to an
active global perspective, which
I endorse strongly. I have long
believed that every university
student should have a global perspective derived from personal
experience in other cultures prior
to graduation. This is the world that
our next-generation engineers will
live in, work in, and make a better
place, and…it is globalized.
Two NAE programs have been
particularly effective at pushing
the global reach of the Academy:
the Frontiers of Engineering (FOE)
and the Global Grand Challenges.
The founding of our Frontiers of
Engineering program led quickly
to interest from abroad in creating
bilateral FOE symposia. We now
have bilateral Frontiers programs
with Germany, Japan, China, India,
and the EU, and a new one with
Brazil is scheduled for 2014. The
attendees of these symposia, half
chosen by the NAE and half by the
partner academy, all become alumni
of our Frontiers program, who now
number about 4,000. In a literal
sense, the Frontiers of Engineering
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is leading the NAE to the global
frontiers of engineering and attracting the global engineering leadership of tomorrow. This important
effort is central to the mission of
the NAE.
The Grand Challenges for Engineering, a program initiated under
presidents Bill Wulf and implemented under Chuck Vest, is also
an attractor of the global engineering community and an expander of
the NAE’s global reach. The Grand
Challenges led to the first collaboration by the national academies
of the United Kingdom, People’s
Republic of China, and the United States in sponsoring the first
Global Grand Challenge Summit
in London this past March. Two
years hence, the Chinese Academy
of Engineering will host the next
Global Grand Challenge Summit,
and the NAE will follow. The deans
of engineering at Duke and USC,
Tom Katsouleas and Yannis Yortsos, and the president of Olin College, Rick Miller, who have taken
the leadership on many Grand
Challenge activities, established
the Charles M. Vest NAE Grand
Challenges for Engineering International Scholarships to recruit international graduate students to the US
for a year’s study. The Grand Challenges symposia are leading the
NAE globally, attracting international attention to the Challenges,
and catalyzing meaningful international partnerships.
This expanding global focus of
the NAE is a consequence of the
many globally connected engineering issues at the forefront of our
attention, such as climate change,
food and water supplies, environmental degradation, and so on. The
engineering talent question also has
global consequences. And while
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every country is organized to serve
its national engineering needs, who
is responsible for engineering-related things in that grand space outside
of and across countries? Who can
convene the expertise and possess
the credibility required to lead engineering policy studies and make recommendations for that space? The
major national academies are well
positioned to increase their technical roles in these global domains on
behalf of their countries and global
society.
If not they, who would you wish
to do it?
Visibility and Understanding
of Engineering

Now, as I strike my third match
under the visibility and understanding of engineering, I can telepathically feel you thinking “What more
can there possibly be to say about
understanding engineering? Haven’t
we talked about this for decades?”
My answer to that is, oh my, yes we
have! But please let me try it.
Our academy is the National
Academy of Engineering, not
the National Academy of Engineers. This is a distinction with
a difference. About 25% of the
NAE members have no degree
in engineering and many do not
even describe themselves as engineers. Yet they “do engineering” at
such an extraordinary standard that
they were elected to membership in
the NAE.
The activity, engineering, is
clearly defined, while the person,
the engineer, is self-identified. I am
an engineer because I say so. The
essence of engineering is “creation.”
Engineers create, or to paraphrase
the late Theodore von Kármán,
“engineering creates what never
was.” But, the unfailingly confused

public repeatedly asks, “what is
engineering?” and “what do engineers do?” I am confident that all of
you have been asked this question
many times, essentially forever.
Our academy, and every major
engineering society I know of, has
dedicated extraordinary efforts to
answering this question, but most
of us likely agree that the understanding achieved has been as yet…
modest. Our answers often rely on
common engineering practices, like
designing airplanes, as exemplars.
Engineering becomes associated
with the exemplars given, but not
with its essence: creation.
The public finds it difficult to
grasp that essentially everything it
sees that is not growing out of the
ground or dug out of the ground
is engineering. Engineering is too
ubiquitous to be seen. How can
engineering be simultaneously
everywhere and invisible? But
apparently it is. Today, even what is
growing out of the ground may be
engineering too.
No matter how the exemplars
are chosen, they represent a de
minimis few of all engineering creations, especially considering that
the overwhelming majority of them
have yet to be realized. Representing the essence of engineering as
“things,” rather than as creation,
maintains the public confusion
about engineering. First, the use
of things to describe engineering
reinforces the incorrect idea that
things are the essence of engineering. Second, the value proposition
for engineering is its creative contributions serving the welfare of
humanity and the needs of society,
which clarifies that things are the
vehicle but not the destination of
engineering. When speaking about
things, we show the trees and

The

BRIDGE

58

hide the forest. This distinction is
important to the next generation,
who are interested in serving people and societal needs.
All major engineering prizes
have long recognized that the
most eminent engineering contributions are to humanity, not to
things. For 25 years the Charles
Stark Draper Prize for Engineering
has been given for “contributions
to the well-being and freedom of
humanity.” For more than a decade
the Millennium Technology Prize
presented by the King of Finland
recognizes “technological contributions to improve quality of human
life, encourage sustainable development and a humanitarian focus.”
The new Queen Elizabeth Prize for
Engineering, given for the first time
this past June by the Queen herself,
was awarded for the “demonstrated
impact of engineering on a significant fraction of the world’s humanity.” QED.
We need to do better.
The NAE Semicentennial Year
Celebration

This brings us to the strategic message for our 50-year anniversary
celebration. Our semicentennial
celebration year explores the value
proposition for engineering. We will
examine the nexus of engineering
creations to people and society over
a century, starting with the founding
of the NAE in 1964 and continuing 100 years to 2064. We will highlight this nexus through essays and a
nationwide video competition.
First the Essays

The essays are being written around
the five years that divide the century into 25-year intervals—1964,
1989, 2014, 2039, and 2064. Written for a public audience, the essays

will illustrate how prominent engineering creations contribute to
ongoing advancements of humanity and society. Each of the five
essays will capture the engineering,
humanity, and society nexus around
that year. The three essays around
years 1964, 1989, and 2014 will
use the historical record that shows
the evolving nexus. The two futuristic essays around 2039 and 2064
will use the Grand Challenges and
other materials to imagine future
engineering creations and their
contributions to humanity and society. Underpinning the essays will be
two NAE references: the Century
of Innovation that documents the
greatest achievements of the 20th
century, and the Grand Challenges
for the 21st Century.
The essays will showcase engineering’s role in the quality of life
of all Americans and the needs
of society, both as documented in
the past and as projected into the
future. The essays and subsequent
discussions about them may provide a new point of reference for
describing the value of engineering to the public and for answering
more effectively the question “what
is engineering?” Two professional
writers will undertake drafting the
essays with consultation provided
by NAE members. The final editing will be done by the NAE. The
essays will be distributed at the
anniversary celebration during the
2014 Annual Meeting.
Next the Video Competition

Get out your cell phones. A national one-to-two-minute video competition asks contestants to highlight
the nexus between engineering
creations and the welfare of people
and the needs of society. The video
can highlight any period during the

century (1964–2064) in less than
2 minutes. The rules of the competition, evaluation criteria, prizes, and
other pertinent information are provided on the website www.e4uvideocontest.org. Let me mention a few
salient points about it and show you
a promotional video clip.
• The attractiveness of the video to
the public and its relevance to the
goal will be valued characteristics
of a submission.
• The contestants are placed in
one of six groups for the awarding of prizes. The contestant
groups are (i) primary school
students (grades 6–8), (ii) secondary school students (grades
9 –12), (iii) tertiary school students, (iv) Frontiers of Engineering and Frontiers of Engineering
Education participants, (v) NAE
members and foreign associates,
and (vi) the general public.
• The best overall video, as determined by a panel of judges, will
be awarded $25,000. The top
video in each of the six groups
is eligible for an award of up to
$5,000 at the judges’ discretion.
The “people’s choice” video identified by viewer popularity will be
awarded $5,000.
• Videos addressing the future will
be retained in a time capsule for
later review.
• The 2014 Annual Meeting program will feature presentations
on both the essays and the videos, and the awarding of prizes
along with other anniversary celebrations.
Closing

The semicentennial year ahead provides an opportunity to highlight

WINTER 2013

how the future quality of life of all
Americans and the needs of our
society depend on and are tied to
engineering. The future of engineering, and consequently its service to
our people and society, depends on
making this point to the public. As
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Abraham Lincoln counseled, “public sentiment is everything. With
public sentiment, nothing can fail;
without it, nothing can succeed.”
Engineering needs public sentiment—the public sentiment that
engineering creations serve the wel-

fare of humanity and the needs of
society.
Practitioners of engineering
must carry this understanding to
the public.
If not, who else will do it?

2013 Simon Ramo Founders Award
Acceptance Remarks by Albert D. Wheelon

Left to right, NAE Chairman Charles O. Holliday Jr., Erik Wheelon (Dr. Wheelon’s
grandson), Marcia Wheelon (Dr. Wheelon’s sister), NAE President C. D. Mote, Jr., and
David W. Thompson, 2013 NAE Awards Committee chair.

The 2013 Simon Ramo Founders
Award was presented to Albert D.
Wheelon, retired chairman and CEO,
Hughes Aircraft Company, for “outstanding contributions to aircraft,
spacecraft, and communication satellite technology that enhanced national

security and strengthened the US
economy.”He passed away September
27, 2013; his sister Marcia Wheelon
accepted the award on his behalf,
delivering remarks he had prepared
in advance.

When I finished college in the early
1950s, the future was full of challenging engineering projects and
opportunities.
The military continued the development of jet aircraft, and these
became the commercial airliners
that now carry us around the globe.
Two aircraft that could fly higher
and faster than other airplanes of
the time were developed for national security.
The crash program to develop
long-range rockets began in 1953
and provided the path to space. The
first beneficiary was national security with reconnaissance satellites.
Communication satellites followed
soon after, and finally the global
positioning system became a reality.
I was involved in four of these projects, and one of the luckiest of men.
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2013 Arthur M. Bueche Award
Acceptance Remarks by John E. Kelly III

Left to right, NAE Chairman Charles O. Holliday Jr., Bueche Award recipient John E.
Kelly III, NAE President C. D. Mote, Jr., and David W. Thompson, 2013 NAE Awards
Committee chair.

The 2013 Arthur M. Bueche Award
was awarded to Dr. John E. Kelly III,
IBM senior vice president and director
of IBM research, for “his leadership in
driving US semiconductor technology
excellence through the creation of world
class government, university, and corporate R&D partnerships.”
I am extremely honored to receive
the Arthur M. Bueche Award from
the National Academy. I want to
thank both the Academy and the
Bueche family, including Tina, who
is here with us today, for establishing this wonderful award.
The previous winners of this award
are tremendous people, tremendous
honorees—talented in contributions to science, engineering, and
technology—and I have the utmost
respect for all that they’ve accomplished. To me this is a very special
award and particularly relevant to
me personally. It not only speaks of
the achievements of technology and
the ideas of national and global priorities and the leaders in them, but
also the award itself is quite special.

Arthur Bueche, for whom the
award is named, was a great technical leader in the golden age of
innovation at the General Electric
Company. And, as it happens, my
father worked at the GE R&D center in Niskayuna, New York, when
Dr. Bueche was a leader at GE,
which makes this quite a special
award. Tina and I were reminiscing
that our dads worked together back
in the 1970s and 1980s.
The technology that my father
observed back in those days was
quite special. At the time he worked
on vacuum tubes—do we all remember those?—these intricate little
pieces of now artwork. While he was
applying vacuum tubes to television
sets and advanced radar systems and
the first computers, down the hall in
the GE research center there were
also scientists and engineers working on a new technology from Bell
Labs, the transistor. It opened a new
era of computing.
Meanwhile, just down the Hudson River in New York state, another

award winner, another IBMer, was
working to establish a new computer system for IBM. The IBM System
360 was the first commercial programmable system, and it went on
to revolutionize industry, from the
airline industry through the banking
industry. Every transaction that you
do today—your airline reservation
or your bank transaction—eventually goes through a derivative of
the IBM System 360. It was Erich
Bloch, a previous winner of the
Bueche Award, who helped launch
IBM into that next era of computing. Erich is truly a leader and well
recognized for the establishment of
that incredible system.
I have thought a lot about Bueche
and Bloch and what their work has
meant and what their legacy is. Both
have played a huge role not only in
their companies but in the evolution of industries and of not only
our nation’s competitiveness but of
collaboration around the world.
Today it is clear that while process
innovation has to change—cycles of
learning are increasing, everything is
accelerating in technology—there is
one common need across all technologies, including our computer and
semiconductor technology industry,
and that is collaboration. Collaboration in my mind is the “secret sauce”
between academia, industry, and
government. I have spent much of
my career building such collaboration, and it has paid off.
In 1980 when I joined IBM we
were putting approximately 5,000
transistors on a chip the size of your
fingernail; today we put over 5 billion transistors on a chip approxi-
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mately the same size. So just in the
course of my career we’ve seen a
millionfold productivity increase
in this technology. Of course, now
we carry supercomputing power in
our pockets. Very few technologies
have shown that kind of productivity increase.
But the model is changing again,
from being processor driven to being
data driven. Today we produce more
data in a few days than we’ve produced in our history. In fact in just a
couple of years we will have produced
1024 bits of information, roughly
equivalent to the number of stars in
the universe. So we as humans are
literally creating a digital universe.
New computers are required,
new technology is required, to deal

with this immense information and
extract meaningful information. In
the future these systems will not be
programmed. They will learn; they
will be trained. In the future this
data will not be stored in databases,
it will be in open domains, images,
analog signals, text, human natural
language. In the future computers
will not be programmed. We won’t
have terminals or simple speech recognition. These systems will interact with humans in a much more
natural way.
It is not surprising, then, that
researchers around the world are
working on these problems. These
are exciting times in technology,
exciting times in computing history. I only wish that I was not on

the back end of my career but on the
front end. Therefore, I think we all
have a responsibility as the Academy brings us together to also be role
models for the next generation of
technical leaders.
I am very proud to accept this
award, not only on my personal
behalf and on behalf of the IBM
company, but also on behalf of all
of my colleagues, many of whom are
here in the room today, who have
helped establish IBM as a true leader in technology for over a century.
I want to thank my colleagues, I
want to thank the Academy, and I
want to thank the Bueche family for
the establishment of this award and
the recognition that it represents.
Thank you very much.

Charitable	
  gift	
  annuities	
  provide	
  reliable	
  4ixed	
  income	
  for	
  the	
  rest	
  of	
  your	
  life.	
  	
  	
  
When you transfer cash or appreciated marketable securities to NAE, we make fixed annual
payments to you for the rest of your life. The payout percentage is based on age, so the older you
are, the higher the rate. (Rates shown effective July 1, 2013.)

Age	
   Single	
  Life	
  
Rates	
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Two	
  Life	
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65	
  

4.7%	
  

65–65	
  

4.2%	
  

70	
  

5.1%	
  

65–70	
  

4.4%	
  

75	
  

5.8%	
  

75–75	
  

5.0%	
  

80	
  	
  

6.8%	
  

75–80	
  

5.3%	
  

Learn more about how you can support NAE’s 50th Anniversary and accomplish your goals with a
charitable gift annuity. Contact Jamie Killorin, Director of Gift Planning, at (202) 334-3833 or
jkillorin@nae.edu.
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50th Anniversary Campaign
In celebration of the NAE’s upcoming 50th anniversary in 2014,
we have set fundraising goals to
ensure that the NAE will have the
resources to continue as a strong
national voice for engineering and
the engineering profession. With a
strong financial position, the NAE
can help address engineering challenges that affect the nation today
and those that will impact future
generations. The goals, announced
in 2012, are to achieve by December 2014 a 50% participation rate
among members, 50 new Heritage
Society members, 50 new Golden
Bridge Society members, and 50 new
Einstein Society members. We have
already exceeded our goal of 50 new
Leadership gifts and are well on our
way to achieving all the goals. As
of this publication we have 9 new
Heritage Society members, 40 new
Golden Bridge Society members, 31
new Einstein Society members, and
58 new Leadership Gifts.

Between now and December
2014 we invite friends and members
to contribute in celebration of the
accomplishments of the NAE over
the last 50 years and in support of
those over the next 50 years. For
more information about contributing to the NAE please contact
Radka Nebesky, NAE Director of
Development, at 202.334.3417 or
RNebesky@nae.edu.
Section Giving Participation

The leaders of Sections 2, 3, 5, and 9
have taken an active role to ensure
that their sections reach the membership giving participation goal of
50% as part of the 50th Anniversary
Campaign. These section leaders,
with the help of a few volunteers,
are contacting their fellow section
members to encourage them to contribute and help meet the goal of
at least 50% participation between
now and December 2014.

Peter Farrell Challenge for
Classes of 2012 and 2013

Take advantage of a special giving situation this year: a challenge
grant for class of 2012 and 2013
members put forth by Peter Farrell, a recently elected Section 2
member. He has made a $100,000
personal commitment and has challenged newly elected members to
collectively give $100,000 to NAE
in 2013. The Peter Farrell Challenge,
only for members of the classes of
2012 and 2013, will match 1:1 all
gifts made in 2013 up to a total of
$100,000. In addition to contributing to the Farrell Challenge, members’ gifts will help the NAE and
their section reach the 50th anniversary goal of 50% participation.
Please join the more than 650
NAE members who make gifts to
the NAE each year. To make a gift
online today and help meet—and
exceed—the ambitious goals for the
NAE’s 50th anniversary, visit www.
nae.edu/giftform. You can also mail
your check, made out to the NAE,
to Radka Nebesky, NAE Director of
Development, 500 Fifth Street NW,
NAS 048, Washington, DC 20001.
To contact Radka with questions,
call 202.334.3417 or email her at
RNebesky@nae.edu.
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2013 US Frontiers of Engineering Hosted by Dupont

NAE President C. D. Mote, Jr. with FOE participants. Photo courtesy of DuPont.

On September 19–21, 100 earlier-career engineers attended the
2013 US Frontiers of Engineering
(US FOE) symposium hosted by
DuPont at the Hotel du Pont and
Chestnut Run Plaza in Wilmington,
Delaware. Kristi S. Anseth, Distinguished Professor and HHMI Investigator, Department of Chemical

and Biological Engineering, University of Colorado Boulder, chaired
the organizing committee and the
symposium.
The four presentation topics
this year were designing and analyzing societal networks, cognitive
manufacturing, energy: reducing
our dependence on fossil fuels, and

flexible electronics. The first session
focused on the changes wrought by
the pervasiveness of social technologies in everyday life and impacts
on everything from data mining to
sensing, information sharing, and
crowd computing. It began with a
talk about modeling large-scale networks based on mobility data—that
is, examining how users’ data profiles alone, without any connectivity information, can be used to infer
their connectivity with others. The
next presenter described several
prototype crowd computing systems
that harness the power of people
on the Web to do tasks such as edit
text or review programming code
that may be too difficult or time
consuming for someone to do alone.
This was followed by presentations
on (1) how people share information about unfolding events during
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disasters using mobile devices and
social media and (2) progress and
challenges in computational social
science, a field at the intersection
of computer science, social science,
and statistics.
Cognitive manufacturing involves
the use of cognitive reasoning
engines in production systems to
monitor and dynamically respond
to changes in processes and thus are
a step beyond “smart” technologies
where the operator is still in control.
Presentations in this session examined techniques for “perception”
through sensor fusion and learning
algorithms for assessing process condition, health, and prognostication;
state-of-the-art computer-enabled
cognitive manufacturing systems
that support increased autonomy in
production and global logistics optimization; and sustainable production systems.
The third session concerned
energy issues, specifically the consequences of dependence on fossil
fuels in terms of air quality, national
security, and climate change, and
the technical challenges to moving
away from a fossil fuel–based economy. After an overview talk, the
next speaker presented a review of
advances and challenges in biofuel
production technologies. This was
followed by an industry perspective
on efforts to include nonfossil fuels
in the fuel infrastructure. The last
talk was a review of artificial photosynthesis research, which focuses on
directly harnessing solar energy for
fuel production.
The final session of the meeting
was on flexible electronics, where
advances in fabrication processes
push the boundaries of how electronics are made and used, impacting fields ranging from energy
sustainability and smart sensor net-

works to bioelectronics. The three
speakers in this session discussed
materials and process engineering
for printed and flexible optoelectronic devices, the mechanics and
materials of biointegrated electronics, and flexible optoelectronic
materials for neural probes.
On the first afternoon of the
meeting, participants gathered in
small groups for “get-acquainted”
sessions where they each presented
a slide and then answered questions about their research or technical work. This event gave them
an opportunity to get to know each
other relatively early in the program. On the second afternoon,
attendees joined one of six technical tours on biofuels, biomaterials,
solar innovations, tire testing, automotive lightweighting, and performance polymers characterization
at DuPont’s Experimental Station
and Chestnut Run Plaza (CRP). In
addition, the meeting that day was
held at DuPont’s CRP Building 730,
which provides a highly flexible
workplace, showcases many DuPont
products in its building materials,
and is LEED Gold certified.
Doug Muzyka, senior vice president and chief science and technology officer at DuPont, gave the
dinner speech on the first evening.
Before he began his presentation, Ellen Kullman, DuPont chair
and CEO, welcomed the group
via a video message in which she
described DuPont’s mission to nourish the world population, provide
energy, and create a safer world. She
described engineering as creative
problem solving and applauded
the efforts of meeting participants
in finding solutions to global challenges. Dr. Muzyka provided a historical perspective on DuPont, a
211-year-old company that was

founded as a gunpowder manufacturer, then moved into chemicals
before assuming its current focus on
integrated science and engineering
to develop solutions to challenges
in food, energy, and the protection
of both people and the environment. He described the development of Bio-PDO™ and advances
in cellulosic ethanol production as
examples of their innovations in
bio-based products, materials, and
fuels. Dr. Muzyka noted that it is
important to challenge boundaries,
and the engineering community is
in the best position to do this. He
closed by noting that the collective
impact of collaboration, as might
arise from attending a meeting like
Frontiers of Engineering, provides
one of the best opportunities for
engineering innovation.
Participants at this year’s meeting will be eligible to apply for The
Grainger Foundation Frontiers of
Engineering Grants that were initiated in 2011. These grants provide
seed funding for US FOE participants who are at US-based institutions and enable further pursuit of
important new interdisciplinary
research and projects stimulated by
the US FOE symposia.
Kristi Anseth will continue as
chair for the 2014 US FOE, which
will be held September 11–13 in
Irvine, California. The 2014 topics are next-generation robotics;
frontiers in materials for batteries;
impacts of shale gas and oil on the
economy, environment, and energy
sustainability; and technologies for
the heart.
Funding for the 2013 US Frontiers of Engineering symposium was
provided by DuPont, The Grainger
Foundation, National Science
Foundation, Defense Advanced
Research Projects Agency, Micro-

WINTER 2013

65

soft Research, and Cummins Inc.
NAE has been hosting an annual
US Frontiers of Engineering meeting since 1995, and also has bilateral programs with Germany, Japan,
India, China, and the European
Union. In addition, a joint Frontiers of Science and Engineering
with Brazil will be held in March
2014. The meetings bring together
outstanding engineers from indus-

try, academe, and government at a
relatively early point in their careers
since all the participants are 30–45
years old. Frontiers provides an
opportunity for them to learn about
developments, techniques, and
approaches at the forefront of fields
other than their own, something
that has become increasingly important as engineering has become
more interdisciplinary. The meeting

also facilitates the establishment of
contacts and collaboration among
the next generation of engineering
leaders.
For more information about the
symposium series, visit the FOE
website at www.naefrontiers.org or
contact Janet Hunziker at the NAE
Program Office at (202) 334-1571
or jhunziker@nae.edu.

Calendar of Meetings and Events
December 31, 2013– Election of new NAE members and
January 30, 2014
foreign associates

February 27

Workshop on Making Value for
America: Best Practices
Irvine, California

January 2–
April 30

Call for nominations for the 2015
Draper, Russ, and Gordon Prizes and
the 2014 Founders and Bueche Awards

February 28

January 15

Deadline for submission of petition
candidates for NAE officers and
councillors

Making Value for America Committee
Meeting
Irvine, California

March 1–31

Election of NAE officers and
councillors

March 17–19

Brazil-US Frontiers of Science and
Engineering
Rio de Janeiro, Brazil

March 25

NAE Regional Meeting
University of Virginia, Charlottesville

January 30–31

Membership Policy Committee
Irvine, California

February 5–6

NAE Council Meeting
Irvine, California

February 6

NAE National Meeting
Irvine, California

February 18

Charles Stark Draper Prize Award
Dinner (by invitation only)

All meetings are held in National Academies facilities in
Washington, DC, unless otherwise noted.
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In Memoriam
HAROLD M. AGNEW, 92,
retired president, General Atomics;
past director, Los Alamos Scientific
Laboratory; adjunct professor, University of California, San Diego,
died on September 29, 2013. Dr.
Agnew was elected to the NAE in
1976 “for pioneering contributions
in weapons engineering and combining science and engineering into
effective technology.”

“for contributions, both professional
and managerial, in civil, environmental, and space technology across
national and global horizons.”

WILLIAM F. BALLHAUS SR.,
95, president, International Numatics Inc., died on August 16, 2013.
Dr. Ballhaus was elected to the
NAE in 1973 “for contributions to
engineering in aeronautics and in
initiating and managing complex
research programs.”

STEPHEN MALKIN, 72, Distinguished Professor Emeritus, Department of Mechanical and Industrial
Engineering, University of Massachusetts, died on August 19, 2013.
Dr. Malkin was elected to the NAE
in 2008 “for pioneering research in
and the implementation of grindingsystem simulation and optimization.”

JOHN M. CAMPBELL SR., 91,
retired president and CEO, Campbell Companies, died on August 24,
2013. Dr. Campbell was elected to
the NAE in 1991 “for contributions
to petroleum engineering theory
and practice and the design of offshore gas and oil gathering systems.”
DONALD P. HEARTH, 85,
former director, NASA Langley
Research Center, died on September 5, 2013. Mr. Hearth was elected
to the NAE in 1989 “for exceptional engineering leadership of jet propulsion, planetary exploration, and
satellite programs.”
ELVIN R. “VALD” HEIBERG,
81, Heiberg Associates, former chief
of engineers, US Army, died on September 27, 2013. Lt. Gen. (ret.) Heiberg was elected to the NAE in 1995

FRANK W. LUERSSEN, 86,
retired chairman and CEO, Inland
Steel Industries Inc., died on August
24, 2013. Mr. Luerssen was elected
to the NAE in 1977 “for leadership
in research in the steel industry.”

WALTER J. McCARTHY JR., 88,
retired chairman and CEO, Detroit
Edison Company, died on July 24,
2013. Mr. McCarthy was elected to
the NAE in 1984 “for his outstanding engineering contributions to the
electric power industry and his corporate and civic leadership.”
YIH-HO MICHAEL PAO, 78,
Distinguished Research Professor of
Engineering, University of Houston,
died on September 11, 2013. Dr. Pao
was elected to the NAE in 2000 “for
research, development, and commercialization of water-jet technology for machining, trenchless boring,
and surface preparation.”
FRANCIS M. STASZESKY, 95,
retired president and COO, Boston
Edison Company, died on August

21, 2013. Mr. Staszesky was elected
to the NAE in 1979 “for contributions to economic utilization of fossil and nuclear energy for electric
generation and leadership in organization of electric power pools.”
DONALD O. THOMPSON, 86,
Anson Marston Distinguished Professor Emeritus of Aerospace Engineering and advisor to the director,
Institute of Physical Research and
Technology, Iowa State University,
died on July 29, 2013. Dr. Thompson was elected to the NAE in
1991 “for major contributions to
placing quantitative nondestructive evaluation on a firm foundation of interdisciplinary science
and engineering.”
ALBERT D. WHEELON, 84,
retired chairman and CEO, Hughes
Aircraft Company, died on September 27, 2013. Dr. Wheelon was
elected to the NAE in 1970 “for
basic contributions to ballistic missile guidance, to radiowave propagation and communication, and to
national security.”
MAX L. WILLIAMS JR., 91,
dean emeritus, School of Engineering, University of Pittsburgh, and
adjunct professor of aeronautics,
University of Texas, died on September 18, 2013. Dr. Williams was
elected to the NAE in 2003 “for
fundamental developments in fracture mechanics and for providing
guidance to industry and government that has facilitated technology
transfer.”
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Publications of Interest
The following reports have been
published recently by the National
Academy of Engineering or the
National Research Council (NRC).
Unless otherwise noted, all publications are for sale (prepaid) from the
National Academies Press (NAP),
500 Fifth Street NW–Keck 360,
Washington, DC 20055. For more
information or to place an order,
contact NAP online at <www.nap.
edu> or by phone at (888) 624-6242.
(Note: Prices quoted are subject to
change without notice. There is a 10
percent discount for online orders when
you sign up for a MyNAP account.
Add $6.50 for shipping and handling for
the first book and $1.50 for each additional book. Add applicable sales tax or
GST if you live in CA, CT, DC, FL,
MD, NC, NY, VA, WI, or Canada.)
Selected Directed Energy Research
and Development for US Air Force Aircraft Applications: A Workshop Summary. The US Air Force currently
invests significantly in science and
technology for directed-energy
weapon (DEW) systems. Key elements of this investment include
high-energy lasers and high-power
microwaves; other elements are
optical beam control for high-energy lasers, vulnerability and lethality
assessments, and advanced nonconventional and innovative weapons.
This report is the summary of three
workshops convened between February and April 2013 by the NRC
Air Force Studies Board. Representatives from the Air Force science
and technology community and
DEW experts from the US Army,
Navy, Office of the Secretary of
Defense, and Defense Advanced

Research Projects Agency presented and discussed threats that DEW
capabilities might defend against
and assessments of foreign progress
in DEW. This report examines the
status of DEW capabilities both in
the United States and abroad, and
considers future applications of
DEW systems.
NAE members on the workshop
steering committee were Jacqueline
G. Gish, retired director, advanced
technology, Northrop Grumman
Aerospace Systems, and Thomas
E. Romesser, retired vice president and chief technology officer,
Northrop Grumman Aerospace Systems. Paper, $34.00.
Solar and Space Physics: A Science for
a Technological Society. From the
interior of the Sun to the upper
atmosphere and near-space environment of Earth, and outward to a
region far beyond Pluto where the
Sun’s influence wanes, advances
during the past decade in space
physics and solar physics—the
disciplines NASA refers to as
heliophysics—have yielded spectacular insights into the phenomena that affect Earth. This report
presents a program of basic and
applied research for 2013–2022 to
(1) improve scientific understanding of the mechanisms that drive
the Sun’s activity and the fundamental physical processes underlying near-Earth plasma dynamics,
(2) determine the physical interactions of Earth’s atmospheric
layers in the context of the SunEarth system, and (3) enhance the
capability to provide realistic and
specific forecasts of Earth’s space

environment. Although the recommended program is directed primarily at NASA and the National
Science Foundation for action, the
report also recommends actions by
other federal agencies, especially
the parts of the National Oceanic
and Atmospheric Administration
charged with the day-to-day (operational) forecast of space weather.
NAE member Daniel N. Baker,
director, Laboratory for Atmospheric and Space Physics, University of
Colorado Boulder, chaired the study
committee. Paper, $85.00.
Lessons Learned in Decadal Planning
of Space Science: Summary of a Workshop. The NRC has been conducting decadal surveys in the Earth
and space sciences since 1964, and
released the latest five surveys in
the past 5 years, four of which were
completed in the past 3 years. This
report summarizes a workshop held
in response to unforeseen challenges that arose in the implementation of the recommendations of
the decadal surveys. It reviews the
decadal survey process and considers how to improve this essential
tool for strategic planning in the
Earth and space sciences. Workshop moderators, panelists, and participants scrutinized every element
of the decadal surveys to determine
what lessons can be gleaned from
recent experiences and applied to
the design and execution of future
decadal surveys.
NAE member A. Thomas
Young, Lockheed Martin Corporation, retired, was a member of the
workshop planning committee.
Paper, $38.00.
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Induced Seismicity Potential in Energy
Technologies. Energy technologies
that inject or extract fluid from the
earth, such as oil and gas development and geothermal energy development, have been causally linked
to seismic events, drawing heightened public attention. Although
only a very small fraction of injection and extraction activities among
the hundreds of thousands of energy
development sites in the United
States have induced seismicity at
levels noticeable to the public,
understanding the potential for
seismic events and for limiting their
occurrence and impacts is desirable
for state and federal agencies, industry, and the public at large. Work is
needed to build robust prediction
models, assess potential hazards, and
help relevant agencies coordinate
to address them. This report identifies gaps in knowledge and research
needed to advance understanding of
induced seismicity; identifies gaps in
induced seismic hazard assessment
methods and research to close those
gaps; and assesses best practices with
regard to energy development and
induced seismicity potential.
NAE members on the study
committee were Sidney J. Green,
Schlumberger Senior Advisor
Research Professor, University of
Utah, and retired president and
CEO, TerraTek; Robin K. McGuire,
Lettis Consultants International,
Inc.; and James K. Mitchell, independent geotechnical consultant
and University Distinguished Professor Emeritus, Virginia Polytechnic Institute and State University.
Paper, $62.00.
Launching a National Conversation on
Disaster Resilience in America: Workshop Summary. With the growing
frequency of natural and human-

induced disasters and the increasing
magnitude of their consequences, a
clear need exists for governments
and communities to become more
resilient. The NRC 2012 report
Disaster Resilience: A National
Imperative addressed the importance of resilience, discussed different challenges and approaches for
building resilience, and outlined
steps for implementing resilience
efforts in communities and government. This 2013 report summarizes
a workshop designed to formally
launch a national conversation on
resilience. Nationally recognized
experts in disaster resilience met
to discuss developing a culture of
resilience, implementing resilience,
and understanding federal perspectives about resilience. This report
includes a broad range of perspectives and experiences derived from
many types of hazards and disasters
in all parts of the country.
NAE members on the study committee were Joseph A. Ahearn,
retired senior vice president,
CH2M HILL, and major general,
US Air Force Civil Engineer; Bernard Amadei, professor of civil
engineering, Department of Civil,
Environmental and Architectural
Engineering, University of Colorado Boulder; and Gerald E. Galloway Jr., Glenn L. Martin Institute
Professor of Engineering, University
of Maryland, College Park. Paper,
$38.00.
Frontiers in Massive Data Analysis.
Data mining of massive datasets
is transforming ways of thinking
about crisis response, marketing,
entertainment, cybersecurity, and
national intelligence. Collections of
documents, images, videos, and networks require sophisticated analysis
techniques to find relational and

semantic interpretations of the
phenomena underlying the data.
This report examines the frontiers
of such analysis, whether in a static
database or streaming through a system. Terabytes and petabytes of data
are increasingly common in science
(e.g., in particle physics, remote
sensing, genomics), Internet commerce, business analytics, national
security, communications, and elsewhere. But the tools that work to
infer knowledge from data at smaller scales do not necessarily work, or
work well, at a massive scale. New
tools, skills, and approaches are
necessary, and this report identifies
many of them as well as promising
research directions. The report also
reviews pitfalls in trying to infer
knowledge from massive data, and
characterizes seven major classes
of computation that are common
in the analysis of massive data.
Overall, this report illustrates the
cross-disciplinary knowledge—
from computer science, statistics,
machine learning, and application
disciplines—that must be brought
to bear to make useful inferences
from massive data.
NAE member Michael I. Jordan, Pehong Chen Distinguished
Professor, University of California,
Berkeley, was a member of the study
committee. Paper, $46.00.
Managing for High-Quality Science and
Engineering at the NNSA National Security Laboratories. The three National
Nuclear Security Administration
(NNSA) laboratories—Los Alamos National Laboratory (LANL),
Lawrence Livermore National
Laboratory (LLNL), and Sandia
National Laboratories (SNL)—are
a major component of the national science and technology base.
Under an agreement between the
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Departments of Energy, Defense, and
Homeland Security and the intelligence community, the laboratories,
managed by private-sector entities
under contract to the NNSA, are
evolving to serve the needs of the
broad national security community.
The FY2010 Defense Authorization
Act mandated that NNSA task the
NRC to study the quality and management of science and engineering (S&E) at these laboratories.
The study, addressing five tasks, is
being conducted in two phases. This
report of the first phase addresses
(1) the relationship between the
quality of the S&E at a laboratory
and the contract for managing and
operating the laboratory (task four),
and (2) management of work conducted by the laboratory for entities other than the DOE (task five).
The report presents assessments of
the evolution of the mission of the
NNSA labs, the management and
performance of research in support
of the mission, and the relationship
between the Laboratory-Directed Research and Development
(LDRD) program and the ability of
the labs to fulfill their mission. The
report provides an analysis of the
relationships among those involved
in the management of the labs—the
NNSA, site offices, contractors, and
lab managers—and the effect of that
relationship on the labs’ ability to
conduct S&E research.
NAE members on the study
committee were C. Kumar N.
Patel (cochair), president and
CEO, Pranalytica Inc.; Charles
V. Shank (cochair), senior fellow,
Howard Hughes Medical Institute;
John F. Ahearne, executive director emeritus, Sigma Xi, The Scientific Research Society; James
C. McGroddy, retired senior vice
president, IBM Corporation; and
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Maxine L. Savitz, retired general
manager, technology/partnerships,
Honeywell Inc. Paper, $39.00.
The Quality of Science and Engineering
at the NNSA National Security Laboratories. This report, the second of
two produced as part of this study
(as described above), assesses the
quality of S&E in terms of the capability of the laboratories to perform
the necessary tasks to execute the
laboratories’ missions, now and in
the future. The report makes recommendations to maintain robust programs and identifies the following
pillars of stockpile stewardship and
nonproliferation analysis: (1) weapons design, (2) systems engineering
and understanding of the effects of
aging on system performance, (3)
weapons science base, and (4) modeling and simulation, which enable
the integration of theory, experimental data, and system design.
NAE members on the study committee were C. Kumar N. Patel
(cochair), president and CEO,
Pranalytica Inc.; Charles V. Shank
(cochair), senior fellow, Howard
Hughes Medical Institute; John
F. Ahearne, executive director
emeritus, Sigma Xi, The Scientific
Research Society; Robert E. Nickell, president, Applied Science &
Technology; and Paul S. Peercy,
dean emeritus, College of Engineering, University of Wisconsin-Madison. Paper, $34.00.
Trends in the Innovation Ecosystem:
Can Past Successes Help Inform Future
Strategies? Summary of Two Workshops. Innovation has been a major
engine of American economic and
societal progress: it has increased per
capita income more than sevenfold
since the 19th century, added three
decades to the average lifespan, rev-

olutionized communication and the
capacity to share information, and
made the United States the strongest military power in the world. At
two workshops in February and May
2013 experts from industry, academia, and finance met to discuss
the challenges involved in today’s
innovation pathways, focusing on
the interactions between research
universities and industry and the
concept of innovation as a culture
as opposed to an operational method. The goal was to determine what
key factors contributed to successful
innovations in the past, how the
current environment might necessitate changes in strategy, and what
future changes are likely in the context of a global innovation ecosystem. This report addresses the state
of innovation in America, obstacles
to both innovation and the ability to reap its benefits, and ways of
overcoming those obstacles.
NAE members on the workshop
planning committee were Paul Citron, retired vice president, technology policy and academic relations,
Medtronic Inc.; Gordon R. England, president, E6 Partners LLC;
C. D. (Dan) Mote, Jr., president,
National Academy of Engineering; and William J. Spencer, chairman emeritus, SEMATECH. Paper,
$32.00.
Patent Challenges for Standard-Setting
in the Global Economy: Lessons from
Information and Communication Technology. This report examines how
leading national and multinational standard-setting organizations
(SSOs) address patent disclosures,
licensing terms, transfers of patent
ownership, and other issues that
arise in connection with the development of technical standards for
consumer and other microelectronic
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products, associated software and
components, and communications
networks including the Internet.
To balance the interests of patent
holders, standards implementers,
other participants in standard-setting, and consumers, the report calls
on SSOs to develop more explicit
policies to avoid patent holdup and
royalty stacking, ensure that licensing commitments carry over to new
owners of patents incorporated in
standards, and limit injunctions for
infringement of patents with those
licensing commitments. The report
recommends both government measures to increase the transparency of
patent ownership and use of standards information to improve patent
quality and reduce conflicts of laws
across countries.
NAE member David J. Goodman, presidential fellow and professor emeritus, Department of
Electrical and Computer Engineering, Polytechnic Institute of NYU,
was a member of the study committee. Paper, $44.00.
Memorial Tributes, Volume 17. This
is the 17th volume in the Memorial Tributes series compiled by the
National Academy of Engineering
as a personal remembrance of the
lives and outstanding achievements
of its members and foreign associates. These volumes are intended to
stand as an enduring record of the
many contributions of engineers
and engineering to the benefit of
humankind. In most cases, the
authors of the tributes are contemporaries or colleagues who had personal knowledge of the interests and
engineering accomplishments of the
deceased. Through its members and
foreign associates, the Academy
carries out the responsibilities for
which it was established in 1964.

Priorities for Research to Reduce the
Threat of Firearm-Related Violence.
In 2010 more than 105,000 people
were injured or killed in the United
States as the result of a firearmrelated incident, and mass shootings in Newtown, CT; Aurora,
CO; Oak Creek, WI; and Tucson,
AZ, sharpened the American public’s interest in protecting children
and communities from firearm violence. In January 2013, President
Barack Obama issued 23 executive
orders directing federal agencies to
improve knowledge of the causes of
firearm violence, what might help
prevent it, and how to minimize
its burden on public health. One
of these orders directed the Centers
for Disease Control and Prevention
(CDC) and other federal agencies
to immediately begin identifying
the most pressing problems in firearm violence research. The CDC
and CDC Foundation asked the
IOM and NRC to convene a committee to draft a research agenda
that focuses on the causes of, possible interventions to, and strategies
to minimize the burden of firearmrelated violence. This report focuses
on the characteristics of firearm
violence, risk and protective factors, interventions and strategies,
the impact of gun safety technology,
and the influence of video games
and other media.
NAE member Alfred Blumstein,
University Professor and J. Erik
Jonsson Professor of Urban Systems
and Operations Research, H. John
Heinz III College of Public Policy
and Information Systems, Carnegie
Mellon University, was a member of
the study committee. Paper, $38.00.
Professionalizing the Nation’s Cybersecurity Workforce? Criteria for Decision-Making. This report reviews

approaches to increase the professionalization of the nation’s
cybersecurity workforce. It examines workforce requirements for
cybersecurity and the segments
and job functions in which professionalization is most needed; the
role of assessment tools, certification, licensing, and other means
for assessing and enhancing professionalization; emerging approaches,
such as performance-based measures; and requirements for the
federal (military and civilian) workforce, the private sector, and state
and local government. The report
focuses on three essential elements:
(1) the context for cybersecurity
workforce development, (2) the
relative advantages, disadvantages,
and approaches to professionalizing
the US cybersecurity workforce,
and (3) criteria to identify which,
if any, specialty areas may require
professionalization and to evaluate different approaches and tools
for professionalization. The report
characterizes the current landscape
for cybersecurity workforce development and sets forth criteria for use
by federal agencies participating in
the National Initiative for Cybersecurity Education as well as organizations that employ cybersecurity
workers to identify which specialty
areas may require professionalization
and to evaluate different approaches
and tools for professionalization.
NAE member Philip M. Neches,
founder, Teradata Corporation, was
a member of the study committee.
Paper, $34.00.
Practical Guidance on Science and Engineering Ethics Education for Instructors
and Administrators: Papers and Summary of a Workshop December 12, 2012.
Over the last two decades colleges
and universities in the United States
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have significantly increased the formal ethics instruction included in
science and engineering programs.
Today, such programs socialize students in the values of scientists and
engineers as well as their obligations in the conduct of scientific
research and in the practice of engineering. This report presents the
edited papers and a summary of a
workshop on best practices for ethics education programs in science
and engineering, with presentations
in four key areas: goals and objectives for ethics instruction, instructional assessment, institutional and
research cultures, and development
of guidance checklists for instructors
and administrators.
NAE members on the workshop advisory group were John F.
Ahearne (chair), executive director emeritus, Sigma Xi, The Scientific Research Society, and Robert
M. Nerem, Institute Professor and
Parker H. Petit Professor Emeritus,
Institute for Bioengineering and
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Bioscience, Georgia Institute of
Technology. Paper, $38.00.
Corps of Engineers Water Resources
Infrastructure: Deterioration, Investment, or Divestment? Over the past
century the US Army Corps of
Engineers has built a vast network
of water management infrastructure that includes approximately
700 dams, 14,000 miles of levees,
12,000 miles of river navigation
channels, and control structures,
harbors and ports, and other facilities. Historically, the construction
of new infrastructure dominated the
Corps’s water resources budget and
activities; now national water needs
and priorities are shifting to operations, maintenance, and rehabilitation of existing infrastructure, much
of which has exceeded its design
life. Federal funding for new project
construction and major rehabilitation has declined steadily since the
mid-1980s, and much of the Corps’s
water resources infrastructure is

deteriorating faster than it is being
replaced. This report explores the
status of operations, maintenance,
and rehabilitation of Corps water
resources infrastructure and identifies options for the Corps and the
nation in setting maintenance and
rehabilitation priorities.
NAE members on the study committee were David A. Dzombak
(chair), Walter J. Blenko Sr. University Professor of Environmental Engineering, Carnegie Mellon
University; Gregory B. Baecher,
Glenn L. Martin Institute Professor of Engineering, University of
Maryland; Robert A. Dalrymple,
Willard and Lillian Hackerman Professor of Civil Engineering, Johns
Hopkins University; and Diane
M. McKnight, professor of civil,
environmental, and architectural
engineering and fellow, INSTAAR,
University of Colorado Boulder.
Paper, $36.00.
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The National Academy of Engineering has launched the Engineering
for You (E4U) video contest to highlight how engineering creations
serve the welfare of humanity and the needs of society.
Rev up your creativity! Pull out your camera or phone and produce a
video showing the world how you see engineering enhancing quality
of life and serving the needs of society.

$25,000

The Grand Prize of
will go to
the most inspiring 1-2 minute video.

How do you
see engineering
serving the needs
of society?

The submission deadline is March 31, 2014.

What will
engineering
create in the next
50 years?

www.e4uvideocontest.org
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