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Editor’s Note

Kristi Anseth

Exploring the Frontiers of
Engineering

Every year the US Frontiers of Engineering (FOE)
Symposium brings together approximately 100 out-
standing young engineers, ages 30 to 45, to share ideas
and learn about cutting-edge research on a wide range
of engineering topics. 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 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 and network with promising engineers working
in different fields. The meeting is truly memorable, and
I encourage you to nominate your eligible colleagues. 1
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 eighteenth US FOE Symposium was held Sep-
tember 13-15, 2012, at General Motors Technical
Center in Warren, Michigan. It was organized into four
sessions with the following themes: climate engineer-
ing, vehicle electrification, serious games, and engineer-
ing materials for the biological interface. Seven papers
based on this year’s presentations are included in this
issue of The Bridge.

The session on climate engineering was organized by
David Sholl of the Georgia Institute of Technology and
Armin Sorooshian of the University of Arizona. Climate
engineering is the concept of proactively and artificially
modifying the Earth system in ways that might combat

human-induced changes in the planet’s radiative bal-
ance. Two presentations from this session are included
in this issue. Eli Kintisch, of Science Magazine, provides
an overview of climate engineering and of important
considerations before such intervention is undertaken.
In the second article, Lynn Russell, a researcher at the
Scripps Institute of Oceanography, describes the role of
atmospheric aerosols in climate engineering and gives
examples of recent field projects that have attempted
to shed light on the basic science and physics of cloud
brightening.

The second session, chaired by Michael Degner
of Ford Motor Company and Sanjeev Naik of Gen-
eral Motors, was about advances in vehicle electrifi-
cation. Presentations focused on current research on,
and challenges in, technology enablers such as energy
storage systems, electric machine drives, and electrical
system integration and control. In Keeping Up with
the Increasing Demands for Electrochemical Energy
Storage, Jeff Sakamoto of Michigan State University
reviews recent improvements in automobile electrical
energy storage systems, where reductions in cost, size,
and weight are necessary to increase the adoption of
plug-in hybrid and battery electric vehicles (PHEVs and
BEVs). He describes some of the recent improvements
in battery technologies, industry targets to enable wide-
spread adoption of PHEVs, and some of the ongoing
research to meet these targets.

Today’s drivers have high expectations for the safety,
reliability, comfort, and connectivity of their vehicles.
Rahul Mangharam of the University of Pennsylvania
discusses technical approaches to enhance vehicle safe-
ty through remote diagnostics, networking, recalls, and
software upgrades. He and his colleagues are working
on several products to enhance traffic networking that
will suggest alternate routes to avoid congestion, expe-
dite auto safety recalls and system repairs, and support
vehicle-to-vehicle communications that alert drivers to
sudden braking or accidents on the road ahead.

Serious games were the focus of the third session,
chaired by Li-Te Cheng of Google and Ben Sawyer of
Digitalmill. The term—best understood as a medium of
many design, engineering, and technical domains rather
than a specific technology—applies to the increasing
use of video game technologies in nonentertainment



domains. Initially, serious games were a training tool,
with a second wave of applications in therapeutic and
health behavior change efforts. A new generation of
serious games supports innovative crowd sourcing activ-
ities that tackle scientific, organizational, and social
challenges through video game play. In Playing to Win:
Serious Games for Business, Phaedra Boinodiris of IBM
provides pointers for the adoption of serious games for
process optimization and complex problem solving.

The final session of the meeting, chaired by Karen
Burg of Clemson University and Ali Khademhosseini
of Harvard Medical School, covered the topic of engi-
neering materials for the biological interface. The ses-
sion focused on the cell-cell or cell-tissue components
of the biological interface of, say, tendon to bone or
cartilage to bone. Repairs of tissues across interfaces are
quite complex because of very diverse tissue properties
(e.g., tissue mechanics) and corresponding interfacial
interactions. To simulate these interactions, research-
ers are studying the design of materials, control of
cells, and design of bioreactors in which to grow and
assess these systems. In her presentation, Helen Lu of
Columbia University described engineering tissue-to-
tissue interfaces for the formation of complex tissues.
Matthew Gevaert of Kiyatec then covered the transla-
tion of these ideas to commercial application through
the cultivation of 3D tissue systems to better mimic
relevant events in the body.

In addition to the presentations, FOE symposia pro-
vide lively Q&A sessions, panel discussions, and oth-
er activities that encourage personal discussions and
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networking. The dinner speaker, a traditional highlight
of FOE programs, was Alan Taub, professor of materials
science and engineering at the University of Michigan
and former vice president of global R&D at General
Motors. In his remarks on the reinvention of the auto-
mobile for 215 century sustainability, he described vari-
ous stages in the automotive industry from development
of the internal combustion engine to the oil shock of
the 1970s and the subsequent focus on fuel efficiency
and safety. He noted that today’s primary challenge is
accommodating the number of vehicles that the world
can afford as personal income in developing countries
increases, with the primary issues being energy and
emissions, safety, congestion, and affordability. Dr. Taub
concluded his talk by pointing out that if engineers are
motivated to save the world, the automotive industry is
a good place to do so.

[t was my great pleasure to serve as chair of the Orga-
nizing Committee for this year’s US FOE Symposium.
[ want to close by expressing my gratitude to Janet
Hunziker, NAE senior program officer, Vanessa Les-
ter, program associate, and Lance Davis, NAE Execu-
tive Officer, for their contributions to the planning
and implementation of this pioneering series. I also
thank the sponsors of the 2012 symposium: General
Motors, The Grainger Foundation, Air Force Office of
Scientific Research, Department of Defense ASDR&E
Research Directorate—-STEM Development Office,
National Science Foundation, Microsoft Research, and
Cummins Inc.



Adaptation to climate change may include two types

of geoengineering: solar radiation management (SRM)

and carbon dioxide removal (CDR).

Overview of Climate Engineering

Eli Kintisch

T)p science institutions around the world, including the US National
Academies and the UK Royal Society, have called for studies into deliberate
tinkering with the planet’s climate or atmosphere to partially offset global
warming, a practice known as climate engineering or geoengineering. Vari-

ous characteristics distinguish the two major types of geoengineering: solar
radiation management (SRM; e.g., orbiting sunshades, aerosols sprayed into
the stratosphere) and carbon dioxide removal (CDR; e.g., carbon-sucking
with  Science  magazine and machines, catalysis of oceanic algal growth). The number of scientists

Eli Kintisch is a correspondent

Knight Science Journalism fellow studying both is steadily increasing, and several companies are conduct-
ing CDR engineering research, but the United States has yet to follow the
lead of a number of European countries that have dedicated programs for
Technology. geoengineering research.

at the Massachusetts Institute of

Efforts at global carbon dioxide pollution abatement remain stalled even
as the effects of a warming planet become increasingly apparent. Research
findings suggest that the planet may be closer to global tipping points, such
as the release of methane from permafrost, than previously thought. As the
global climate crisis intensifies, taboos once held by scientists and policy-
makers are falling by the wayside. Adaptation, the organized response to a
warming planet and its myriad local impacts, was once viewed by top offi-
cials as a distraction from the main priority of mitigating global greenhouse
gas emissions. Now local and national governments around the world are



creating plans to respond and adapt to warmer temper-
atures, higher seas, more pervasive drought, and other
environmental challenges.

Geoengineering is a radical form of adaptation. The
publication in 2006 of a controversial paper by Nobel
Prize winner Paul Crutzen entitled “Albedo Enhance-
ment by Stratospheric Sulfur Injections: A Contribu-
tion to Resolve a Policy Dilemma?” both jumpstarted
the discussion of geoengineering and lent credibility to
an idea that had until then existed largely in the shad-
ows of academia.

Every serious researcher or policy expert who studies
climate engineering, including Crutzen, believes that
cutting greenhouse gas emissions is at least as impor-
tant as developing geoengineering technologies, if not
more urgent.

It is useful to consider abatement, carbon dioxide
removal, and solar radiation management in proper con-
text with one another. In Figure 1, each large circular
element represents a process that drives the next step in
the chain. The central items are interventions that miti-
gate the impact between two linked terms; for example,
efficiency lowers the consumption of energy that results
from consumption of goods and services. Three abate-
ment steps—using less energy (“conservation”), using
energy more efficiently (“efficiency”), and producing
energy less carbon-intensively (“low-carbon energy”)—
can together lower global greenhouse gas emissions.
Next are geoengineering options. The round-tipped
“arrows” indicate a more tenuous relationship than the
other links.

As shown in Figure 1, CDR goes a step further than
abatement. By pulling gases out of the atmosphere it
gets at the heart of the problem: if lowering emissions is
akin to reducing one’s exposure to a virus that causes a
fever, CDR is like using an antiviral medication. SRM
is one step further still. It does not change the level of
CO; in the atmosphere but instead serves to reduce its
climatic effects. Temperature is the most prominent of
those effects, and SRM lowers the planet’s thermostat
by directly reducing the amount of solar energy absorbed
by the planet. Perhaps the metaphorical equivalent is
using a cold compress to alleviate fever.

Both CDR and SRM techniques attempt to mimic
natural processes that scientists mostly understand.
But that is where their similarities end. In their tech-
nical aspects, the political dynamics that might govern
their deployment, and their feasibility, the differences
between them are stark. That’s one reason that many
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scientists try to avoid using the terms “geoengineer-
ing” or “climate engineering” to generalize between
the two.

Planetary Sunblock: Solar Radiation
Management

“Fast, cheap, imperfect and uncertain” is how Har-
vard physicist David Keith (2011), one of the leading
thinkers on both methods, describes SRM. The most
commonly explored technique for blocking sunlight
from the planet is to mimic the natural cooling effect
of volcanoes by spreading sulfurous particles in the
stratosphere. The following paragraphs explain Keith’s
characterization.

Fast: The 1991 eruption of the Mount Pinatubo vol-
cano sprayed 5 million tons of sulfur aerosol into the
stratosphere as sulfur dioxide, which scattered light
away from Earth and cooled the planet by 0.5°C (Kravitz
2013). Modeling studies (e.g., Caldeira and Matthews
2007) suggest that if a similar quantity of sulfur aerosol
were artificially injected into the stratosphere, the cool-
ing could be essentially instantaneous.

Cheap: A recent study by an aerospace research firm
suggests that the costs of deploying a global SRM scheme
to offset anthropogenic warming “are comparable to
the yearly operations of a small airline” (McClellan
et al. 2010).
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Imperfect: A number of modeling studies have sug-
gested various side effects of this technique, including
depriving the planet of solar energy that influences
rainfall, leading to less precipitation (Ricke et al. 2010).
This effect could disrupt the southeast Asian monsoon
season or weather in South America, potentially exac-
erbating droughts.

Uncertain: Many aspects of the climate system are not
fully understood, so tinkering with a fundamental vari-
able that drives the system—the amount of solar energy
entering it—may have serious unexpected or unintend-
ed consequences.

Since Crutzen’s landmark paper, research into SRM
has evolved from proof-of-concept modeling into more
sophisticated efforts. The Geoengineering Model Inter-
comparison Project (GeoMIP) involves 19 different
global climate models. Each has run separate simula-
tions with four standardized scenarios in which solar
radiation management is deployed in different ways
(Kravitz et al. 2011). Because different climate mod-
els employ different assumptions, characteristics, an
physics, use of the same initial conditions, the thinking
goes, may yield more robust results about the environ-
mental effects of various SRM strategies. One example
of the increasingly sophisticated modeling research on
stratospheric aerosols is a recent study that found that
sulfate aerosols deployed to offset warming caused by a
doubling of CO, concentrations would make the sky
3 to 5 times brighter—and less blue—than it is cur-
rently, which could affect photosynthesis in plants and
people’s psychological moods (Kravitz et al. 2012).

In the United States, David Keith and Harvard
colleague James Anderson, an atmospheric chemist,
are planning “to develop in situ experiments to test
the risk and efficacy of aerosols in the stratosphere”
(Keith 2012).

The most visible effort to explore stratospheric
approaches through actual experimentation is the
Stratospheric Particle Injection for Climate Engineer-
ing (SPICE) project, led by Bristol University and
supported by the British government at £1.6 million
for 3% years. Along with ongoing work to design par-
ticles and computer modeling, the project originally
included a planned field experiment to spray 150 liters
of water 1000 meters in the air to test how a balloon
would behave in the wind during spraying, a feasibil-
ity test. The field experiment was cancelled because
of public concern about lack of regulations on SRM as
well as worries over a patent application that one of

the research participants had filed before receiving UK
funds for the project (Watson 2012).

Thinning the Greenhouse Layer: Carbon
Dioxide Removal

Scientists have proposed a variety of techniques for
removing CO, from the atmosphere. These range from
engineering forests to be more carbonaceous, to growing
massive algal blooms at sea, to sucking carbon dioxide
out of the atmosphere.

Many aspects of the
climate system are not fully
understood, so tinkering with
a fundamental variable may
have serious unexpected or
unintended consequences.

Few credible scientists believe CDR techniques to be
a panacea. The approach has attracted somewhat less
attention and different kinds of controversy than SRM,
which Keith (2011) calls “slow, expensive and effec-
tive,” as explained below.

Slow: Global yearly emissions of CO, are 34 million
cubic metric tons, resulting in an accumulation of 500
billion tons of anthropogenic CO, in the atmosphere.
Relying heavily on CDR as part of a climate response
strategy means creating a massive industry—perhaps
the biggest engineering project in human history—to
steadily remove this mass of gas from the atmosphere
one molecule at a time.

Expensive: A 2011 study by the American Physical
Society concluded that collecting CO, directly from
the atmosphere “is not currently” economically via-
ble despite “optimistic” technical assumptions (APS
2011). It estimated that the basic cost of a system that
could be built today would be about $600/ton, an order
of magnitude more than the estimate for low-carbon
energy sources.

Effective: CDR methods build off commercial tech-
niques that work in submarines and space shuttles to
clean air of CO, gas, and promise fewer side effects than

SRM methods.



A number of startups are focusing on different tech-
niques for CDR. In 2007 Sir Richard Branson launched
a $25 million contest called the Virgin Earth Challenge
to encourage the development of technologies that
“will result in the net removal of anthropogenic, atmo-
spheric greenhouse gases each year for at least ten years
without countervailing harmful effects.”! The eleven
contest finalists represent a decent survey of leading
commercial entities in this area, including firms that
propose to sequester carbon in biochar added to soil,
to directly capture atmospheric CO, through chemical
methods, or to burn biofuels and sequester the resultant
CO, in the ground.

European governments
have more organized
programs to support climate
engineering research than
the United States.

Geoengineering Research Policy and
Public Opinion

Several European governments have supported orga-
nized programs to support climate engineering research.
The United States has none. Studies on the governance
of climate engineering approaches are being conducted
by a coalition co-led by the UK Royal Society (SRM
Governance Initiative), an Oxford University group on
a two-year grant (Climate Geoengineering Governance
project), and the European Transdisciplinary Assessment
of Climate Engineering project, led by the Institute for
Advanced Sustainability Science in Potsdam, Germany.

Meanwhile, work on the ethics of climate engineer-
ing has yielded, among other things, the so-called
“Oxford Principles,” proposed to restrict research into
SRM and CDR (Rayner et al. 2009). They include the

following guidelines:
e That SRM be regulated as a public good

e That the public be involved in research related to
SRM decisions, including field experiments

! Virgin Earth Challenge announcement; posted online at www.virgin.
com/subsites/virginearth/ (accessed July 28, 2012).
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e That research plans and results be transparent and
shared publicly

e That bodies independent of researchers studying
climate engineering assess the environmental and
socioeconomic impacts of research

e That decisions about deploying technology on a
global scale be made only when “robust governance
structures” to oversee such efforts are in place.

A number of expert panels (e.g., Long et al. 2011)
have urged the United States to create a dedicat-
ed research program in this area. But although the
National Science Foundation has supported a handful
of studies on SRM, and funds from various agencies
have supported work applicable to CDR approaches,
there is no integrated, organized effort in the federal
government.

Several studies exploring public opinion on cli-
mate engineering technologies have been published.
In August 2011 Cardiff University released results of a
quantitative public engagement research project involv-
ing about 35 people that met for a day and a half. “Very
few people were unconditionally positive about either
the idea of geoengineering or the proposed [SPICE] field
test. However, most were willing to entertain the notion
that the test as a research opportunity should be pur-
sued” (Parkhill and Pidgeon 2011).

An Internet poll of 3,105 American, Canadian, and
British individuals published in 2011 found that 8% and
45% of respondents, respectively, correctly defined the
interchangeable terms “geoengineering” and “climate
engineering” (Mercer et al. 2011). In the same survey,
respondents were asked to rate statements from 1, for
“strongly disagree,” to 4, for “strongly agree.” For the
statement “If scientists find that Solar Radiation Man-
agement can reduce the impacts of global warming with
minimal side effects, then I would support its use,” the
average response was 3.01. The statement “Solar Radia-
tion Management will help the planet more than it will
hurt it” received an average response of 2.49. The results
suggest that geoengineering could be viewed favorably
by the public.

Conclusion

As the world’s population contends with the chal-
lenge of climate change, respected scientists will con-
tinue studying climate engineering as part of a suite
of responses—the most important of which is the
immediate curtailing of greenhouse gas emissions. For
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policymakers and researchers in this area, the follow-
ing considerations will have to be taken into account:
the need to address risks inherent to the two types of
climate engineering through research despite a lack of
dedicated funding for such work in the United States;
the conduct of such studies, including possible field
studies, in an ethical way; and ongoing, open debate on
the study and use of climate engineering while mind-
ful of public opinion, still nascent, on the prospect of
deploying the technology.
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Research shows that the judicious targeting of clouds
and selection of the size and composition of particle

emissions can produce substantial cooling effects.

Oftsetting Climate Change by
Engineering Air Pollution to
Brighten Clouds

Lynn M. Russell is a professor

of atmospheric chemistry at the
Scripps Institution of Oceanography
of the University of California, San

Diego.

lynn M. Russell

Natural, industrial, and residential combustion produces both aerosols
that cool the Earth and CO; that warms it, and the amount of combus-
tion worldwide has increased substantially since the invention of the steam
engine as well as with the increase in populations relying on wood and
char burning. Natural and early man-made combustion processes emitted
aerosols and CO; roughly proportionally, although the ratios of emission
types were dependent on burning conditions. In the wake of smog-induced
respiratory-health-related deaths in London in 1952, and ensuing legisla-
tion in favor of limiting emissions in the United States and Europe, “air
quality engineering” was developed to reduce combustion-related aerosol
emissions. But the reductions—without corresponding reductions in CO,
emissions—Iled to more warming (with some offset for reductions in absorb-
ing aerosol emissions). One approach to “climate engineering” is to undo
these reductions in aerosol emissions in a way that avoids the health and
visibility impacts of pollution but still allows for particles to cool the Earth
both by reflecting sunlight directly and by brightening clouds (which mag-
nify the scattering of light with water). The engineering challenge with
this approach is that clouds are the least understood component of the
climate system, and current models cannot reliably predict their forma-
tion and properties. Recent research in the Eastern Pacific Emitted Aerosol
Cloud Experiment (E-PEACE) 2011 illustrates that judicious selection of
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the meteorological regime and the size and composi-
tion of particle emissions can achieve substantial cool-
ing effects. However, socioeconomic questions about
climate engineering remain—such as the possibility
that, if implemented, sudden cessation of enhanced
particle emissions could exacerbate the climate effects
on ecosystems and might interfere with oceanic and
terrestrial ecosystem processes—thus requiring cau-
tious and comprehensive research.

Background

The fundamental physics that control the global
mean surface temperature are well understood: about
one-third of the incoming solar radiation is reflected
back to space by the Earth’s albedo and the remain-
ing two-thirds is absorbed at the surface, then emit-
ted as longwave energy. In this way the incoming and
outgoing energy at the top of the atmosphere largely
balances the energy leaving, after partially trapping
some of the energy by the greenhouse effect of atmos-
pheric water vapor and clouds as well as greenhouse
gases (IPCC 2007). These interactions constitute the
Earth’s radiative energy balance, as illustrated in Fig-
ure 1. Higher surface mean temperatures (T,) are
due to the greenhouse effect, caused by the man-made
release of CO; and other greenhouse gases. Increas-
ing albedo (a) can offset CO,-enhanced greenhouse
warming by increasing the shortwave reflection of
clouds. And clouds can be brightened to increase
their reflectance by adding aerosol particles, which
increase the number and decrease the mean size of
cloud droplets. An example of such brightening is
provided by the “ship tracks” created by the emissions
of cargo ships crossing the Pacific Ocean, as shown in
Figure 2.

Keeping in mind that maintaining global mean sur-
face temperature does not imply that regional tem-
peratures or precipitation patterns are kept constant,
engineering the global mean surface temperature to
reduce changes from present-day conditions could be
sufficient to alleviate some of the most severe effects
of global warming. Adding aerosol is straightforward,
since particle production is a side effect of most com-
bustion processes as well as a result of vaporization of
liquids in condensable conditions. The real challenge
in engineering aerosol particles to offset climate change
by brightening clouds is predicting how the Earth sys-
tem, and in particular its clouds, will affect the albedo
response to increased particles.
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Figure 1 Diagram illustrating a simplified version of the Earth’s energy balance
between incoming shortwave radiation (Fyp,,) from the sun and outgoing longwave
radiation (Fipyg) from the surface, showing the two underlying equations (the 1st
law of thermodynamics and the Stefan-Boltzmann equation) and two enhanced
effects (the (Oy-enhanced greenhouse effect and the aerosolenhanced cloud
albedo effect), along with the key scientists who made seminal contributions in
each area. The Stefan-Boltzmann is constant o, the Earth’s albedo is o, the global
mean surface femperature (approximating the Earth as a black body) is T, and
Fopg is the radiation reemitted fo Earth by greenhouse gases (and other longwave-
absorbing components in the atmosphere). This figure appears in color in the online
posting of this article af www.nae.edu/publications/bridge.aspx.

Recent Model Simulations of Cloud Brightening

Model simulations have established the climate
impacts of distributing enough particles to modify enough
clouds to offset sufficient global warming to delay or less-
en some of the effects expected in the Earth’s changing
climate (Latham 1990, 2002; Latham et al. 2008). Some
schemes focus on a perceived need for engineering and
development of new technology, such as Flettner rotors
and high-efficiency seawater atomization (Salter et al.
2008). Other studies use detailed global modeling inves-
tigations to show what fraction of clouds are brightened,
with more aggressive increases in brightening resulting
in exacerbation of climate in some regions even as oth-
ers are improved (Rasch et al. 2009). Global simulations
have also shown that where clouds are targeted is impor-
tant, as some choices result in exacerbation of drought
conditions in some regions (Korhonen et al. 2010; Rasch
etal. 2009). In addition, recent studies have investigated
the complexities of aerosol cloud interactions, including
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Figure 2 Enhanced multispectral image of the west coast of North America on June 21, 1994 from the NOAA Advanced Very
High Resolution Reflectance (AVHRR) satellite, showing reflectance of low clouds (gray) with tracks from cargo ships (white).
High clouds (light gray with shadow), land (dark gray on right side), and clear sky over ocean (along coast af right). Compiled
by Kurt Nielsen of the Naval Postgraduate School (reproduced with permission). This figure appears in color in the online posting

of this article at www.noe.edu/publications /bridge.aspx.

the damping of cloud brightening by reductions in cloud
supersaturation (Korhonen et al. 2010) and by overlap-
ping plumes! of particles (Wang et al. 2011).

However, aerosol-cloud-radiation interactions are
widely held to be the largest single source of uncer-
tainty in projections of climate change due to increas-
ing anthropogenic emissions. The underlying causes of
this uncertainty in modeled predictions are the gaps in
fundamental understanding of cloud processes (IPCC
2007). Although there has been significant progress
with both observations and models, and the qualitative
aspects of the indirect effects of aerosols on clouds are
well known, the quantitative representation of these
processes is nontrivial and limits the ability to represent

! Cloud brightening is nonlinear, so two plumes of particles that overlap
each other do not typically produce twice as much brightening.
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them in global climate mod-
els. Current global models
lack (1) accurate aerosol
particle activation, with
associated implications for
the profiles of supersatura-
tion, vertical velocity, lig-
uid water content, and drop
distribution; (2) realistic
microphysical growth and
precipitation processes that
control the formation and
impacts of drizzle on cloud
structure, lifetime, and par-
ticle concentration; and
(3) eddy-based transport
processes that control the
effects of entrainment on
cloud thickness and lifetime
as well as the dispersion
of aerosol plumes. These
basic scientific issues have
not been addressed by cli-
mate models or by climate
engineering proposals that
involve perturbing marine
stratocumulus; the follow-
ing section describes work
by our multi-institution col-
laboration to address them.

New Experimental Evidence of Cloud
Brightening

To learn more about the cloud physical processes
that affect aerosol-cloud-radiation interactions, we
designed the Eastern Pacific Emitted Aerosol Cloud
Experiment (E-PEACE) 2011 as a targeted aircraft
campaign with embedded modeling studies, using the
Center for Interdisciplinary Remotely Piloted Air-
craft Studies (CIRPAS) Twin Otter aircraft and the
R/V Point Sur in July 2011 off the coast of Monterey,
California, with a full payload of instruments to mea-
sure particle and cloud number, mass, composition,
and water uptake distributions (Russell et al. 2013;
Shingler et al. 2012). Three central aspects of the
collaborative E-PEACE design are described below,
followed by highlights of the findings.
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1. Controlled particle sources were used to separate
particle-induced feedback effects from natural vari-
ability. We have investigated three types of sources of
different particle sizes and compositions to character-
ize specific aspects of aerosol-cloud interactions: (1)
ship-emitted particles at rates of 101¢ to 108 5! with
dry diameters between 50 and 100 nm (Coggon et
al. 2012), (2) shipboard smoke generator particles at
rates of 10! to 101 s7! with dry diameters between
50 nm and 1 pym, and (3) aircraft-based milled, coated
salt particles at rates of 10” s! with dry diameters
between 3 and 5 um. The shipboard smoke generators
are shown in Figure 3.

2. Satellite observations showed that not all ship tracks
cause cloud brightening (Chen et al. 2012), indicat-
ing a variety of cloud feedback responses to increased
particle concentrations. These observations were
compared to the features predicted by large eddy
simulations and aerosol-cloud parcel modeling of the
impacts of turbulence, precipitation, and other cloud
processes on the number concentration and size dis-
tribution of cloud drops (Lu and Seinfeld 2005, 2006;
Russell et al. 1999).

3. The track from the controlled emission of smoke-
generated particles demonstrated efficient cooling
of clouds at very low warming cost, using existing
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technology and minimal resources. We noted that
cooling outweighed warming by a factor of 50 on the
day that a track was observed (Russell et al. 2013). This
cooling effect exceeds that of commercial shipping, for
which track-making ships induce twice as much cool-
ing as warming (on days when tracks formed).

One of the most interesting results of E-PEACE was
the activation into cloud droplets of smoke particles
composed almost entirely of organic constituents (Shin-
gler et al. 2012). This result was surprising because many
organic components are hydrophobic and do not serve
as effective cloud nuclei at supersaturations below 0.2%.
The large diameter of smoke particles makes it possible
for them to activate with fewer soluble constituents.

A second finding is the formation of tracks from
the smoke particles in cloud-covered marine boundary
layers. The organic smoke particles not only activated
to cloud droplets but also did so in sufficient numbers
to form a track with a detectable increase in brightness.
However, there was a range of brightening observed for
the many different tracks formed by particle emissions
from fairly similar cargo ships (Chen et al. 2012), indi-
cating that cloud feedback processes play an important
role in determining cloud brightening.

The third important finding of E-PEACE was the
frequency of low clouds with multiple layers, which
reduce the impact of particles on clouds. Tracks did not

Smoke Generator
US Army, ca. 1980

R/ Point Sur
July 2011

Shell Diala AX

FIGURE 3 Operation of smoke generators aboard the research vessel (R/V) Point Sur for E-PEACE in July 2011. This figure appears in color in the online posting of this

arficle at www.nae.edu/publications/bridge.aspx.


http://www.nae.edu/publications/bridge.aspx

14

form every day because of either the absence or struc-
ture of clouds near the ship. To produce a track with a
significant albedo effect, the cloud layer needed to be
uniform and single-layered. In addition, for rapid mixing
of particles into the cloud layer, the layer needed to be
below approximately 500 m. During the 12 days of the
E-PEACE cruise, multiple cloud layers of 100 to 1000 m
were present on more than half. Since particles emitted
by ships on the ocean surface are usually transported only
to the lowest cloud layer, their modification of droplet
distributions does not appreciably change the albedo
seen from above the top cloud layer. In such cases, parti-
cles have little effect on the radiation balance. The pres-
ence of low cloud layers overlying the layers affected by
the smoke particles resulted in a low frequency of track
formation. This finding is significant because it shows
the need for representing small-scale cloud structure in
global climate models in order to improve predictions of
aerosol-induced cloud albedo changes.

The E-PEACE results provide
a proof of concept that cloud
brightening to reduce global
mean warming is possible on
small scales for limited time.

Implications for Climate Engineering

The E-PEACE results provide a proof of concept
that cloud brightening to reduce global mean warming
is possible, with existing, decades-old technology, for
some cloud conditions (but it will not reduce drought
or ocean acidification). Track formation requires
sufficient particle production to increase droplet num-
ber by 100 to 300 cm™ over well-mixed boundary lay-
ers 100 m to 600 m high and spanning track widths of
several kilometers. Cargo ships and portable smoke gen-
erators can both easily emit 10'¢ to 108 57!, which is
sufficient at wind speeds of up to 10 m s~! to make tracks
in unpolluted marine air. The advantage of smoke gen-
erators for climate engineering is that the lower fuel
consumption by the much smaller ship has a substan-
tially lower CO; cost, making cooling more efficient.

However, the radiative effects are not the only ones to
be considered before deploying on a large scale (Russell
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et al. 2012). In particular, careful research is needed to
assess the impacts of particle deposition on ocean and
downwind terrestrial ecosystems; sustained changes in
particle deposition could have deleterious impacts on
ocean and land biota. Furthermore, shifts in precipi-
tation patterns and direct radiation at the surface, if
substantial, could affect crop production. And imple-
mentation of cloud brightening in regions near suscep-
tible human populations could affect health.

Conclusions

Although the technology for particle emission and
distribution exists, the engineering required for cloud
brightening is hardly trivial. The most critical chal-
lenges to engineering the design of large-scale cloud
brightening are (1) cloud feedback processes that affect
the cloud response to aerosol enhancements and reduce
the expected brightening, (2) multilayered clouds that
mask changes in underlying clouds, and (3) ecosystem
impacts of particle deposition (Russell et al. 2012).
These issues require region-specific observations and
small-scale, short-duration testing to determine realistic
constraints for modeling. In addition, although particle
production is feasible with existing technology, there
are ample opportunities for optimizing the efficiency
of particle emission processes and for minimizing their
ecosystem impacts.

Knowledge of aerosol-cloud interactions remains suf-
ficiently uncertain that consideration of their use for
climate engineering is premature. Substantial advances
are needed in understanding of aerosol and cloud phys-
ics to quantify their role in climate change, and such
advances require experimental as well as modeling stud-
ies. If such studies demonstrate the effectiveness of par-
ticles for cloud brightening, it may be possible to use
this method to offset some of the warming to the global
mean surface temperature caused by greenhouse gases.

Going Forward

The seriousness of the consequences of global warm-
ing merits research into the possibility of using cloud
brightening for climate engineering. However, while
cloud brightening will target atmospheric emissions
outside of national boundaries (since offshore marine
stratocumulus have some of the largest impact on albe-
do) in areas that largely lack environmental regulations,
any large-scale implementation should involve multi-
national agreement and cooperation, as well as com-
pensation for unexpected and harmful consequences.
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Furthermore, as with any solar reflection method that
does not also reduce greenhouse gases, once initiated
the cessation of cooling would likely cause accelerated
warming as the system returns to the nonmasked warm-
ing (Russell et al. 2012).

In summary, while cloud brightening could be appro-
priate to prevent tipping points (such as massive sea ice
loss, which some predict may occur as early as 20152),
implementation of cloud brightening to offset climate
warming should be considered as an option only after
sufficient research is devoted to better constraining
aerosol-cloud-radiation interactions.
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Electric vehicles show promise in minimizing reliance
on fossil fuels, but their widespread use will likely
require a revolutionary advance in energy storage

technology.
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Demands for Electrochemical
Energy Storage
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The interest in vehicle electrification is unprecedented. Several automo-
tive manufacturers are producing or planning to produce hybrid electric
vehicles (HEVs), plug-in hybrid electric vehicles (PHEVs), and fully or
battery electric vehicles (BEVs). Lithium-ion (Li-ion) battery technology
is the current leading candidate to meet the near- and medium-term needs
for electric vehicles. Leveraging considerable growth and development from
the manufacturing of batteries for microelectronics, Li-ion technology has
advanced significantly in the last decade. However, the leap from small-
scale microelectronic batteries (tens of watt hours) to electric vehicle bat-
tery packs (tens of kilowatt hours) is not trivial. Performance metrics such
as cost/kilowatt hour, specific energy (Wh/kg), specific power (kW/kg),
safety, and cycle life are considerably more demanding for electric vehicles
than for laptops and cell phones. Electric vehicles (EVs) show promise
in minimizing reliance on fossil fuels, but their widespread use will likely
require a revolutionary advance in energy storage technology. Research in
sophisticated and efficient power electronics, battery/cell telemetry, safety,
thermal management, and schemes to recycle/reuse EV batteries can help to
establish a solid foundation for the development and use of EVs. This article
provides an overview of energy storage technology for vehicle electrifica-
tion, highlights challenges, and discusses opportunities at the frontiers of
battery research.
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FIGURE 1 Energy use in the United States in 2011. This figure appears in color in the online posting of this arficle at www.nae.edu/publications/bridge.aspx.

The Need for Advanced Energy Storage

In terms of sustainability, minimizing dependence
on fossil fuels and reducing CO, emissions are com-
pelling arguments to electrify vehicles. And from a
practical perspective, EVs can take advantage of exist-
ing infrastructure for electrical power production and
transport—infrastructure that will soon be bolstered by
efforts to augment renewable energy production whose
primary byproduct is electrical power (e.g., through
photovoltaic cells and wind turbines).

If electrical energy becomes the preferred form of ener-
gy, electrochemical energy storage is a natural fit. In con-
trast, hydrogen fuel cell technology requires an entirely
new infrastructure to efficiently produce hydrogen and
then transport, store, and reconvert it to electrical energy.

To put into perspective the amount of energy con-
sumed by the transportation sector, of the total 2.85 x
10%¢ watt-hours (1 Quad = 2.93 x 10 watt-hours) of
energy used by the United States in 2011 27.7% (7.91
x 101 watt-hours) went to transportation (Figure 1).!

! These data and the accompanying figure are from the Lawrence Liver-
more National Laboratory website, https://flowcharts.lInl.gov/content/
energy/energy_archive/energy_flow_2011/LLNLUSEnergy2011.png,
accessed November 9, 2012.

However, due to the relatively low chemical-to-mechan-
ical energy conversion efficiency of internal combustion
engine technology (ICE), the ratio of serviceable to
rejected energy is disproportionately low compared to
other energy use sectors.

If EVs can improve energy efficiency in the short term
and the technology for non-fossil-fuel-based/renewable
electrical power generation can be realized in the long
term, the benefits to our country’s current and future
sustainability are clear. Assuming the latter, the follow-
ing discussions focus on electrical energy storage, spe-
cifically batteries.

Challenges for Electrochemical Energy Storage
and Use in EVs

Defining the ideal battery for EVs is complicated
because of the numerous powertrain configurations
involved in HEVs, PHEVs, and BEVs; for example,
the capacity (kWh), power (kW), and cycle life can
be considerably different for an HEV compared to a
BEV (Khaligh and Lee 2010). To simplify discussion,
this article focuses on BEVs with battery character-
istics that can power a four-seat vehicle for approxi-
mately 100 miles on a single charge, criteria favorable
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for widespread adoption.?
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Figure 2 Battery performance criteria o power the next generation of battery
electric vehicles.

2 Whether this BEV performance standard is specifically required to sig-
nificantly impact energy consumption is not yet known, but agencies
and auto companies generally agree with this definition (Bruce et al.
2012; CCC 2012; Thackeray et al. 2012).

Figure 3 Comparison of battery technologies currently available and under development (Bruce et al. 2012). Darker shading
in the bars indicates the specific energy values in laboratory scale prototypes; lighter shading indicates the range of anticipated
specific energy values for Li-S and Li-air technologies, respectively. Cd, cadmium; Li, lithium; MH, metal hydride; Ni, nickel; Pb,
lead; Zn, zinc. This figure appears in color in the online posting of this article at www.nae.edu/publications/bridge.aspx.

Ensuring consistent, long-term vehicle range requires
a charging efficiency of 99.9999% such that approxi-
mately 80% of the original battery capacity is available
at the end of the vehicle’s life.

Widespread use of BEVs will entail operation in
dramatically different climates, so the battery must be
capable of operating at relatively low and high ambient
temperatures.

Although it is difficult to quantify how fast is fast
enough, the issue of range anxiety may be addressed if
a battery pack can be charged at a charging station as
quickly as a gasoline tank can be filled at a gas station.

Last, and perhaps most importantly, the battery tech-
nology must be safe and reliable.

Li-ion Batteries

Of the battery chemistries available today (Figure 3),
Li-ion has the highest specific energy (Tarascon and
Armand 2001) and is the only technology capable of
meeting the criteria shown in Figure 2. While other
energy storage technologies such as supercapacitors,
flywheels, and compressed air are in development, only
Li-ion batteries are mature enough or meet the necessary
criteria or both (Dunn et al. 2011). Li-ion batteries also
have the distinct advantage of both intrinsically high
cell voltage (>3 V) and the capacity to store lithium ions
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in the solid state, resulting in high specific energy and
low cell volume (energy density), respectively.

In a typical Li-ion cell (Figure 4), lithium ions are
shuttled, with relatively high efficiency, between
the anode and cathode via a liquid Li-ion electrolyte
(EVSAE 2012). Graphite (in powder form) is by far the
most common anode that reversibly uptakes and releas-
es lithium ions between graphene sheets. The cathode
consists of a ceramic of nominal formula LiMO, (in
powder form), where M stands for a transition metal
such as cobalt (Co), manganese (Mn), or nickel (Ni)
that can change valence states upon insertion/extrac-
tion of Li-ions. During discharge, it is more energeti-
cally favorable for the graphite anode to release its
Li-ions and for the cathode uptake Li-ions to reduce
the M valence charge (e.g., M** to M?*). This shuttling
of lithium ions from the anode to the cathode is accom-
panied by the simultaneous passing of electrons through
an external circuit to power the electric vehicle.

Since their invention in 1991 by Sony and profes-
sor John B. Goodenough, Li-ion batteries have been
integrated into cell phones, laptop computers, and
other microelectronics (Figure 5). And some of the first
Li-ion-powered EVs were not terrestrial but instead
vehicles sent to survey the surface of Mars in 2003
through NASA’s Mars Exploration Program (Huang et
al. 2000). The Mars Exploration Rover Li-ion batteries
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started development in 1996 and were flight qualified
and implemented in 2003, a testament to how quickly
Li-ion battery technology can progress.

In 2008, a combination of factors led to a signifi-
cant push to improve vehicle fuel efficiency, resulting
in a rapid transformation of the auto industry with an
emphasis on vehicle electrification. In 2011 GM rolled
out the PHEV Volt and Nissan the BEV Leaf, and in
2012 Ford started selling the BEV Ford Focus.

These past and recent successes are impressive, but
Li-ion battery packs still require considerable reductions
in cost as well as increases in specific energy to extend
vehicle range. The following section presents a mate-
rials perspective on opportunities in electrochemical
energy storage and milestones whose achievement will
address these issues.

Opportunities in Electrochemical Energy
Storage

Unlike lead (Pb)-acid, nickel-cadmium (Ni-Cd), and
nickel-metal hydride (Ni-MH) battery technologies,
Li-ion technology performance has room for improve-
ment, as shown in Figure 3. Advanced electrode and
cell designs and electrode material breakthroughs
(Thackeray et al. 2012) may enable a doubling in ener-
gy density and a fourfold reduction in cost compared
to available Li-ion technology. Eventually, however,
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FIGURE 4 Schematic of a lithium (Li)-ion cell: (A) at the atomic scale (A, amperes; reprinted with permission from Tarascon and Armand 2001) and (B) at the microscopic
scale (odapted from EVSAE 2012). This figure appears in color in the online posting of this article at www.nae.edu/publications/bridge.aspx.
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Li-ion technology improvements will crest, requiring
a breakthrough in battery technology to approach the
cost target (~$150/kWh) and the range of an ICE pow-
ertrain vehicle (>400 km).

Several research and government agency reports (e.g.,
Bruce et al. 2012; CCC 2012) present complementary
near-term roadmaps to guide battery research and devel-
opment over the next two decades. Three milestones
extrapolated from these roadmaps illustrate the frontiers
of battery development, with substantial steps in 2015
and 2020 followed by a revolutionary leap in 2030.

2015 Milestone: Optimize Current Materials and Cell
Component Design

In the short term the focus is on optimization of
materials and conventional liquid electrolytes. At
present, approximately 50% of a battery pack mass is
dead weight (Johnson and White 1998). For example,
in the cell cross-section shown in Figure 4b, only the
graphite anode and LiMO; particles store lithium and
therefore energy; the electrical current—collecting foils,
electrolyte, separator, and hermetic container do not
store energy.

Increasing the mass/volume fraction of active mate-
rial is one strategy to improve specific energy. Making
thicker, less porous electrodes is a popular approach to
achieve this, but thicker and less porous active elec-
trode layers impede the transport of ions in the electro-
lyte and thus reduce power (Buqa et al. 2005).

Furthermore, the nonuniform current in thicker
electrodes can cause metallic lithium to deposit on
the anode and oxygen gas to be released from certain
LiMO; cathodes, which can be a safety hazard in the
presence of heat and flammable electrolyte solvents.
These challenges can be addressed through research
on advanced electrode designs, powder processing, and
coating technologies (DOE 2010).

Cycle life is another concern that requires attention.
A passivation layer forms on the surface of a graphitic
anode particle during the solid electrolyte interphase
(SEI). As lithium intercalates and deintercalates from
graphite particles, the corresponding swelling and
contraction create fissures in the SEI, resulting in the
continuous and irreversible consumption of lithium
and diminishing capacity retention. Again, improved
electrode designs to homogenize charge flow could
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address this concern, as could the development of new
electrolytes and/or electrolyte additives to make the
SEI more robust.

Economies of scale will probably not play a signifi-
cant role in minimizing cost per kilowatt hour ($/kWh)
(Bruce et al. 2012; CCC 2012) by 2015. Rather, new
materials with appreciably better performance and low-
er cost are needed to bring costs down to the target of

approximately $150/kWh.

2020 Milestone: Electrode and Electrolyte Materials
Breakthroughs

The 2020 milestone focuses on reducing cost rather
than increasing specific energy, although it is hoped
that the latter will increase by more than a factor of two.
Once the electrode and cell design have been optimized,
increases in the specific energy will require new elec-
trode and complementary electrolyte materials that can
store more lithium or charge-per-unit mass/volume and
that have higher voltage (energy = amps X volts X time).
If the new materials can be made at comparable or lower
cost, a byproduct of increased specific energy will be a
commensurate decrease in cost/kWh (Figure 3).

Alloying anodes such as silicon (Si)- or tin (Sn)-
based electrodes will likely constitute the next genera-
tion of Li-ion battery anodes (Thackeray et al. 2012).
The term “alloying” is used to describe the reversible,
electrochemical reaction between lithium and a pure
element such as silicon or tin.

Specific capacity (milliamp hours per gram, ormAh/g),
which refers to the amount of lithium that an electrode
can uptake and release, is commonly used where one
mole (6.94 grams) of lithium can provide 26.8 Ah of
electrical charge. Graphitic anodes have a theoretical
specific capacity of 372 mAh/g, and silicon and tin have
specific capacities of 4009 and 960 mAh/g, respectively,
making the interest in these anodes apparent.

However, a >300% change in volume accompanies
the uptake and release of lithium from silicon and tin,
creating significant mechanical stresses that cause
decrepitation and poor cycle life (Deshpande et al.
2010). One solution is to reduce the powder particle
size from the typical micron scale to the nano scale and
thus decrease the magnitude of strain. Creating nano
Si wires with <100 nm dimensions, originally demon-
strated by the Cui group (Wu et al. 2012), reduces the
overall strain to minimize decrepitation and improve
cycle life. Another approach is to increase cycle life by
embedding Si or Sn particles in an elastic or compliant
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carbon matrix to create an encapsulation effect (Zhao
et al. 2011). Envia Systems recently announced a 400
Wh/kg Li-ion cell pack using Si-based anodes, but it
has yet to be commercialized (Thackeray et al. 2012).
Advanced materials processing and materials engineer-
ing could play a major role in optimizing alloying elec-
trode performance and reducing cost.

New materials with
appreciably better
performance and lower
cost are needed to bring
costs down.

On the cathode side, there are two promising
approaches. First, the cathode system, a composite
layered structure, enables the full extraction of one
molecular unit of lithium, or x = 1 per formula unit of
xLi;MnOj5(1 = x)LiMO, (M = Mn, Ni, Co) (Thackeray
et al. 2012). This type of material, developed by Thac-
keray and colleagues at Argonne National Laboratory,
can deliver nearly twice the specific capacity compared
to conventional LIMO, cathodes.

There are a few practical concerns associated with
this material strategy, however. For example, the lithium
must come from the anode (which is not the case with
conventional LiMO, cathodes) and the charging volt-
age (4.6 V) is outside the stability window of most con-
ventional electrolytes, resulting in diminished cycle life.

The second approach involves increasing the cath-
ode reaction voltage from about 4.0 V to approximately
5.0 V to result in a 20% increase in specific energy, pro-
vided the specific capacity is comparable to that of con-
ventional cathodes. Examples of high-voltage cathodes
include LiMn; 5Nig 50, and LiIMPO, (M = Co, Ni)
(Allen et al. 2011), both of which are relatively mature
compared to the composite layered cathodes described
above, but the lack of stable electrolytes limits their
widespread implementation.

Higher cell voltage (cathode side) and a stable SEI
(anode side) with advanced anodes both require sig-
nificant improvements in electrolytes. One approach
is to integrate additives to conventional electrolytes to
improve the high-voltage (cathode) stability. The Kang
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group achieved this by increasing the electrolyte stabil-
ity to enable the use of LiCoPOy (4.8 V) cathodes (von
Cresce and Kang 2011). A completely different approach
involves a solid electrolyte material breakthrough using
a ceramic rather than liquid electrolyte. The advantages
could include higher stability (O to >6 V) and perhaps
safety as a flammable liquid electrolyte is replaced by a
highly thermal and chemically stable ceramic.

A class of ceramics referred to as “fast-ion conduc-
tors” conducts lithium ions about as fast as a conven-
tional liquid electrolyte. Additionally, these ceramics
have negligible electronic conductivity and the Li-ion
conductivity improves with increasing temperature.
Recent examples of promising solid electrolytes include
sulfur (S)-based (Kamaya et al. 2011) and oxide-based
electrolytes (Murugan et al. 2007; Rangasamy et al.
2011) that exhibit Li-ion conductivities comparable to
conventional liquid electrolytes.

Next-generation Li-ion batteries will require new mate-
rials for anodes, cathodes, and electrolytes. Advanced
materials and ceramic processing technology based on
lessons learned from the 2015 milestone will play a key
role in achieving the 2020 milestone. The development
of new electrolyte materials, in particular, will advance
progress toward the 2030 milestone of enabling new bat-
tery chemistry beyond Li-ion technology.

Next-generation Li-ion
batteries will require new
materials for anodes,
cathodes, and electrolytes.

2030 Milestone: Beyond Li-ion Batteries

If electric powertrains are to replace ICE technology,
without raising concerns about cost or range, a new bat-
tery technology is required (Bruce et al. 2012). Three
of the most popular battery chemistries that represent
the frontier of energy storage are Li-S, Zn-air, and Li-air
(the metal air batteries are actually semifuel cells, but
for brevity and consistency they are referred to as bat-
teries). Because the challenges related to Zn-air tech-
nology are relatively well known (Lee et al. 2011), the
focus here is on Li-S and Li-air batteries, which are not
as well understood.
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Li-S is attractive because of its high theoretical
energy density (2199 Wh/I), high theoretical specific
energy (2567 Wh/kg), and the low cost and abundance
of sulfur (Bruce et al. 2012). Factoring in the mass of
the electrolyte, electrical current—collecting foils, pack-
aging, and other features, the practical specific energy
is reduced to approximately 600 Wh/kg, which is still
considerably higher than that of advanced Li-ion bat-
teries. In a Li-S cell, elemental lithium and sulfur are
the reactants, a nonaqueous electrolyte shuttles lithium
ions between electrodes, and, because sulfur does not
have sufficient electrical conductivity, a specific porous
carbon (Ji et al. 2009) is added to increase the effective
electrical conductivity of the S-cathode.

Two challenges remain: (1) prevention of deleterious
mechanisms that result from the formation of soluble
Li-S compounds during cycling and (2) achievement
of a stable/cyclable Li-electrolyte interface, a challenge
since the 1980s when it led to the demise of recharge-
able lithium metal anode batteries.

Li-air batteries are of two types: nonaqueous and
aqueous (Bruce et al. 2012); the “air” in question is the
source of oxygen and, for the aqueous batteries, water
vapor. Nonaqueous batteries involve the reaction of
lithium with oxygen gas (O;) to form Li;O,. (The ref-
erence to “air” may be a bit misleading since both water
vapor and carbon dioxide must be excluded from the
reaction/cell in the nonaqueous configuration.) During
discharge, lithium is transported through a nonaque-
ous electrolyte and reacts with O, in the presence of
a porous carbon network and a catalyst to form solid
precipitates of Li;O,. The theoretical energy density of
this system is (3436 Wh/I) and the theoretical specific
energy is (3505 Wh/kg). Some of the key challenges
for nonaqueous Li-air batteries are (1) development of
an oxygen-permeable membrane that excludes carbon
dioxide and water vapor, (2) development of effec-
tive cathode electrodes that prevent pore occlusion
resulting from the formation of solid byproducts during
discharge, and (3) effective integration of catalysts to
improve reaction kinetics.

In the second type of Li-air battery an aqueous elec-
trolyte is used to transport lithium ions into a carbon
cathode electrode to form lithium hydroxide (LiOH)
during discharge. At lower concentrations LiOH is
soluble in the electrolyte, whereas at higher concen-
trations (i.e., greater degrees of discharge) it precipi-
tates out as a solid. The theoretical energy density of
the aqueous variant is (2234 Wh/l) and the theoretical
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specific energy is (3582 Wh/kg). Some of the chal-
lenges that remain for aqueous Li-air technology are
technologies to (1) protect the lithium metal anode
from the aqueous electrolyte using a ceramic elec-
trolyte membrane, (2) prevent reactions with carbon
dioxide from ambient air, and (3) prevent pore and
electrolyte interface occlusion when/if LiOH precipi-
tates at higher depths of discharge. Although there are
few examples of advanced prototypes, the projected
specific energy for both Li-air variants is expected to
be about 1000 Wh/kg.

The majority of the challenges involve the discov-
ery of new materials and development of an electrolyte
to enable the use of metallic lithium anodes. The need
for ceramic electrolytes that protect the lithium metal
anode is one aspect common to Li-air and Li-S technol-
ogy. In addition to poor cycle stability, excess lithium is
required to counter the effects of poor cycling efficien-
cy. For example, two- to fourfold excess lithium may be
necessary, thus reducing the energy density. One recent
material breakthrough (Murugan et al. 2007) identified
a new class of ceramic oxide electrolyte that is believed
to exhibit the unprecedented combination of stability
against lithium with high, room-temperature ionic con-
ductivity (Figure 6).

In addition to new electrolytes, advanced catalyst and
catalyst support electrodes, similar to those found in fuel
cells, are required to improve rechargeability and power.

Figure 6 Ceramic electrolytes may enable the use of metallic lithium (Li) anodes.
A new ceramic electrolyte referred to as LLZO (Li;LasZry045) exhibits the unprec-
edented combination of high ionic conductivity and stability against metallic lithium
and air. Shown above, a prototypical LLZO membrane fabricated in the Sakamoto
lab using unique powder synthesis and sintering technology.
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Conclusions

There is a compelling need for advanced electro-
chemical energy storage to power the next generation
of electric vehicles. And interest in Li-ion technology
is on the rise, if growing attendance at the 5-year-old
annual symposium “Beyond Li-ion” is any evidence.
But although Li-ion batteries offer substantial perfor-
mance advantages over previous battery technologies,
range capacity and cost are major challenges to over-
come by 2015. Better electrode, cell, and pack design,
together with advanced manufacturing and power
electronics, will establish a solid foundation for future
EV technology.

By 2020, material and electrolyte breakthroughs are
expected to provide moderate improvements in BEV
range—and dramatic reductions in cost. Anodes that
are cheap (based on Si or Sn) are expected to uptake
and release more lithium per unit mass. On the cath-
ode side, the focus will be on increasing the voltage and
lithium uptake and release per unit mass. Developing
higher-stability liquid and solid electrolytes will com-
plement higher-voltage cathodes and efforts to revolu-
tionize energy storage in the long term (2030).

Provided the necessary electrical infrastructure is
in place by 2030, a breakthrough in electrochemical
energy storage is required if ICE technology is to be
replaced by BEVs. Li-air or Li-S batteries may be the
high specific energy, low-cost technology of the future,
but significant materials and engineering challenges
must first be overcome. Solving the lithium metal
anode—electrolyte interface stability issue; developing
novel catalyst/catalyst support cathodes; and creating
stable, semipermeable solid electrolytes require further
research and development if Li-air and Li-S technolo-
gies are to mature.

The frontiers of electrochemical energy storage are
exciting from multiple perspectives, and are likely to
generate significant engineering research and develop-
ment opportunities in the coming decades.
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Informational needs in automobiles are transcending
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Over the past two decades, automobile journey durations have doubled.
Furthermore, travelers increasingly use their vehicle as a mobile office, meet-
ing room, and even living room. With this evolution, informational and
entertainment needs in the vehicle now transcend mechanical, electronic,
and software boundaries to include services for the driver, passengers, and
the vehicle itself.

Three trends are emerging in drivers’ expectations for their vehicle: (1)
continuous connectivity with both the infrastructure (e.g., smart traffic
intersections) and other commuters, (2) enhanced levels of productivity and
entertainment for the duration of travel, and (3) reduction in cognitive load
through semiautonomous operation and automated congestion-aware route
planning. To address these demands, vehicles should become more program-
mable so that almost every aspect of engine control, cabin comfort, con-
nectivity, navigation, and safety will be remotely upgradable and designed
to evolve over the lifetime of the vehicle.

Progress toward the vehicle of the future will entail new approaches in the
design and sustainability of vehicles so that they are connected to networked
traffic systems and are programmable over the course of their lifetime. To that
end, our automotive research team at the University of Pennsylvania is devel-
oping an in-vehicle programmable system, AutoPlug, an automotive archi-
tecture for remote diagnostics, testing, and code updates for dispatch from
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a datacenter to vehicle electronic controller units. For
connected vehicles, we are implementing a networked
vehicle platform, GrooveNet, that allows communica-
tion between real and simulated vehicles to evaluate the
feasibility and application of vehicle-to-vehicle (V2V)
and vehicle-to-infrastructure (V2I) communication; the
focus in this paper is on its application to safety. Finally,
we are working on a tool for large-scale traffic conges-
tion analysis, AutoMatrix, capable of simulating over
16 million vehicles on any US street map and comput-
ing real-time fastest paths for a large subset of vehicles.
The tools and platforms described here are free and
open-source from the author.

New vehicle-to-vehicle
communication technology
will be able to issue safety

alerts to approaching vehicles
and prevent a pile-up.

Programmable Vehicles

Vehicles today are built in long design cycles and
with electronic architectures that are static in both
form and function. Technology adoption is considered
only at the beginning of the design cycle, frozen for the
lifetime of ownership of the vehicle (~12 years!), and
often obsolete within 6 years.?? In contrast, the vehicle
of the future will be programmable with services for
the long-term health and performance of both humans
and vehicles.

Electronics and software for engine and cabin controls
currently account for over 30% of the cost of an automo-
bile, and this figure is expected to grow as vehicles evolve
from mechanical to electronic to software-controlled
to service-based mobile cyber-physical system (CPS)
platforms. As new automotive electronic architectures

! Polk.com. 2012. Average Age of Vehicles Reaches Record High, Janu-
ary 17. Available online at http://goo.gl/TN5Ow.

2 US DOE Office of Energy Efficiency and Renewable Energy, Vehi-
cle Technologies Program. 2010. Average Length of Light Vehicle
Ownership, May 10. Available online at www1.eere.energy.gov/
vehiclesandfuels/facts/2010_fotw622 html.

3 Polk.com. 2012. Americans are keeping new vehicles an average
of nearly six years, February 22. Available online at http://goo.gl/
7R3N3.
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are developed to enable remote diagnosis and repro-
grammability throughout the life of the vehicle, driv-
ers will be able to choose from a software component
marketplace to enhance the safety, performance, and
comfort of their vehicle.

Ensuring the safe and correct programming of the new
service features is paramount. Automotive plug-and-
play devices that communicate to and from the vehicle
will allow new classes of services and customization such
as online vehicle diagnostics, warranty management,
networked infotainment, and integration of applica-
tions such as driver behavior and vehicle performance
measurements for personalized insurance services.

Connected Vehicles

Every year, approximately 6.4 million car accidents
occur in the United States, typically involving three
people (two drivers and one passenger). That translates
to roughly 19.2 million Americans injured in car acci-
dents each year, or odds of 1:16 for every individual.
Several sources? estimate that over 90% of vehicle
crashes are due to driver negligence and therefore
avoidable (Duri¢ and Miladinov-Mikov 2008).

A vehicle’s “safety bubble” is currently limited to
its physical body, with integrated crash and proximity
sensors (e.g., ultrasonic, LIDAR, radar). In the vehicle
of the future, V2V and V2I wireless communication is
expected to enhance safety. Such communication tech-
nology, when interfaced with the vehicle’s powertrain
and using audio and haptic feedback, will be able to
issue safety alerts to all approaching vehicles during
events such as sudden braking, loss of traction, or air-
bag deployment. Early warning messages communicated
down the highway in a timely “multi-hop” manner (i.e.,
from one vehicle to another in a few hundred millisec-
onds) will allow for longer reaction and stopping time
and thus prevent a pile-up.

Connected vehicle architectures for such safety-crit-
ical automotive systems require much work to ensure
security and privacy together with the timely delivery of
traffic alerts, warnings, and information updates.

Networked Traffic Systems

Delays due to traffic congestion cost Americans
$78 billion in the form of 4.2 billion lost hours and

4 See, for example, The Economist. Look, No Hands: Automotive technol-
ogy: Driverless cars promise to reduce road accidents, ease congestion
and revolutionise transport, September 1. Available online at www.
economist.com/node/21560989.
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2.9 billion gallons of wasted
fuel, and 35-55% of these
delays are caused by point-
based traffic incidents
rather than recurring con-
gestion. As the density of
vehicles increases, there is
aneed for large-scale traffic
congestion management
such that real-time “eco-
routing” can be provided to
prevent, avoid, and allevi-
ate traffic back-ups. Models
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tems Lab at Penn, we are  the remote diagnosics center (RDC) communicating over a network link. The RDC communicates via the onboard “supervisor”
investigating the design of  with the vehicle control system to observe its sfate and update its software in the event of an unexpected fault. Cy, Cq, Cgp =
such a platform to enable  software-based controllers in the vehicle (e.g., for stability, traction, antilock braking, and cruise control). Using dynamic diagnos-
the scaling of traffic net- fic trouble codes (DyDTCs), the RDC observes the state of the vehicle software for postmarket analysis of unanticipated foults.

work operations to handle

data processing for millions of vehicles, estimate and
predict congestion, and facilitate route assignment as
well as to model traffic operations and disaster response
during congestion.

In-Vehicle Systems: Remote Diagnostics,
Testing, and Reprogramming

More than 20.3 million vehicles were recalled in
2010, many because of software issues related to elec-
tronic systems such as cruise control, antilock braking,
traction control, and stability control. New and scalable
methods are necessary to evaluate such controls in a
realistic and open setting.

The increasing complexity of software in automo-
tive systems has resulted in the rise of firmware-related
vehicle recalls due to undetected bugs and software
faults.” In 2009, Volvo recalled 17,614 vehicles because

of a software error in the engine-cooling fan control

5 |EEE Spectrum. 2011. Honda Recalls 936,000 More Vehicles for Elec-
trical and Software Fixes, September 7. Available online at http://
spectrum.ieee.org.

module that could result in engine failure and possi-
bly lead to a crash (NHTSA 2009). In August 2011,
Jaguar recalled 17,678 vehicles because of concerns
that the cruise control might not respond to normal
inputs and once engaged could not be switched off.% In
November 2011, Honda recalled 2.5 million vehicles
to update the software that controls their automatic
transmissions.’

Current automotive systems lack a systematic
approach and infrastructure to support postmarket run-
time diagnostics for control software (although at least
one online source indicates that there is a significant
effort to incorporate automotive software testing and
verification at the design stage®). Once a vehicle leaves
the dealership lot, its performance and operation safety
are a “black box” to the manufacturers and the original
equipment providers.

6 |EEE Spectrum. 2011. Jaguar Software Issue May Cause Cruise Control
to Stay On, October 25. Available online at http://spectrum.ieee.org.

7 Reuters. 2011. Honda recalls 2.5 million vehicles on software issue,
August 25. Available online at www.reuters.com.

8 AUTOSAR (Automotive Open System Architecture); www.autosar.org.


http://spectrum.ieee.org
http://www.reuters.com
http://www.autosar.org
http://spectrum.ieee.org
http://spectrum.ieee.org

28

Furthermore, for the more than 100 million lines of
code and 60-plus electronic controller units (ECUs)
in a vehicle (Schiuffele and Zurawka 2005), there
are only about eight standard diagnostic trouble codes
(DTCs) for software and they are extremely general
(e.g., “memory corruption”). Of the DTCs for software,
none target the ECU software even though systems
such as stability, cruise, and traction control are criti-
cal for safety.

In-Vehicle Diagnostics and Recall Management

The current approach to vehicle recalls is reactive:
the manufacturer recalls all vehicles of a particular year/
make/model only after a problem occurs in a significant
number of them. For a software-related recall, the vehi-
cle is taken to service center and a technician either
manually replaces the ECU that has the faulty code or
reprograms the ECU code with the new version pro-
vided by the manufacturer.

The wait-and-see approach to recalls has a signifi-
cant cost in both time and money and may have a
negative impact on the vehicle manufacturer’s reputa-
tion. Furthermore, the current recall method relies on
word of mouth or the transmission of manually logged
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information from the service centers to the manufac-
turer, which takes time—during which a safety-critical
system may malfunction.

Consequently, there is an urgent need for systematic
postmarket in-vehicle diagnostics for control system
software so that issues can be detected early. An in-
vehicle system would log sensor values and perform
runtime evaluation of the states of the system controls.
A remote diagnostic center (RDC) would receive the
data (over a network link) to prepare a fault detec-
tion and isolation response (Figure 1), in the form of
a proposed dynamic diagnostic trouble code (DyDTC)
that “observes” the ECUs and system control tasks in
question. Once sufficient data are captured, the RDC,
using a gray-box model of the vehicle (i.e., with sen-
sor and control system observation logs), executes sys-
tem identification to build a model of the vehicle. It
then develops a fault-tolerant controller to address the
problem and the vehicle is remotely reprogrammed by
a code update.

We have developed an early design of such a system,
AutoPlug, although we recognize that the approach will
be difficult in practice as it would require extensive run-
time verification of the updated controller.

Model based design Run-time

1 Remote
b ; Diagnostics
Diagnostics Center

Run-time
Verification

- Remote Code

Update

Model Extraction Observer based Code reformulation Reprogram ECUs Performance profile
System Identification Residual generation and Optimal Controller with New code from RDC Comparison with stored
(open-loop) threshold function Over the CAN bus

faulj Sensors

Design Tlme
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FIGURE 2 End-to-end stages of the AutoPlug automotive architecture. (1) When an unexpected fault is reported, the remote diagnostic center (RDC) sends custom diagnostic
code to the vehicle to observe its performance. Using vehicle models developed during the design phase, the RDC safely observes the operation of the software on the vehicle
while it is running. Using this information it extracts a new model for the vehicle (perhaps with changes due to wear and tear, faulty sensors, changes in suspension). (2-3)
With the updated vehicle model, the control system design is reformulated to correct the faults in the vehicle. (4-5) The RDC remotely updates and verifies the correctness and
safety of the reformulated control software. CAN = controller area network; ECU = electronic confroller unit.
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Overview of AutoPlug

AutoPlug is an automotive ECU architecture between
the vehicle and an RDC to diagnose, test, update, and
verify control software. Within the vehicle, we evaluate
observer-based runtime diagnostic schemes and intro-
duce a framework for remote management of vehicle
recalls. The diagnostic scheme deals with both real- and
non-real-time faults, with a decision function to detect
and isolate system faults with modeling uncertainties.

We also evaluate the applicability of “opportunis-
tic diagnostics,” where the observer-based diagnostics
are scheduled in the ECU’s real-time operating system
(RTOS) only when there is slack available in the sys-
tem (i.e., it can work with existing hardware in vehicles
without interfering with current task sets). The perfor-
mance of this aperiodic diagnostic scheme is similar to
that of the standard, periodic scheme under reasonable
assumptions. The framework integrates in-vehicle and
remote diagnostics and makes vehicle warranty man-
agement more cost-effective.

The aim of the AutoPlug architecture, illustrated in
Figure 2, is to make the vehicle recall process less reac-
tive with a runtime system for diagnosis of automotive
control systems and software. Our focus is on the online
analysis of the control system and control software both
in the vehicle ECU network and between the vehicle
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and the RDC. We assume the network link between the
two is available.
The runtime system within the vehicle manages:

e Fault detection and isolation. Sensor, actuator, and
control system states are logged for the specific ECU.
The data are analyzed locally and a summary of the
states is transmitted to the RDC.

e Fault-tolerant controllers. Once a fault is detected,
the high-performance controller is automatically
replaced with a backup controller.

e ECU reprogramming for remote code updates.
Upon receipt of reformulated controller code from
the RDC (which will guarantee the stability and
safety of the vehicle), the runtime system reprograms
the particular controller task(s) with the updated
code. This can be done over a cellular or wireless
communication link.

¢ Patched controller runtime verification. The updat-
ed code is monitored with continuous checks for
safety and performance.

While the onboard system provides state updates of
the specific controller, the RDC provides complemen-
tary support through:

~ Brake ECU

SERIAL G- BCAN

AR e YR

(a) AutoPlug hardware-in-loop automotive testbed with multiple ECUs  (c) Remote diagnostics showing the error detection capabilities

2z 03 2
8 o2 2
= @ 10
S i « E ﬂl 1
® J L
§ o Eour mm
5-01 =10
0 500_ 1000_ 1500 2000 2500 0 500_ 1000_ 1500 2000 2500

Time Periods Time Periods

> 004

o o 2 M

-0.02

Roll Angle

e o

i
Roll Rate (diff.)

o o

B 51

0 500_ 1000 1500 2000 2500 500 1000 1500 2000 2500
Time Periods Time Periods

(b) Real-time monitoring of stability control system
with vehicle’s lateral velocity, yaw rate and roll angle

o

1
@

§5 Residual

24 —Threshold

2

g3

£

22

o

g,

% 500 1000 1500 2000 2500

Time Instants

FIGURE 3 (a) AutoPlug hardware-in-loop testbed with realime monitoring and diagnostics. CAN = controller area network; ECU = electronic controller unit. (b) Reakime
monitors for stability controller showing the sensor information of the vehicle dynamics. (c) Analysis of the error signal (i.e., residual) of a particular sensor and its expected
values. A smart thresholding scheme is used at the remote diagnostics center to determine the extent of the fault based on the residual signal.
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e Data analysis and fault localization. By observing
sensor and control system operations locally, struc-
tured system identification is used to create a model
of the vehicle and its control system is evaluated to
isolate faulty behavior.

e Reformulation of control and diagnostic code. A
new controller is formulated for the specific vehicle
model and further diagnostic code dispatched.

¢ Recall management. Reformulated controller code is
transmitted to the vehicle.

e Generation of controller verification profiles. The
updated controller is probed for performance and
safety.

The remote diagnostic system is capable of diagnos-
ing and reformulating controllers with real-time faults
(e.g., delay, jitter, incorrect sampling rates) and system
faults (e.g., stuck-at faults, calibration faults, and noise
in sensors/actuators).

AutoPlug Testbed

To design and validate the proposed architecture we
developed the AutoPlug testbed, which consists of a
hardware-in-loop simulation platform for ECU devel-
opment and testing (Figure 3). The hardware is in the
form of a network of ECUs, interfaced by a controller
area network (CAN) bus, on which we implement the
control and diagnostic algorithms. Each ECU runs a
nano-RK RTOS, a resource kernel (RK) with preemp-
tive priority-based real-time scheduling.

Instead of a real vehicle,
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stability control to see that the testbed does indeed per-
form as a real vehicle would.

The main contributions of our applied research and
development are threefold:

e an architecture that uses both in-vehicle and remote
diagnostics for remote recall management of deployed
vehicles;

e modification of the traditional observer-based
fault detection and isolation scheme for in-vehicle
opportunistic diagnosis, as well as an experimental
thresholding scheme in the presence of modeling
uncertainties; and

e implementation and evaluation of these schemes on
real ECUs for hardware-in-loop simulation.

These three features facilitate postmarket diagnostics,
testing, and reconfiguration from a remote data center.

Vehicle-to-Vehicle/Infrastructure Networking
for Enhanced Safety

Connected vehicles involve a special class of wire-
less networks where the maximum relative speeds are
in excess of 80 meters per second, the node density can
span more than 9,000 vehicles/mi?, and, most impor-
tantly, the dynamics of the vehicle, the environment,
driver reaction, and interaction with other vehicles are
considered in every communication and control deci-
sion. Vehicles enabled with programmable short-range
wireless networking can communicate with each oth-
er and with the infrastructure to enhance the driver’s

we use an open-source
racecar simulator, which
provides high-fidelity phys-
ics-based vehicle models
and different road terrains,
thus affording both the real-
ism of an actual vehicle and
the flexibility to implement
our own code. In addition,
we can introduce faults not

Vehicle Operations
Director (VOD)

covered by standard DTCs.
We have tested basic con-
trol algorithms, running as
real-time tasks on nano-
RK, for antilock braking
systems (ABS), traction
control, cruise control, and

Real Vehicle Virtual Vehicles (Simulated on vop) Real Vehicle
DSRCLINK Vo Vi V2 V3 Vi ... VaaVa

Figure 4 Mixed evaluation of real and virtual connected vehicles with the GrooveNet platform. The three vehicles in the circles
are real vehicles communicating with shortrange wireless communication (using the [EEE 802.11p/WAVE protocol) on the
street. The remaining vehicles are simulated fo facilitate communication between real and virtual vehicles. This platform allows
for scalable and highidelity evaluation of vehicle-to-vehicle and vehicle-to-infrastructure network protocols. DSRC = dedicated
short-range communication; V/ = virtual vehicle.
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perception of oncoming
danger within hundreds of
milliseconds and, within
seconds or minutes, route
the vehicle based on real-
time traffic congestion.
With connected vehi-
cles, it is necessary to ana-
lyze and validate the effect
of incremental deploy-
ment of V2V technologies
on message delay, cover-
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tors that faithfully model

first-order effects of the
street topology, vehicle
congestion, speed limits,
communication channels, and spatiotemporal trends
in traffic intensity on the performance and reliability
of V2V networking. Once protocols are designed and
evaluated through simulation, their performance must
be tested with real vehicles and realistic traffic densi-
ties. Although it may be possible to deploy a small fleet
of vehicles (e.g., a dozen), it is not yet possible to assess
the scalability of such protocols in rush-hour bumper-
to-bumper vehicle densities.

GrooveNet Connected Vehicle Virtualization Platform

We have developed the GrooveNet vehicular net-
work virtualization platform to simulate thousands of
vehicles on any street map and communicate between
real and simulated vehicles. GrooveNet supports a vari-
ety of models, network and vehicular system interfaces,
message types, and operating modes and, by using the
same protocols, algorithms, and software implementa-
tion in both real and virtual vehicles, facilitates model-
based design, model validation, graceful deployment,
and rapid prototyping. It works as both a simulator and
in-vehicle network platform with connections to the
CAN bus and radios using the recently standardized
dedicated worldwide spectrum for vehicular communi-
cations (IEEE 802.11p/WAVE standard), a GPS unit,

and a cellular interface.

Figure 5 GrooveNet hybrid simulation demonstrating hundreds of virtual vehicles communicating with five real vehicles in the
city of Pittsburgh, Pennsylvania. See text for discussion.

Our tests of GrooveNet with a fleet of five vehicles
over 400 miles across urban, rural, and suburban terrain
show that it has realistic models for car following, com-
munication, mobility, driver types, traffic lights, road-
side communication nodes (e.g., wireless stations that
transmit updates about traffic lights to enable drivers to
adjust their speed accordingly), and other interactive
features of real-time driving. Each GrooveNet-enabled
vehicle is capable of tight time synchronization via the
GPS pulse-per-second signal for time-critical multi-hop
communication. Using this platform we will develop a
suite of V2V and V21 safety communication protocols to
relay traffic incident alerts and warnings of unsafe road
conditions in the Philadelphia and Pittsburgh areas.

Simulated and Actual Use of GrooveNet

Figure 4 shows three real vehicles (in the circles),
which I refer to here as RI, R2, and R3 (from left to
right). The first two vehicles are within communica-
tion range; R3, over a mile away, is not. Thus if a safety
alert is triggered by an airbag deployment in R1, only
R2 receives the message. To illustrate the progression of
the message to approaching vehicles, we simulate virtual
vehicles on the same road, each of which will enable a
“hop” for the data transmission. R2 sends the message
over a cellular link to the vehicle operations director,
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which simulates the progression of the message from
one to another of the virtual vehicles (V{, V,,...) until
another real vehicle is in the vicinity of the virtual vehi-
cles. The message thus travels across multiple hops to be
received by R3 over the cellular link as if it were from R1.
We mask the cellular link’s latency by speeding up the
simulated communication across the virtual vehicles.

All vehicles follow the same rebroadcast policy,
observe the posted speed limit, and obey car following
standards. Vehicle density can be increased arbitrarily
and its effects observed by a driver in a real vehicle on
the road. Varying the number of virtual vehicles enables
us to study the performance of the protocols and net-
work algorithms under various densities, driving con-
ditions, and street topologies. As more experimental
vehicles become available, we can increase the realism
and validation of our models. In the meantime, network
virtualization provides the best of both model-based
design and real-world validation with rapid prototyp-
ing, with only a few real vehicles needed to operate as
mobile gateways.

Figure 5 presents a screen shot of GrooveNet imple-
mented in Linux. In the top left panel is the list of simu-
lated and real vehicles with their current position, street
speed, and heading (i.e., direction). The top right panel
provides a visualization of the current position and
heading of vehicles in Pittsburgh, Pennsylvania. Small
circles designate vehicles; circles around a dark arrow
represent vehicles that rebroadcast an alert message.
The bottom panel shows network connectivity between

The
BRIDGE

real vehicles via a wireless communication using the
802.11p/WAVE radio interface and between real and
virtual vehicles over the cellular network. For this test
we drove five real vehicles along Forbes Avenue in
Pittsburgh and conducted experiments with more than
4,000 virtual vehicles.

Such hybrid simulation provides application users with
an intuitive feel of the impact of communicating vehicle
density on packet delivery ratio and event response time,
and provides the developer with feedback about accu-
racy and details needed in the simulation models. This
network virtualization will make it possible to answer
questions such as: Under what driving conditions and
market penetration of networked vehicles will applica-
tion A achieve the desired performance? How does the
probability distribution of model M compare with the
real world? Is the resultant powertrain response safe and
under what conditions is it unsafe?

Traffic Congestion Analysis

To better understand empirical models of traffic con-
gestion in different street topologies across the nation,
and to develop sound traffic prediction and congestion-
aware fastest-path routing algorithms, it is necessary to
analyze large-scale traffic mechanisms. We have devel-
oped a traffic analysis tool, AutoMatrix, that simulates
and routes over 16 million vehicles on any US street
map and provides real-time traffic routing services with
hierarchical and synthetic traffic matrices (Figure 6).
Using this tool, we are able to investigate the design of
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FIGURE 6  AutoMatrix real-time traffic congestion modeling and congestion-aware traffic prediction and routing algorithm design. (Left) Traffic congestion simulation showing
more than 800,000 vehicles in Washington, DC. (Center) Hierarchical routing showing one vehicle’s coarse-grained route (in large boxes), which is determined at the beginning
of the trip. The real-time congestion-aware fine-grained fastest route shows the 3%-mile route ahead of the vehicle. (Right) Thousands of vehicles (each small box represents a
vehicle), each with unique origins and destinations, routed with reakime congestion-aware fastest-path routes around Philadelphia.
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adaptive routing strategies, methods to mitigate conges-
tion, and ways to better use traffic network resources.
Vehicles are modeled to be car following, have speed
variations, communicate periodically, and be capable of
multiple distributed and centralized routing algorithms.
AutoMatrix operates on a graphics processing unit
(GPU) and so is capable of very large-scale microsimu-
lation and traffic analytics. We have implemented A*
routing, which executes each vehicle’s search for a fast-
est path between its origin and destination in a parallel
processing manner on the GPU. AutoMatrix is capable
of hierarchical routing so routes with different levels of
details are possible. Vehicles can be guided with adap-
tive routing—the assigned route “responds” to changes
in congestion patterns and reroutes the vehicle to the
updated fastest path. By modeling point-based conges-
tion, such as blocked lanes due to vehicle breakdowns
or accidents, we can model queuing effects as vehicles
back up and congestion spreads through the region.
Using these approaches, AutoMatrix has the poten-
tial to improve response time to traffic incidents by
advising drivers to take the updated fastest path to
their destination. We are working to use live traffic
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congestion data to support the needs of urban trans-
portation operation centers.

Conclusion

The future of the automobile lies in the design and
development of new vehicles that are programmable,
connected vehicles, and networked traffic centers.
These efforts are a step toward safer, more efficient, and
more enjoyable commuting with automobiles.
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Gaming techniques can save money, time, and
resources while making departments and organizations

more agile.
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Gordian Knots

Thousands of years ago in ancient Phrygia, there was a massive mound
of tangled ropes that was so impressive, it had a name: the Gordian knot.
Legend was that whoever could untangle the great knot would become king
of all of Asia.

One can imagine a stream of men arriving on horseback, strolling up to
the ropes, cursing loudly as they pulled here and pushed there, inadvertently
making the mound even bigger and more tangled.

According to the legend, one day Alexander the Great came into town,
jumped off his horse, and with his supernaturally sharp blade sliced through
the Gordian knot in one stroke, effectively ending the knot’s persistent
challenge.

If only today’s intractable problems could be solved so simply. As the world
has become smaller and more interconnected, people and businesses rely
on systems that produce huge quantities of data. Executives face enormous
challenges in analyzing these quantities as they seek to transform their busi-
ness to be more responsive to the global economy. According to a recent
MIT report (Hopkins et al. 2010), company executives are seeking ways to
not only visualize data but also run simulations and scenario development
in order to learn how their organizations might be more agile. Agile busi-
nesses achieve 10-15% higher margins, up to 5% faster revenue growth, and
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up to 38% higher capital efficiency.! Agility requires
enterprise visibility, operational dexterity, and process
integrity. Visualization, motivation, and collaboration
are the components of the solution—the blade that can
cut through the massive mounds of data to enable busi-
nesses to adapt quickly and compete.

Transformation is not optional but it doesn’t come
easily to companies. Organizations that wish to be agile
must transform their processes and decisions, embrace
rapid, adaptable integration, and have a flexible and
efficient infrastructure. For example, in a recent report,
Gartner states that by 2015 more than 50% of organiza-
tions that manage innovation processes will “gamify”
those processes—make them more accessible for adop-
tion by engaging and teaching executives, managers,
and employees through game techniques.?

In this article [ explain how organizations can incor-
porate “serious games” to add value and agility in an
increasingly complex environment.

Serious Games and Serious Solutions

Play is a universal language characterized by enjoy-
ment, established rules, and tangible, clear goals. Digi-
tal games can create deep, immersive experiences or
quick bursts of excitement. Serious games, designed for
a primary purpose other than entertainment, focus on
clarifying goals, excising irrelevant information, and
developing tangible, measurable improvements in a
particular activity or task. They create realistic envi-
ronments for testing strategies, tactics, theories, and
ideas, leveraging the best aspects of games to make
modeling, prototyping, experimenting, training, and
skill acquisition faster, cheaper, more enjoyable, and
more visible.

Whether for a training exercise, supply chain, or
cyber defense scenario, smart games techniques can
help participants visualize and understand complex sys-
tems through video and online gaming, engaging them
through competition, teamwork, intrigue, curiosity, and
problem solving. These features attract participation,
encourage creativity, and help establish a path to col-
laborative work and analysis.

Although technology has changed the appearance
and interactions associated with games, the experience

! BTM Business Agility, BTM Corporation 2010 (www.btmcorporation.
com).

2 “Gartner Says By 2015, More Than 50 Percent of Organizations That
Manage Innovation Processes Will Gamify Those Processes.” Press
Release, April 12, 2011; www.gartner.com/it/page.jsp2id=1629214.

35

associated with the best games has not changed: the
challenge of any game or simulation should match the
skills—and test the limits—of the players and the sur-
rounding system in a meaningful, enjoyable way. What
better test of game and gamer limits than the most seri-
ous challenges facing the world today?

Visualization, motivation,
and collaboration are the
components of the solution to
enable businesses to adapt
quickly and compete.

Game Playing to Enhance Business Processes

Business simulations have been around for many
years. They allow inputs and, given a set of business
rules, produce new outputs. What they lack is the col-
laborative environment that motivates people to opti-
mize. Keeping a business process locked up in a castle
turret with fortified walls does no one any good. Busi-
ness processes need to be vetted, stressed, and priori-
tized by the entire value chain to yield a meaningful
return on investment.

Today’s 24/7 world is filled with large streams of data
in previously unimaginable volumes. Approaches such
as serious games techniques allow data to be viewed in
different ways that nonexperts can understand, contrib-
ute to, and act on. In the summer of 2011, thousands
of people helped map the structure of an enzyme that
could fight HIV and AIDS by playing a downloadable
game called Foldit. Researchers were able to crunch data
from players’ moves to quickly gain valuable insights
into protein folding, critical to the development of
treatment options. This project shows the power of col-
lective intelligence when big data are harnessed and
analyzed through games.

Serious games are increasingly used to test busi-
ness scenarios and conduct training in both public-
and private-sector organizations and corporations
around the world. Business gaming techniques are used
to motivate and lead large global, virtual teams and to
encourage creative problem solving, load balancing,
and complex system (e.g., supply chain) optimization.
Cross-genre games and games with natural language
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interpretation3 are also growing popular as a means to

aid critical thinking in the military. These new tech-
niques can save money, time, and resources while mak-
ing departments and organizations more agile.

One of the key differentiators of a serious games
approach to problem solving is a concentration on pro-
cess optimization. This focus involves examining the
most efficient and effective ways to improve procedures
via iterative collaborative gameplay, applying Six Sigma
principles. Business process improvement can reduce
cost and cycle time by as much as 90% while improving
quality by more than 60% (Harrington 1991). Results
can also include improvements in margin, capacity, and
capital reductions.

Real-time strategy games
enable players to examine
how unforeseen events might
affect real-world components
and thus make their supply
chains work better.

In a serious games approach, participants sort and
understand real data, analyze real issues, and test
real potential solutions, applying variables that can
be adjusted and readjusted for different approaches.
Game play preserves engagement while focusing play-
ers on important concerns and helping transform their
assumptions, skills, and behaviors.

With cloud computing infrastructure, organizations
can use serious games to improve business processes by
solving complex problems collaboratively through pre-
dictive modeling and real-time visualization of methods
to, for example, reduce costs and cycle times. Gaming sys-
tems tap employee and citizen insights and promote col-
laboration with partners for greater organizational agility.

Game Playing to Enhance National Security

Military, security, and emergency services organiza-
tions were early adopters of serious games to help test

3 This term refers to the means for artificial intelligence to interpret natural
(i.e., human) language and respond accordingly.
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interagency disaster response scenarios or scale skills
training beyond the platoon level to tackle complex
strategy and operational use. The coordinated and
cooperative nature of defense work requires team build-
ing and prepares for specific and highly synchronized
missions. Potentially hazardous work benefits from sim-
ulations in which mistakes can be made without causing
actual damage or endangerment and then evaluated for
future learning.

Serious games techniques can also help optimize mili-
tary supply chains. By creating real-time strategy games
that enable players to examine how unforeseen events
might affect real-world components, departments can
help make their supply chains work more reliably and
efficiently. Business or industry partners can also be
included to tap insights from a wider network. The end-
product becomes a new, executable supply chain process
that has been prevetted by the broader value chain.

In a cyber defense scenario, players benefit from
competing in opposing roles on offense, defense, and
network exploitation, playing as different entities such
as countries and organizations. Strategic-level seri-
ous games should mimic the mundane and repetitive
aspects of a scenario as well as information technology
(IT) tasks, business processes, and attacks.

Direct representation of the decision process can be
an instructive way to introduce new leaders to their
roles and to allow key decision makers to focus on
anomalous incidents by automating the common. A
cyber security game that includes the possibilities of
organizational policy, politics, operating costs, and
social engineering will better prepare players for real-
world complexities.

With current advances in process optimization,
cloud, analytics, and artificial intelligence capabilities,
the defense industry has the tools it needs to conduct
strategy-level and process optimization gaming. These
approaches teach the kinds of abilities needed to solve
complex problems, including leading and managing,
handling logistics and resources, prioritizing tasks,
making sense of rapidly changing data, and learning
from mistakes.

Five Steps to Serious Gaming

Game design and development are constantly under-
estimated. Many people assume that all they need to
develop a serious game is interns with “game skills.”
The assumption that someone who plays games would
be able to design a good game is completely erroneous.
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From the development side, there are countless game
engines on the market that require highly specialized
coding skills.

Development of a serious game requires determina-
tion of the measures of its effectiveness, an architec-
ture, specifically designed puzzles and/or experiences, a
genre, and a platform.* Below are five steps for deter-
mining how to approach a serious games project.

Step 1: Determine the measures that will prove the game
was worth the investment.

The very first question to answer concerns the pur-
pose of the game. Is it to sell things? Is it to teach some-
thing? Is it to solve a problem? The game must then
be designed in such a way that its effectiveness can be
quantifiably measured. It is critical to start here. It may
be tempting to do this last, but the answer to this can
affect the entire architecture of the game so it is essen-
tial to start here.

If the game is to be used to improve sales skills, then
the design must include measurements to prove that
salespeople who played the game measurably understood
their trade better than those who did not participate.

If the game is meant to optimize strategy among a
group of participants, the results report must be able
to substantiate that the model created by the players is
better than one that has been Six Sigma—certified by a
consultant.

If the game is meant to teach physics to 6th graders,
results must show that they learned at least as well as
from traditional methods.

How an organization measures success may directly
affect the design of the game and the architecture of
the system. It may be helpful to do an “after-action”
review (i.e., to assess what players actually did during
the gameplay) in an automated fashion to facilitate real-
time insight.

Step 2: What is to be taught or conveyed?

Learning points should be documented in as much
detail as possible, as in the following examples:

e The car salesman’s 7 steps to a sale are . . .

e The best practice business model associated with a
disaster response scenario is . . .

4 Definitions of terms relevant to serious games are provided in a glos-
sary at the end of this article.
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Step 3: What kinds of puzzles or experiences are best
suited to the information or lesson to be conveyed?

Simpler puzzles can also be used to explain complex
systems such as molecular structures, as in the Foldit
example cited earlier.

This is the hardest step of the five, and unfortunately
few people realize just how hard it is. Most think they
could design a great game. But matching the right puzzle/
experience(s) to the learning points documented in
Step 2 is difficult. Someone who knows games inti-
mately and across genres should help with this step.

How an organization
measures success may
directly affect the design
of the game and the
architecture of the system.

Step 4: Based on the puzzles/experiences, what is the
right genre for the game?

Now that the basic design of the game has been
determined, what genre does it fall into? Is it a city sim-
ulation, first-person adventure, strategy game, simula-
tion-style game, pattern-matching game? Careful study
of “flow” (a mental state of operation in which the per-
son performing the activity is fully immersed in a feeling
of energized focus; Csikszentmihalyi 1996) in games for
entertainment in that genre can yield tips about how
to proceed.

City sims, turn-based, and real-time strategy games
have proven to be enormously powerful as genres to
help explain complex systems. City-building games
(city sims) are a genre of strategy computer game where
players act as the overall planner and leader of a city,
with responsibility for its growth and management. In
a turn-based strategy (TBS) game (usually a war game,
especially a strategic-level war game), players take turns,
as distinct from a real-time strategy game, in which all
players participate simultaneously.

Step 5: Knowing the genre and audience, what is the
right platform for the game?

[t is essential to know the intended audience well if
the game is to be effective. How long are participants
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likely to play? What will motivate them to play? Can
the game be standalone or does it need to be integrated
with other applications? Does the game need to be Web
playable? Mobile? Single or multiplayer? How often
does the game’s content need to be refreshed?

Once these questions are answered it is time to shop
around for the right platform and the right vendor to
help with development, if in-house expertise is not
available. It will be key to know whether the platform
is proprietary to the selected vendor. If it is, then future
updates will have to come from this vendor unless it
offers a “mod kit,” which allows noncoders to access and
modify surface components of the game (e.g., prices and
product descriptions in a sales game).

Choosing the Right Game Studio to Partner
With to Make a Serious Game

[t is important at the outset to get to know games and
know them well. The ability to speak the language of
games is essential to work with and gauge the efficacy of
the studio that will make the game.

The best way to learn about games is by playing them
across genres. The Game Developer’s Conference in
San Francisco, E3 (Electronic Entertainment Expo),
and the East Coast Game Conference in Raleigh, North
Carolina, are fantastic venues to learn about innovation
in entertainment games. Why start there instead of a
serious games summit? Because entertainment features
the newest and most innovative ideas and is most likely
to showcase examples of game play and techniques that
can be adapted for a serious gaming purpose.

Entertainment features the
most innovative ideas
that can be adapted for
serious gaming.

Younger employees tend to be enthusiastic volunteers
for help in this area. Their aptitude can be assessed by
asking them what their favorite games are and why,
especially if they play across genres and can critique
their favorite games well. Such employees can be very
useful resources in a new serious games program.

When trying to find the right game studio partner, I
recommend considering the following questions:
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1. Do they “get” games?@

Get the bios of the staff members who would work
on your serious games project. Are they full of e-learn-
ing and instructional designers and no one else? What
game engines do the staff have expertise with? Take a
look at the games they have developed. Do they look
engaging? Did the staff correctly match the right kind of
game experience to what they are trying to teach, or did
they instead create chocolate-covered broccoli—merely
creating an attractive cover (gaming) for the necessary
“nutrients” (the material to be learned)? Make sure the
people on your project have an understanding of good
game design. If they come from the entertainment gam-
ing industry, why did they leave? If they think a great
game is a multiple choice questionnaire, run toward the
exit sign.

2. Do they get serious games?

The team members will need to have enough breadth
to take a complex idea and make it accessible and engag-
ing to the participants. If all they know is entertainment
games, they may not have the skill set needed to work
with serious content. The team’s bios should reveal
whether the members have what it takes to understand,
for example, molecular biology well enough to design an
effective protein folding game.

3. What about the proximity of the vendor?

The Internet makes working virtually a lot easier,
but there will be times when it will be most helpful to
look over the designer’s shoulder—literally—during the
design process. The selected team must be able to under-
stand your vision for the game throughout the entire
development process.

4. What types of game genre does the vendor
specialize in2

Does the game studio specialize in the genre that
makes the most sense for your game? If you are making
a next-generation city sim game to explain water man-
agement, it doesn’t make sense to choose a studio that
specializes in first-person shooters.

Conclusion

Sophisticated information technology, abundant
human capabilities, a growing appreciation of engage-
ment, and the desire for discovery have created a foun-
dation for utilizing games to tackle intractable problems
and achieve big changes. But gaming requires more than
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business leaders interested in adding experience points
and digital merit badges to individuals who answer
the most emails. It requires an investment of time and
resources from a panoply of contributors—scientists,
researchers, visionaries, futurists, game designers, game
developers, game testers, gamers themselves, citizens,
media, political leaders, informed business leaders, art-
ists, science fiction writers, popular science writers,
universities, academia, lobbyists, and educators. The
gaming community has a responsibility to advocate for
games and provide educational opportunities; likewise,
business leaders have a responsibility to look beyond
stereotypes and learn what games have become—a
valuable tool for learning, communicating, and collabo-
rating around important goals.

When well designed, games can not only be extreme-
ly adept at explaining complex systems but also moti-
vate people to play using a wide variety of game design
tricks. These same tricks can also be used to motivate
and reward employees and partners who optimize the
core components of the underlying business.

It’s up to each organization to grasp just how pow-
erful serious games are—and make the most of them.
Game on!
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Glossary

architecture: how a game is designed

experience: the flow of the game, what the user encoun-
ters through gameplay

genre: a category of game (e.g., puzzle, role play, strategy)
platform: web-based, mobile, console, downloadable
executable
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The successful regeneration of tissue-to-tissue
interfaces through a bioinspired approach may enable

the translation of tissue engineering technologies from

bench to bedside.
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Tvo significant challenges in the field of tissue engineering are the simul-
taneous formation of multiple types of tissues and the functional assembly
of these tissues into complex organ systems (e.g., the skeletal, muscular, or
circulatory systems). These challenges are particularly important for orthope-
dic regenerative medicine, as musculoskeletal motion requires synchronized
interactions among many types of tissue and the seamless integration of bone
with soft tissues such as tendons, ligaments, or cartilage. These tissue-to-tissue
interfaces are ubiquitous in the body and exhibit a gradient of structural and
mechanical properties that serve a number of functions, from mediating load
transfer between two distinct types of tissue to sustaining the heterotypic cel-
lular communications required for interface function and homeostasis (Ben-
jamin et al. 1986; Lu and Jiang 2006; Woo et al. 1988). But these critical
junctions are prone to injury (from trauma or even exercise and daily activity)
and unfortunately do not regenerate after standard surgical repair, thus com-
promising graft stability and long-term clinical outcome (Friedman et al. 1985;
Lu and Jiang 2006; Robertson et al. 1986). Consequently, there is a need for
grafting systems that support biological fixation or integrative repair of soft tissues.

Background

Through a combination of cells, growth factors, and/or biomaterials, the
principles of tissue engineering (Langer and Vacanti 1993; Skalak 1988)
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4]

Tendon-bone interface
(e.g., rotator cuff)

transition

INTERFAC
Comparison:

All four interfaces are multitissue and possess

distinct tissue heterogeneity on a micron scale

2. Soft tissue-to-bone interfaces all have a calcified

3. Tendon-to-bone and ligament-to-bone interfaces
also have a non-calcified fibrocartilage interface

Fi

Ligament-bone interface
(e.g., anterior cruciate ligament)

FIGURE 1 Common orthopedic tissue-fo-tissue interfaces. Significant structural and compositional homology exists in the orthopedic fissue-to-fissue interfaces of the tendon-bone
(Benjamin and Ralphs 1998), muscle-tendon (Larkin et al. 2006), cartilage-bone (Hunziker et al. 2002), and ligament-bone junctions (Iwahashi et al. 2010). Regeneration
of these complex junctions is essential for infegrative soft tissue repair and treatment of massive, multitissue injuries. Tendon-to-bone inferface: AC = articular cartilage, B =
hone, CF = calcified fibrocartilage, CT = connective tissue, TM = tidemark, UF = uncalcified fibrocartilage. Cartilage-to-bone interface: BM = bone marrow space, (C = calcified

cartilage, R = radial zone, S = superficial zone, T = transitional zone.

have been readily applied to the formation of a variety
of connective tissues such as bone, cartilage, ligament,
and tendon both in vitro and in vivo. More recently,
emphasis has shifted from tissue formation to tissue
function (Butler et al. 2000), with a focus on impart-
ing biomimetic functionality to orthopedic grafts and
enabling their translation to the clinic.

But clinical translation remains elusive as researchers
seek to understand how to achieve biological fixation or
functional integration of tissue-engineered orthopedic
grafts—of bone, ligaments, or cartilage—with each oth-
er and/or with the host environment. The challenge is
rooted in the complexity of the musculoskeletal system
and the structural intricacy of both hard and soft tissues.
These tissues, each with a distinct cellular population,
must operate in unison to facilitate physiologic function

and maintain tissue homeostasis. It is thus not surpris-
ing that the transition between various tissue types is
characterized by a high level of heterogeneous structural
organization that is crucial for joint function.

As shown in Figure 1, ligaments and tendons with
direct insertions into bone exhibit a multitissue transi-
tion consisting of three distinct but continuous regions
of ligament, fibrocartilage, and bone (Benjamin et al.
1986; Cooper and Misol 1970; Wang et al. 2006). The
fibrocartilage interface is further divided into noncalci-
fied and calcified regions. In light of this complexity,
effective tissue engineering must incorporate strategic
biomimicry or the prioritization of design parameters in
order to regenerate the intricate tissue-to-tissue inter-
face and ultimately enable seamless graft integration
and functional repair.



42

Mechanisms of Interface Regeneration

The mechanisms underlying the formation, repair, and
maintenance of tissue-to-tissue boundaries are not well
understood. In particular, it is not known how distinct
boundaries between different types of connective tissues
are reestablished after injury. It is likely that mechanical
loading (Killian et al. 2012) as well as chemical and bio-
logical factors play a role in this complex process.

It has long been observed that when tendon is resu-
tured to its original attachment site, cellular organi-
zation resembling that of the native insertion occurs
in vivo (Fujioka et al. 1998). Investigators have also
reported that, although healing after ligament recon-
struction does not lead to the reestablishment of the
native insertion, a layer of interface-like tissue forms
in the bone tunnel (Blickenstaff et al. 1997; Grana et
al. 1994; Rodeo et al. 1993). These observations sug-
gest that when trauma or surgical intervention results
in nonphysiologic exposure of normally segregated tis-
sue types (e.g., bone or ligament), interactions between
the resident cell populations (e.g., osteoblasts in bone,
fibroblasts in tendon, stem cells/progenitor cells in both
tissues) are critical for initiating and directing the repair
response that leads to reestablishment of a fibrocartilage
interface between soft tissue and bone.

Effective tissue engineering
must incorporate strategic
biomimicry to enable
seamless graft integration
and functional repair.

Specifically, it has been hypothesized that osteoblast-
fibroblast interactions mediate interface regeneration
through heterotypic cellular interactions that can lead
to phenotypic changes or transdifferentiation of osteo-
blasts and/or fibroblasts (Lu and Jiang 2006). Moreover,
these interactions may induce the differentiation of
stem cells or resident progenitor cells into fibrochon-
drocytes and thereby promote the regeneration of the
fibrocartilage interface. This hypothesis has been vali-
dated using coculture and triculture models of interface-
relevant cell populations (Jiang et al. 2005; Wang et al.
2007), models that offer simple and elegant methods to
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systematically investigate cell-cell interactions (Bhatia
et al. 1999; Hammoudi et al. 2010).

When ligament fibroblasts and osteoblasts were
cocultured using a model permitting both physical con-
tact and cellular interactions, it was observed that these
controlled interactions altered cell growth and upregu-
lated the expression of interface-related matrix markers.
These cellular interactions have a downstream effect,
either inducing cell transdifferentiation or causing the
recruitment and differentiation of progenitor or stem
cells for fibrocartilage formation. When this hypoth-
esis was tested in triculture, it was noted that under the
influence of osteoblast-fibroblast interactions, stem cells
from the bone marrow began to differentiate toward a
chondrocyte-like phenotype, producing a matrix similar
in composition to that of the interface.

These intriguing findings suggest that heterotypic
cellular communications play a regulatory role in the
induction of interface-specific markers in progenitor or
stem cells, and demonstrate the effects of these inter-
actions in regulating the maintenance of soft tissue-to-
bone junctions. The nature of the regulatory cytokines
secreted and the mechanisms underlying these interac-
tions are not known, but cell communication is likely
to be significant for interface regeneration as well as
homeostasis. Therefore the optimal interface scaffold
must promote interactions between the relevant cell
populations residing in each interface region.

Interface Structure-Function Relationship and
Design Inspiration

From a structure-function perspective, the complex
multitissue organization of the soft tissue-to-bone junc-
tion is optimized to sustain both tensile and compressive
stresses experienced at the ligament-to-bone junc-
tion. Numerous characterization studies (Benjamin et
al. 1986; Bullough and Jagannath 1983; Matyas et al.
1995; Moffat et al. 2008; Oegema and Thompson 1992;
Ralphs et al. 1998; Spalazzi et al. 2004; Thomopoulos
et al. 2003; Woo et al. 1988) have revealed remarkable
organizational similarities among many tissue-to-tissue
interfaces (Figure 1). They often consist of a multitissue,
multicell transition and exhibit a controlled distribu-
tion of mineral content that, along with other structural
parameters such as collagen fiber organization, results
in a gradient of mechanical properties progressing from
soft tissue to bone.

Direct measurement of interface mechanical prop-
erties has been difficult due to the complexity and
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relatively small scale of the interface, generally ranging
from 100 um to 1 mm in length. Instead, knowledge of
insertion material properties has been largely derived
from theoretical models.

Moffat and colleagues (2008) recently performed the
first experimental determination of the compressive
mechanical properties of the anterior cruciate ligament
(ACL)-bone interface in a neonatal bovine model.
They evaluated the incremental displacement field
of the fibrocartilage tissue under the applied uniaxial
strain by coupling microcompression with optimized
digital image correlation analysis of pre- and postload-
ing images. Deformation decreased gradually from the
fibrocartilage interface to bone, and these changes
were accompanied by a gradual increase in compres-
sive modulus. The interface also exhibited a region-
dependent decrease in strain, and a significantly higher
elastic modulus was found for the mineralized fibrocar-
tilage compared to the nonmineralized region. These
region-specific mechanical properties enable a gradual
transition rather than a sudden increase in tissue strain
across the insertion, thereby minimizing the formation
of stress concentrations and enabling load transfer from
soft to hard tissues.

Given the structure-function dependence inher-
ent in the biological system, these regional changes in
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mechanical properties are likely correlated to matrix
organization and composition across the interface.
Partition of the fibrocartilage interface into nonminer-
alized and mineralized regions likely has a functional
significance, as increases in matrix mineral content
have been associated with higher mechanical proper-
ties in connective tissues.

Evaluation of the insertion site using Fourier trans-
form infrared imaging (Spalazzi et al. 2007) and X-ray
analysis revealed an increase in calcium and phospho-
rous content progressing from ligament to interface
and then to bone. A narrow exponential transition in
mineral content, instead of a linear gradient of min-
eral distribution, was detected progressing from the
nonmineralized to the mineralized interface regions.
Moreover, the increase in elastic modulus progress-
ing from the mineralized to the nonmineralized fibro-
cartilage interface region was shown to be positively
correlated (Moffat et al. 2008) with the presence of
calcium phosphate.

These observations have yielded invaluable clues
for the design of biomimetic scaffolds for engineer-
ing tissue-to-tissue interface. Specifically, a stratified
or multiphased scaffold will be essential for recaptur-
ing the multitissue organization observed at the soft
tissue-to-bone interface. To minimize the formation

Ligament

A Multitissue B Regional C Biomimetic D Multicell E Multitissue
native collagen multiphased culture formation
distribution scaffold in vivo

FIGURE 2 Bioinspired stratified scaffold design for interface tissue engineering and integrative soft tissue repair. This figure appears in color in the online posting of this article

at www.nae.edu/publications /bridge.aspx.
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of stress concentrations, the scaffold should exhibit
phase-specific structural and mechanical properties,
with a gradual increase in the latter across the scaf-
fold phases. Spatial control of mineral distribution on
a stratified scaffold can impart controlled mechanical
heterogeneity similar to that of the native interface.
Compared to a homogeneous structure, a scaffold with
predesigned, tissue-specific matrix inhomogeneity can
better sustain and transmit the distribution of complex
loads inherent at the multitissue interface.

[t is important to bear in mind that the phases of a
stratified scaffold must be interconnected and preinte-
grated with each other, to ensure the formation of com-
positionally distinct yet structurally contiguous multitissue
regions. Furthermore, interactions between interface-
relevant cells serve important functions in the for-
mation, maintenance, and repair of interfacial tissue.
Therefore, precise control over the spatial distribution
of these cell populations is also critical for multitissue
formation and interface regeneration. Consideration of
these biomimetic parameters should guide and optimize
the design of stratified scaffolds for promoting the for-
mation and maintenance of controlled matrix heteroge-
neity and interface regeneration.

Functional and integrative
repair may be achieved
by coupling both cell- and
scaffold-based approaches.

Bioinspired Scaffold Design for Interface Tissue
Engineering

Inspired by the native ACL-to-bone interface, Spalazzi
and colleagues (2006, 2008) pioneered the design of
a triphasic scaffold (Figure 2C) for the regeneration
of this challenging interface. The scaffold’s three con-
tinuous phases are each engineered for a specific tissue
region of the interface: Phase A is a polymer fiber mesh
for fibroblast culture and soft tissue formation, Phase
B consists of polymer microspheres and is designed for
fibrochondrocyte culture, and Phase C is composed of
sintered polymer-ceramic composite microspheres for
bone formation (Lu et al. 2003). The innovative design
is in essence a single scaffold system with three compo-
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sitionally distinct yet structurally continuous phases, all
designed to support the formation of multitissue regions
across the ligament-bone junction.

To form the ligament, interface, and bone regions,
fibroblasts, chondrocytes, and osteoblasts were seeded
onto Phases A, B, and C, respectively. Interactions
between these cell types on the stratified scaffold were
evaluated both in vitro (Spalazzi et al. 2008) and in vivo
(Spalazzi et al. 2006). Extensive tissue infiltration and
abundant matrix deposition were observed, with tissue
continuity maintained across scaffold phases. Interest-
ingly, matrix production compensated for the decrease
in mechanical properties that accompanied scaffold
degradation, and three continuous regions of ligament,
interface, and bone-like matrix were formed in vivo
(Figure 2E).

In addition to stratified scaffolds, there is tremendous
interest in designing scaffolds with a gradient of proper-
ties—that is, with a relatively gradual and continuous
transition in either composition or structural organiza-
tion, resulting in a linear gradient in mechanical prop-
erties (Chatterjee et al. 2011; Harris et al. 2006; Seidi
et al. 2011; Singh et al. 2008). These novel scaffolds
with either a compositional (Erisken et al. 2008; Li et
al. 2009) or chemical factor (Phillips et al. 2008; Singh
et al. 2010) gradient offer direct regional control and
allow for scaffold heterogeneity that mimics the com-
plex native interface. They may thus address the need to
recapitulate the complex transition of mechanical and
chemical properties that are characteristic of tissue-to-
tissue junctions.

Design challenges in engineering biomimetic gradi-
ents revolve around scale—how best to recapitulate the
micro- to nanoscale gradients that have been reported
at the tissue-to-tissue interface. The stratified scaffold
approach may represent a simpler strategy, whereby a
gradation of key compositional and functional proper-
ties is preestablished by focusing on forming specific tis-
sue regions of interest and preintegrating them through
stratified design. In any case, it is necessary to adopt
strategic biomimicry in functional interface scaffold
design and to prioritize design parameters for interface
regeneration based on the type of interface to be regen-
erated, the type and severity of injury, and the patient’s
age and overall health.

In addition to scaffold design, it is expected that cel-
lular contributions will play a pivotal role in mediating
the regeneration and homeostasis of the gradation of
compositional and mechanical properties at the inter-
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face. For example, Ma and colleagues (2009) used cell
self-assembly to form bone-ligament-bone constructs
by culturing engineered bone segments to ligament
monolayers. Paxton and colleagues (2009) also reported
promising results when evaluating the use of a polymer
ceramic composite and RGD peptide to engineer func-
tional ligament-to-bone attachments.

Summary and Future Directions

The biomimetic interface tissue engineering approach
described in this paper is rooted in an in-depth under-
standing of the inherent structure-function relationship
at the tissue-to-tissue interface. The studies discussed
indicate that controlling cellular response via coculture,
triculture, or growth factor distribution on multiphased
scaffolds is a critical emerging strategy to enable the
development of local gradients on a physiologically rel-
evant scale.

Many soft tissues connect to bone through a multi-
tissue interface populated by multiple cell types that
minimize the formation of stress concentrations while
enabling load transfer between soft and hard tissues. In
the event of injury or other disruption, reestablishment
of tissue-to-tissue interfaces is critical for the formation
of multitissue systems and the promotion of integrative
tissue repair.

Investigations into the mechanism of interface
regeneration have revealed the role of mechanical
loading as well as heterotypic cellular interactions in
directing the formation, repair, and maintenance of
the tissue-to-tissue interface. Moreover, functional and
integrative repair may be achieved by coupling both
cell- and scaffold-based approaches. The vast potential
of stratified scaffold systems is evident as (1) they are
designed to support multitissue regeneration by mediat-
ing heterotypic cellular interactions and (2) they can
be further refined by incorporating well-controlled
compositional and growth factor gradients as well as
the use of biochemical and biomechanical stimulation
to encourage tissue growth and maturation.

Interface tissue engineering will be instrumental for
the ex vivo development and in vivo regeneration of
integrated musculoskeletal tissue systems with biomi-
metic functionality. Yet there remain a number of chal-
lenges in this exciting area. These include the need for
a better understanding of the structure-function rela-
tionship at the native tissue-to-tissue interface and of
the mechanisms that govern interface development
and regeneration. Furthermore, the in vivo host envi-
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ronment and the precise effects of biological, chemi-
cal, and physical stimulation on interface regeneration
must be thoroughly evaluated to enable the formation
and homeostasis of the new interface. Physiologically
relevant in vivo models are needed to determine the clini-
cal potential of designed scaffolds.

The successful regeneration of tissue-to-tissue inter-
faces through a bioinspired approach may promote
integrative and functional tissue repair and enable the
clinical translation of tissue engineering technologies
from bench to bedside. Moreover, by bridging distinct
types of tissue, interface tissue engineering will be
instrumental for the development of integrated mus-
culoskeletal organ systems with biomimetic complexity
and functionality.
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Engineered 3D tissue systems can better mimic human
biology and thus meet the growing need for more

effective in vitro models.
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The scientific method—hypothesis-driven design and execution of an
experiment—is great . . . except when it could kill you (or me). That’s
why, for example, there are extensive legal requirements to investigate new
pharmaceutical agents using proxies before testing drug toxicity in a human
clinical trial. The US Food and Drug Administration requires a combination
of nonliving techniques (biochemical assays and in silico analysis), in wvitro
models (i.e., cell culture), and animal studies before new compounds may be
administered to humans.

Although pharmaceutical and regulatory industries are doing the best
they can in the current paradigm, to be blunt it’s not going very well.
According to recent publications, of all drugs that enter clinical trials,
only 12% are eventually approved for use in humans (Paul et al. 2010). In
other words, despite best efforts to predict those drug candidates’ efficacy
and toxicity during preclinical testing, 88% of them fail—usually in terms
of their lack of efficacy or unacceptable toxicity—when put to the test
in humans.

A new paradigm is needed! And the biggest opportunity lies in cell
culture, which typically is still done in a Petri dish (or its derivative,
the multiwell plate). This ubiquitous scientific container, first described
well over a hundred years ago in the late 19th century (Petri 1887),
was already commonplace when cells were first widely cultured in the
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mid-20th century and remains the standard of cell
culture today.

The vast majority of human cell types are adhesion
dependent, and after fluid transfer to a Petri dish or well
plate they attach to the bottom. Once attached, they
normally proliferate and cover the entire bottom surface
without stacking, forming a confluent, flat monolayer
(shorthanded as “2D” cell culture). As evidenced by
usage patterns, normal limitations of this experimental
mode (the environment is static, diffusion is passive,
constant evaporation alters solute concentrations, fre-
quent media changes are necessary, cell numbers plateau
at confluence, the cell experiences stimuli largely unre-
lated to those it experiences in vivo) are viewed as less
important than benefits (cells grow well, the approach
is cost effective, 2D planes are easily imaged with inex-
pensive microscopes, existing body of data is 2D, grant-
ing agencies still fund it, and the method enables high
throughput).

Yet, as I put it in a recent talk to a group of high
school STEM whiz kids, “Your Petri Dish Is So 1887.”

Significance

Few people ask (and fewer answer) these basic ques-
tions: Do the results of Petri dish—type cell culture
experimentation mean anything? Are they at all rel-
evant to the intent of the experiment, which in most
cases is to model a process that occurs in the human
body? Although the assumption is “yes,” in an increas-
ing number of demonstrated cases the answer to these
important questions is actually “no.”

A quantitative way to measure the “behavior” of a
cell in culture is its gene expression. In a beautiful dem-
onstration that answers the questions above, a compari-
son was made of key gene expression profiles of primary
human cancers with comparative immortalized epithe-
lial cells in 2D (Ridky et al. 2010). Tellingly, the cor-
relation coefficient between the two datasets was 0.0.
But there are much easier and cheaper ways to obtain
datasets with exactly zero correlation to the behavior
one is trying to characterize than to conduct 2D cell
culture experiments!

The tremendous opportunity for improvement lies in
the fact that cells are living organisms and can respond
dynamically to local stimuli provided by and in their
environment. The solution is to provide a different envi-
ronment with more of the “right” physical, mechanical, and
biochemical stimuli. Developments that address this chal-
lenge will affect much more than in vitro modeling of in
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vivo physiology. Aside from the desire to model human
beings and the need to minimize the very serious con-
sequences of the scientific method for certain kinds of
questions, better in vitro systems have enormous impli-
cations as both manufacturing methods for implants
(e.g., in tissue engineering and regenerative medicine)
and as process steps for cell therapy.

Better in vitro systems have
enormous implications as
manufacturing methods for
tissue-engineered implants
and as process steps
for cell therapy.

Engineering Cell Shape Through Material
Interaction

As a living entity, each cell has the potential to sense
and respond to physical stimulus at each point in all
its transecting planes—i.e., its entire surface in three
dimensions.

When an adhesion-dependent cell is presented with
a flat surface to which it can favorably attach, it tends to
maximize its adhesion and adopts a primarily flat mor-
phology. Cells in a 2D paradigm tie up approximately
50% of this interaction capacity with the bottom sur-
face of the well plate, approximately 50% with the lig-
uid environment above the flat cell, and a very small
amount in lateral cell-cell interactions.

The fundamental value proposition of “3D” cell cul-
ture is to provide a microenvironment in which the
potential for physical interaction is distributed in a bio-
logically relevant fashion across the entire surface of the
cell. This is normally achieved by culturing cells in a
scaffold or matrix material, which can span gels, fibers,
or porous solids, among others. Cells in a 3D culture
matrix adopt a more complex morphology (e.g., roughly
ellipsoid) that is typically much closer to their morphol-
ogy in their native state—that of a cell in tissue in a
living organism.

Does this matter? Again relying on gene expression as
a way to measure cell behavior, researchers have docu-
mented significant changes in gene expression profiles
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FIGURE T (Left) Immunofluorescent images and fluorescent heatmaps of cells in flower (top) and star (hottom) shapes, demonstrating differential cell response to nuanced
physical constraints that influence the differentiation pathway. Reprinted with permission from Kilian et al. (2010). (Right) Schematic representation of focal adhesion visualiza-
tion (stars on cell surface) in live HT-1080 cells cultured af increasing distances (a-d) from the dish bottom, characterizing edge effect in 3D matrix. Reprinted with permission
from Fraley et al. (2017). This figure appears in color in the online posting of this arficle af www.nae.edu/publications /bridge.aspx.

(recently genomewide) of multiple cell types as a result
of 3D relative to 2D cell culture conditions. These
changes have been shown to be associated with key bio-
logical processes such as tissue development, cell adhe-
sion, immune system activation, and defense response
(e.g., Zschenker et al. 2012). Thus, cell morphology is
fundamentally deterministic of some important aspects
such as cell behavior, signal transduction, protein-pro-
tein interaction, and responsiveness to external stimuli.
Gene expression profiles in 3D are also shown to have
much more relevance to those measured in vivo (Birg-
ersdotter et al. 2005; Martin et al. 2008).

In addition to the value of a 3D microenvironment
that more effectively models in vivo realities, this form-
function relationship is also subject to manipulation
toward less “natural” ends. Stem cells’ differentiation
pathway has historically been controlled by soluble fac-
tor interactions, either from a second “feeder” layer cell
type or as a result of soluble factors added to the cells’
media. Surprisingly, forcing a cell into a particular shape
(e.g., the stars and flowers shown in Figure 1) by physi-
cal confinement can also affect its differentiation path-
way even in the absence of soluble factor manipulation
(Kilian et al. 2010).

Unfortunately, effectively engineering the 3D
microenvironment is not as simple as providing physi-
cal interactions in three dimensions. Topography and
mechanical stiffness are among biophysical cues in a
3D context that affect cell function. This is proven via
either the addition of 3D topography (e.g., grooves, pil-
lars, posts, pyramids, pits) to an otherwise flat surface
via microfabrication techniques (wherein the cell is cul-
tured on the material) or the incorporation of controlled
topography internally and culturing of the cell in the
material (Nikkhah et al. 2012). Topography can also
induce effects that determine stem cell differentiation
pathways (Kumar et al. 2012).

Mechanical stiffness affects cell behavior and func-
tion, as exemplified by the presence of an “edge effect”
in 3D gel scaffolds. Fraley and colleagues (2011)
characterized focal adhesions of cells embedded in a
3D collagen gel and reported that tension in the gel
decreased with increasing distance from the container
surface. Cellular focal adhesions, associated with each
cell’s cytoskeletal structure, decreased as well. As
shown in Figure 1, the authors were able to loosely
qualify 2D (cell on surface), 2.5D (cell partially on sur-
face), “3D near” (cell within 250 pym of surface), and


http://www.nae.edu/publications/bridge.aspx

WINTER 2012

“3D far” regions based on the number of focal adhe-
sions per cell.

Just how “3D” an environment is has very important
implications for applications other than modeling. In a
recent paper with profound ramifications for cell thera-
py, investigators demonstrated that a complex response
(immunomodulation, e.g., the recruitment of mono-
cytes to an inflamed endothelial monolayer) of cells in
3D was reduced fivefold compared to the same cells on
2D surfaces (Indolfi et al. 2012). The authors observed
that the 3D cells had markedly altered cytoskeletal
structure with rearranged focal adhesion proteins.

Engineering the Soluble Environment

In addition to the interaction of a given cell with
the materials and other cells surrounding it, the soluble
environment has a considerable effect on cell behavior.
At the most basic level, it is through the soluble envi-
ronment that cells receive nutrients and perform basic
functions such as respiration and waste elimination.
Interference with these basic needs over time compro-
mises the viability of the cell culture. Cells cultured on
a 2D surface have nearly 50% of their surface area intet-
acting with the soluble environment and simple, passive
diffusion is usually more than sufficient to enable these
processes. With frequent media changes to compensate
for evaporation, depletion of nutrients, and generation
of wastes, compromised viability of 2D cell cultures due
to insufficient soluble environment interaction is rarely
a concern.

However, inherent in soluble environment interac-
tions and the frequent replacement of cell media is a
cyclic change in the media pH and a “feast to famine”
dynamic with respect to nutrient access. Media pH in
typical 2D cell culture decreases over time (Wu and Kuo
2011) and differing pH levels have been shown to affect
cell function (Wu et al. 2007). The removal of “spent”
media, containing relatively fewer nutrients and more
waste, also removes nonwaste excretions (e.g., pro-
teins), an environmental change that may be directly
related to the observable phenomenon that confluent
cells in 2D culture do not typically stack but occur as
monolayers. In one experiment, researchers began with
cells in a typical 2D culture environment and, using a
specialized bioreactor that allowed nutrient and waste
exchange but preserved insoluble extracellular matrix
secretions, created mineralizing, collagenous tissue up
to 150 um thick with as many as 6 cell layers (Dhurjati
et al. 2006).
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Depending on the density of both the 3D matrix
and other cells, a particular cell’s soluble environment
interactions can be severely compromised and result in
muted function or eventually cell necrosis, particularly
in the middle of the construct. The window for effec-
tive density management is significantly smaller if the
in vitro model relies only on the passive diffusion that
occurs with use of 3D scaffolds in static multiwell plates.
The use of perfusion culture systems or bioreactors can
minimize or alleviate the deleterious effects and stabilize
the soluble environment by avoiding feast-to-famine
changes in nutrient availability and maintaining pH.
Compared with static conditions, perfusion cell culture
has been shown to affect culture morphology and orga-
nization (Tomei et al. 2009), increase key enzyme activ-
ity (Goldstein et al. 2001), increase mineral deposition
and production of protein and cytokines (Gomes et al.
2003; Mercille and Massie 1999), increase cell pen-
etration into and distribution throughout the scaffold
(Cimetta et al. 2007; Goldstein et al. 2001; Gomes et
al. 2003), increase cell viability especially at the center
of cell-scaffold constructs (Cimetta et al. 2007; Mercille
et al. 1999), and thus extend the effective duration of
the culture experiment.

Gene expression profiles in
3D are shown to have much
more relevance to those
measured in vivo.

Incorporating Biological Systems Effects with
Multiple Cell Types

Consideration of a particular cell’s interactions
with other cells is essential to increasing the corre-
lation of its in vitro functions and behavior to an in
vivo organism. These interactions can take the form of
direct cell-to-cell contact or of soluble factor interac-
tions mediated by the environment. Human biology
relies on both modes of interaction. Culture-based
intercellular interactions among cells of the same type
(monocultures) in 3D have been implicitly included in
the discussions above, and are at least partially respon-
sible for the morphological changes and functional
benefits described.
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A second type of intercellular interaction can be
modeled via coculture of different types of cells, which
can occur in the same culture chamber and create direct
cell-to-cell contacts (a mixed coculture) or in multiple,
separate chambers with a connected soluble environ-
ment through the exchange of soluble factors (a seg-
regated coculture). A coculture and the multicellular
biological feedback loop it represents are necessary to
reproduce many complex in vivo effects, which is not
surprising given the many interacting physiological sys-
tems that combine to result in complex human biology.

Coculture provides yet another opportunity to engi-
neer greater relevance into an in vitro model. As previ-
ously described, stem cell differentiation pathways are
one of the best known multiple cell type interactions,
whereby the differentiation of stem cell “A” is directed
(or suppressed) by the presence of soluble factors from
cell “B.” Rivaling and perhaps surpassing stem cell
cocultures for scientific activity are cancer cocultures,
particularly cancer-stroma cocultures: it is increasingly
being demonstrated that the incorporation of a second
cell type materially affects cancer cells in culture (Kho-
darev et al. 2003) and boosts their relevance to the in
vivo pathology (Chung et al. 2005; Mahadevan and Von
Hoff 2007).

Layering Complexity

Incorporation of any of these themes—3D matrix
microenvironment, actively stabilized soluble environ-
ment, mixed and segregated cocultures—in an in vitro
system represents an increase in complexity compared to
standard 2D cell culture. Increased complexity is often
associated with increased cost and time and decreased
efficiency (often measured by throughput). These
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negative consequences are perhaps the largest reason
these promising innovations have not achieved the wide
use and rapid commercial uptake initially expected. Yet,
in the absence of their purposed integration into drug
delivery processes, correlation of in vitro models to in
wvivo results is poor, 88% of drug candidates fail in clini-
cal trials, and each successful drug costs approximately
$1 billion to develop and launch (Deloitte 2011).

There are nonetheless strong indications of progress
toward a new era of in vitro models. With biologically
derived gel matrices having led the way, there are now
many commercially available scaffolds specifically mar-
keted for 3D cell culture. Commonly used in multiwell
plates to maintain throughput (but simultaneously lim-
ited by their static format), these scaffolds are primed
for layering the additional complexities of a stabilized,
actively perfused soluble environment and for the clev-
er use of coculture, potentially with multiple matrices
matched to cell type.

Basic segregated coculture has become widespread
through the use of inserts fitted into the wells of mul-
tiwell plates and more recently through mixed but
spatially controlled cocultures made possible by 2D
microfabrication techniques. Limitations of the first
iterations of these innovations include the static nature
of multiwell plate culture and (for inserts) a limited
range of materials suitable as membranes, but they have
established important baselines that will be expanded
with the integration of more and better 3D physical and
soluble microenvironments.

Finally, early bioreactor systems have demonstrated
the clear benefits of perfusion, but their adoption is
hampered by high costs per experiment, a requirement
for atypical cell culture equipment, and low throughput.

FIGURE 2 Examples of microfluidics (left, printed with permission from the Wyss Institute) and mesofluidics (right, KIYATEC Inc.) “layered complexity” in vitro systems. Both
are perfusion based and incorporate 3D microenvironments and coculture interactions, but they differ in scale, manufacturing techniques, potential applications for cell-scaffold
constructs, cost, and throughput. These images appear in color in the online posting of this article at www.nae.edu/publications/bridge.aspx.
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Microfluidic and Mesofluidic Approaches

These first examples of successfully integrating a
single innovation theme that acceptably increases
complexity (i.e., is worth the tradeoff) have laid the
foundation for “layered complexity” approaches that
may break new ground in adoption and use. In the
United States, recent National Institutes of Health
(NIH) and Defense Advanced Research Projects
Agency (DARPA) grant solicitations themed around
modeling three and ten (respectively) interacting phys-
iological systems were awarded to microfluidics “lab-
on-a-chip” submissions (Figure 2, left).

The microfluidics approach embraces perfusion sys-
tems at a micrometer scale (the scale of the cells them-
selves), while layering the complexity of cocultures at
various points in the fluidic channels. Benefits include
a smaller footprint for the culture chamber device,
reduced flow circuit volumes, and the use of micro-
manufacturing techniques for device manufacturing.
This approach has most effectively been demonstrated
when modeling flat biological barrier models (e.g., gut,
lung luminal interfaces) where perfusion takes the form
of laminar-type flow over a dense, flat, cell-membrane
construct. Technical challenges can include the inabil-
ity to load and recover scaffolds, “edge effects” of soft
matrices, management of cell/matrix density over time
in gel matrices, and successful maintenance of constant
flow in channels with small dimensions.

Another approach that successfully achieves the
desired layered complexity may be thought of as “meso-
fluidic,” with culture chamber dimensions on the scale
of millimeters rather than micrometers (Figure 2, right).
In contrast to microfluidics, this approach has focused
on modeling tissues rather than barriers, and perfusion
can take the form of interstitial-type flow through a 3D
cell-scaffold construct.

The mesofluidic approach inherits the benefits of
more traditional bioreactors, including the highest cell
viability over time, best potential to model complexity,
and broadest incorporation and recovery of diverse 3D
scaffold materials, the latter being an important bridge
to biomanufacturing applications such as regenera-
tive medicine, tissue engineering, and some forms of
cell therapy. Layered complexity is achieved through
inherent accommodation of both mixed and segregated
cocultures and more controlled management of the sol-
uble environment through active perfusion. Although
cost may be mitigated to the extent that these small-
er bioreactor systems can leverage the existing cost
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structure for 2D cell culture processes,! lower through-
put in mesofluidic systems remains a tradeoff.

Impacts of Economic and Social Factors

Nontechnical factors are aligning with the emergence
of layered-complexity technological approaches. The
economic and political environments have changed
such that there is an increased focus on the societal
value derived from the expenditure of granting agen-
cies’ (and ultimately the public’s) research monies. It is
becoming less acceptable to fund or conduct research
that can be demonstrated to have a low, or zero, corre-
lation to the biology being modeled when alternatives
with higher correlation exist, even though they are
more complex. Funding agencies are increasingly sup-
portive of initiatives that mandate the incorporation of
layered complexities.

Funding agencies increasingly
support initiatives that
mandate the incorporation of
layered complexities.

Contractions in the global pharmaceutical indus-
try have resulted in emphasis on new approaches that
both drive down development costs and point toward
new understanding of complex biology (and new tar-
gets, mechanisms, and pathways). Successful regenera-
tive medicine and cell therapy business models have
emerged, heightening the demand for improved in vitro
manufacturing and quality control processes compliant
with Current Good Manufacturing Processes (cGMP).
And finally, increasing societal interest (particularly in
the European Union) is also driving broader and faster
adoption of more complex in vitro models and tech-
niques that show promise for refining, reducing, and
replacing the use of animals.

Conclusions

Perception of the value of in vitro models is slowly
changing to both embrace the need for more relevance

! This cost structure encompasses the costs of commoditized supplies,
equipment, instruments, and general infrastructure of traditional cell
culture methods.
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Evolving Paradigm Through which the Value of In Vitro Models Is Perceived

Traditional Paradigm

New Paradigm

2D static monolayer cell More complex cell culture:

2D static monolayer cell Layered complexity cell

culture 3D or perfusion or coculture culture culture (e.g., 3D perfused
coculture)
e High throughput * lower throughput e Higher throughput but e Higher relevance but
lower relevance lower throughput
* Acute cost minimization e Costs more than 2D e Cost and value of data e Overall cost reduction
both matter potential
e Synch with past data e Past data disconnect e Oversimplified * Managed complexity

e Convenience Interesting but impractical

e Use when can get away  ® Use when value justifies
with cost

NET EFFECT: Very heavy reliance on 2D static monolayer
methods with emphasis on throughput and acute cost
minimization.

NET EFFECT: Balanced approach that recognizes
throughput/relevance tradeoffs and integrates both
options. Ultimately reduces overall costs by decreasing
late-stage failures (drugs) and/or increasing performance
(cell therapy, regenerative medicine).

and accept the tradeoffs of lower throughput and
increased complexity (Table 1). This change is driven
by multiple, related dynamics: (1) scientific literature
demonstrating the increased relevance of more complex
(e.g., 3D, perfused, coculture) cell cultures to in vivo
biology, especially that of humans, compared to the low
relevance of 2D monolayer cultures; (2) the increasing
adoption of approaches incorporating single-factor com-
plexity (e.g., 3D environment only), albeit for a limited
number of applications; (3) the emergence of “layered
complexity”’—type approaches whose combined dynam-
ics have begun to enable the modeling of organism-level
interactions, with potentially broad application; (4) the
unfavorable failure rate and high costs of clinical trials
for the pharmaceutical industry, especially given the
dearth of new blockbuster drugs; (5) the emergence of
viable business models in related industries (regenera-
tive medicine, cell therapy) that require and can coopt
cell culture innovation for cell maturation and process-
ing; and (6) aligned nontechnical trends, including
increased emphasis on funding clearly relevant research
and on further refining, reducing, and replacing the use
of animals.

The combination of these factors results in unprec-
edented opportunity and provides the required founda-
tion to usher in a new era of better in vitro models. As
they are implemented, these models will significantly
advance understanding of human physiology while

simultaneously translating to substantial health and
cost benefits.

Financial Disclosure

Dr. Gevaert is the CEO of, and owns stock in,
KIYATEC Inc., a company focused on in vitro models
with higher correlation to in vivo results via convenient
and cost-effective perfused 3D cell-based assays.
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NAE Newsmakers

B. Jayant Baliga, director, Power
Semiconductor Research Center,
North Carolina State University,
has received the 2012 North Caro-
lina Award for Science, the state’s
highest civilian honor, sometimes
called the “Nobel Prize of North
Carolina.” The award was presented
on October 30 at the North Caro-
lina Museum of History in Raleigh.
Dr. Baliga is recognized for his
groundbreaking work in electron-
ics engineering and is included
among the “Eight Heroes of the
Semiconductor Revolution” by
Scientific American. While working
for General Electric he invented,
developed, and commercialized
the insulated gate bipolar transistor
(IGBT), a device used in consumer,
electrical, medical, renewable, and
other products. His work has saved
consumers more than $15 trillion
and now helps form the basis for the
emerging smart grid.

Pradman P. Kaul, president and
CEQO, Hughes Communications
Inc., has been honored with the
first-ever Lifetime Achievement
Award at the COMSYS VSAT2012
Annual Global Industry Confer-
ence, presented on September 12,
2012, at the Lancaster London
Hotel, UK. The award recognizes
Mr. Kaul’s significant contributions
and dedication to the industry over
a career spanning four decades.

Cato T. Laurencin, University
Professor, Albert and Wilda Van
Dusen Distinguished Professor of
Orthopaedic Surgery, Professor of
Chemical, Materials, and Biomo-
lecular Engineering, and CEO,

Connecticut Institute for Clini-
cal and Translational Science, and
director, Institute for Regenerative
Engineering, University of Con-
necticut, was recently recognized by
the Connecticut General Assem-
bly. An official citation signed by
legislative leaders and Secretary of
the State Denise Merrill thanks Dr.
Laurencin for his many contribu-
tions to the state during his time as
University of Connecticut Health
Center vice president for health
affairs and dean of the University
of Connecticut and for his endur-
ing leadership in bioscience inno-
vations and research.

Asad M. Madni, retired presi-
dent, chief operating officer, and
CTO of BEI Technologies Inc., and
independent consultant, has been
selected to receive the 2012 TIEEE
Aerospace and Electronic Systems
Society’s Pioneer Award for his
groundbreaking contributions and
accomplishments that have stood
the test of time. Dr. Madni’s award
citation reads “for seminal and pio-
neering contributions to the devel-
opment and commercialization of
aerospace and electronic systems.”
The Pioneer Award has been given
annually since 1949 to an individual
or team for “contributions signifi-
cant to bringing into being systems
that are still in existence today.”

Kaushik Rajashekara, Distin-
guished Professor of Electrical Engi-
neering and Endowed Chair, Erik
Jonsson School of Engineering and
Computer Science, University of
Texas at Dallas, was elected a For-
eign Fellow of the Indian National

Academy of Engineering on Octo-
ber 19, 2012. The Academy confers
fellowship on Indian and foreign
nationals who have demonstrated
their eminence and achieved out-
standing accomplishments in engi-
neering and technology.

The Institute of Electrical and
Electronics Engineers (IEEE) has
awarded Terrence ]. Sejnowski,
Francis Crick Professor and head,
Computational Neurobiology
Laboratory, Salk Institute for Bio-
logical Studies, and professor and
head of the Salk Institute’s Compu-
tational Neurobiology Laboratory,
the 2013 IEEE Frank Rosenblatt
Award. Dr. Sejnowski was selected
in recognition of his outstanding
contributions to computational
neuroscience. A leader in the field,
his trail-blazing work helped spark
the neural networks revolution
in computing in the 1980s. He is
also recognized for his important
contributions to artificial and real
neural network algorithms and
applying signal processing models to
neuroscience.

Ponisseril Somasundaran, direc-
tor, NSF/IUCR Center for Surfac-
tants, and La Von Duddleson Krumb
Professor, School of Engineering
and Applied Science, Columbia
University, was elected a Foreign
Fellow of the Royal Society of
Canada. Out of a class of 73 fellows,
Dr. Somasundaran was the only for-
eign fellow named this year. He was
recognized for his “groundbreak-
ing contributions towards unravel-
ing complex nanoscale structures
and energetics of surfactant
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self-assemblies and polymer-surfac-
tant hybrid at interfaces.”

Gregory Stephanopoulos, Willard
Henry Dow Professor of Biotechnol-
ogy and Chemical Engineering, Mas-
sachusetts Institute of Technology,
was awarded the Siegfried Medal by
Siegfried AG. The award, presented
on October 5 during the 5th Sieg-
fried Symposium in Zurich, Swit-
zerland, cites Dr. Stephanopoulos’
contributions to efficient biotechno-
logical processes for pharmaceutical
API production. He is renowned for
his work in metabolic engineering
and the development of microbes
for the production of specific essen-
tial biological molecules like amino
acids or secondary metabolites like
terpenes. His work has been imple-
mented toward the “on scale” syn-
thesis of the AIDS drug Crixivan
and the anticancer drug Taxol.

Esther S. Takeuchi, SUNY Dis-
tinguished Professor, Materials Sci-
ence and Engineering Chemistry,
Stony Brook University, has been
selected as the 2013 recipient of the
E.V. Murphree Award in Indus-
trial and Engineering Chemistry
from the American Chemical Soci-
ety. Professor Takeuchi, known for
developing the technology for the
power source used in implantable
cardiac defibrillators and for hold-
ing 153 patents—more than any
woman in the United States—will
receive this prestigious award at the
245th American Chemical Society
National Meeting and Exposition
in New Orleans, Louisiana, April
7-11, 2013. Sponsored by the Exx-
on Mobil Research and Engineer-
ing Co., the E.V. Murphree Award
is designed to stimulate research in
industrial and engineering chemis-
try, the development of chemical
engineering principles, and their
application to industrial processes.

Charles H. Thornton, chairman,
Charles H. Thornton & Company
LLC, and Richard L. Tomasetti
have received the Council on Tall
Buildings and Urban Habitat’s
(CTBUH) 2012 Fazlur R. Khan
Lifetime Achievement Medal for
their collective contribution to the
advancement of tall buildings. This
is the first time the CTBUH Board
of Trustees has awarded the prize to
two individuals jointly. The medal
recognizes demonstrated excellence
in technical design and/or research
that has made a significant contri-
bution to a discipline for the design
of tall buildings and the built urban
environment. The award was pre-
sented at CTBUH’s 11th Annual
Awards Dinner at the Illinois Insti-
tute of Technology in Chicago on
October 18.

Vijay Vittal, Ira Fulton Chair,
Department of Electrical Engineer-
ing, Ira A. Fulton School of Engi-
neering, Arizona State University,
has been selected to receive the
IEEE Herman Halperin Electric
Transmission and Distribution
Award for his accomplishments in
power systems engineering. The
award specifically recognizes his
contribution to “development of
power system stability assessment
methods leading to the maximum
utilization and increased reliability
of transmission lines.”

David C. Wisler, GE Aviation,
retired, received the 2012 R. Tom
Sawyer Award given by the Inter-
national Gas Turbine Institute
(IGTI) of ASME (founded as the
American Society of Mechanical
Engineers). He is being recognized
for his career-long innovative tech-
nical contributions to advance the
performance of gas turbine engines,
for national and international ini-
tiatives to encourage research col-
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laboration between universities and
industry, and for providing exem-
plary leadership and service to the
IGTI. The award was presented
during the ASME Turbo Expo 2012
held in Copenhagen, Denmark, in
June. Dr. Wisler retired from GE
Aviation after a career spanning 38
years, during which he held posi-
tions of increasing responsibility for
conducting and managing advanced
technology programs. His work to
improve airfoil shapes and under-
stand complex flow fields in the
rotating components of gas turbine
engines has been instrumental in
reducing losses (reducing fuel burn)
and improving performance.

On October 4, 2012, University
of Houston president Renu Khator
and Joseph Tedesco, dean of Cul-
len College of Engineering, hosted
a National Academy of Engineer-
ing Wall of Fame dedication cer-
emony for those associated with
the university either by education
or professorship. NAE members
were celebrated for their significant
impact on engineering research,
education, and the profession. Each
is recognized as a role model for
the next generation of engineer-
ing students and faculty, challeng-
ing, encouraging, and enlightening
newcomers to the dynamic world
of 21st century engineering.
Those honored were Charles Cut-
ler, president, Cutler Technol-
ogy Inc.; Bonnie Dunbar, Dunbar
International LLC; and, from the
University of Houston, Neal R.
Amundson, Cullen Professor of
Chemical Engineering and pro-
fessor of mathematics (deceased);
Benton Baugh, adjunct professor of
mechanical engineering; Abraham
Dukler, Distinguished University
Professor of Chemical Engineer-
ing (deceased); Fazle Hussain,
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Cullen Distinguished Professor of
Mechanical Engineering; W. John
Lee, Cullen Distinguished Univer-
sity Chair; John Lienhard, M.D.
Anderson Professor of Technology
and Culture Emeritus; Dan Luss,

Cullen Professor of Engineer-
ing; Michael Pao, Distinguished
Research Professor of Engineering;
Allen F. Rhodes, adjunct profes-
sor of mechanical engineering
(deceased); James Symons, Cullen

The
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Distinguished Professor of Civil
Engineering Emeritus; Anestis S.
Veletsos, Distinguished Adjunct
Professor; and Kaspar Willam, Cul-
len Professor of Engineering.

C.D. (Dan) Mote Jr. Nominated to Be Next National Academy of

Engineering President

C.D. (Dan) Mote Jr.

The National Academy of Engi-
neering (NAE) 2013 nominating
committee! has unanimously rec-
ommended C.D. (Dan) Mote Jr.,
past president and Regents Profes-
sor of the University of Maryland
(UMD), to stand as the sole can-
didate? for the NAE presidency.
NAE members will vote in March
2013 to elect a new NAE president
to a six-year term beginning July 1.
If elected, Mote will succeed
Charles M. Vest, whose term ends
June 30, 2013.

“ am thrilled that Dan has accept-
ed the nomination for the NAE
presidency,” said NAE council chair
Charles O. Holliday Jr., retired
chairman of the board and CEO of
DuPont. “His passion for engineer-
ing excellence and his experience
advancing the profession make him
the ideal person to build upon the
leadership of Chuck Vest.”

The National Academy of Engi-
neering is part of the National
Academies, which also include the
National Academy of Sciences,
Institute of Medicine, and National
Research Council. These indepen-
dent, nonprofit institutions advise
the government and the public on
issues related to science, engineer-
ing, and medicine. NAE members
are the nation’s premier engineers,
elected by their peers for their dis-
tinguished achievements. Estab-
lished in 1964, NAE operates under
the congressional charter granted to
the National Academy of Sciences
in 1863. The NAE president is a
full-time employee of the organiza-
tion at its headquarters in Washing-
ton, DC, and also serves as vice chair
of the National Research Council
(NRC), the principal research arm
of the National Academies.

From 1998 to 2010, Mote served
as UMD president and Glenn L.
Martin Institute Professor of Engi-
neering. Under his leadership, UMD
research funding increased by more
than 150 percent and the university
greatly expanded partnerships with
corporate and federal laboratories.
Mote also negotiated establishment
of the University of Maryland—-Chi-
na Research Park, connecting Mary-
land and Chinese companies for
joint ventures. Stressing the impor-
tance of closing the achievement

gap, Mote helped UMD achieve in
2007 the fourth highest graduation
rate for underrepresented minori-
ties at public research universities.
He has testified before Congress and
been featured in the news media on
issues ranging from education fund-
ing models to visa barriers for inter-
national students to deemed export
control issues.

Internationally recognized for
his research on the dynamics of
gyroscopic systems, including high-
speed translating and rotating sys-
tems, and the biomechanics of snow
skiing, Mote has authored or coau-
thored more than 300 publications,
holds patents in the United States,
Norway, Finland, and Sweden, and
has mentored 58 PhD students.

Mote was elected to the NAE in
1988 “for analysis of the mechan-
ics of complex dynamic systems,
providing results of great practical
importance in vibrations and bio-
mechanics,” and is the current NAE
treasurer and a member of the NRC
Governing Board Executive Com-
mittee. In addition, he cochairs
the NRC Government-University-
Industry Research Roundtable and
Committee on Science, Technol-
ogy, Engineering, and Mathemat-
ics Workforce Needs for the US
Department of Defense and the US
Defense Industrial Base. His past
NRC service includes membership
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on the Committee on Science,
Engineering, and Public Policy and
chairmanship of the Committee on
Global Science and Technology
Strategies and Their Effect on US
National Security.

Mote received his BS, MS, and
PhD in mechanical engineering
from the University of California,
Berkeley, where he served on the
faculty for 31 years and held posi-
tions as chair of the Department of
Mechanical Engineering, president
of the UC Berkeley Foundation, and
vice chancellor. He has received
three honorary doctorates and the
Berkeley Citation, an award from
the university similar to an honor-
ary doctorate.

Notes
1. The members of the NAE nomi-

nating committee represent each
of the 12 sections of the Academy
and are elected by the members of
each section. The three largest sec-
tions place two members on the
committee, resulting in an elected
membership of 15. The chair of the
nominating committee is selected
from among these 15 members by
the NAE Council, the governing
body of the NAE. In addition, one
member of the council serves as its
representative on the nominating
committee, the NAE vice president

and home secretary serve ex officio,
and the chair of the previous year’s
nominating committee also serves.
No member may be elected to serve
on the nominating committee more
than once in six years. The members
of the committee were as follows:

John L. Anderson (chair)
[llinois Institute of Technology

Rudolph Bonaparte
Geosyntec Consultants

James A. Brierley
Brierley Consultancy, LLC

Bruce R. Ellingwood
Georgia Institute of Technology

Zvi Galil
Georgia Institute of Technology

Arthur H. Heuer
Case Western Reserve University

Fazle Hussain
University of Houston

Karl G. Kempf
Intel Corp.

Frances S. Ligler
Naval Research Laboratory

Kuo-Nan Liou
University of California,
Los Angeles

Debasis Mitra
Bell Labs, Alcatel-Lucent
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Arogyaswami J. Paulraj
Stanford University

Arun G. Phadke
Virginia Polytechnic Institute and
State University

Prabhakar Raghavan
Google Inc.

David A.Whelan
The Boeing Company

Julia Phillips
NAE Council representative;
Sandia National Laboratories

Thomas Budinger (ex officio)

NAE home secretary; Lawrence
Berkeley Laboratory and University
of California, Berkeley

Maxine Savitz (ex officio)
NAE vice president;
Honeywell Inc. (ret.)

Ann L. Lee (immediate past chair)
Genentech Inc.

2. According to the NAE bylaws,
a candidate may be added to the
ballot for any position by petition.
Such petition must be signed by 5
percent of the active members of
the Academy, representing at least
10 different institutions, and must
be submitted by January 15 of the
election year.
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Anniversary members (| to r): Front row: Ronald F. Probstein, Melvin F. Kanninen, William D. Nix; Back row: Yvonne
Brill, Arthur W. Westerberg, Raymond Viskanta, James J. Duderstadt, Richard M. Christensen.

NAE members, foreign associates,
and guests gathered in Washington,
DG, in September for the 2012 NAE
Annual Meeting, which was held in
the newly restored National Acad-
emy of Sciences (NAS) Building on
Constitution Avenue. The meeting
began on Saturday afternoon, Sep-
tember 29, with an orientation ses-
sion for new members. That evening
66 new members and 10 new foreign
associates were honored at the NAE

Council dinner in the Great Hall of
the NAS Building.

NAE chair Charles O. Holli-
day Jr. opened the public session
on Sunday, September 30, with
remarks congratulating new mem-
bers and calling on them, as they
consider a new realm of choices now
before them, to practice the highest
ethical standards. He illustrated the
value of his own experiences when
faced with ethical challenges, and

NAE Class of 2012.

offered “three simple tests” to guide
ethical decisions (see p 63).

President Charles M. Vest then
delivered his annual address to the
members and guests. In his speech
“What Are We Waiting For? Sput-
nik? An Explanation of Today’s
World? New Ways of Working?
National Strategy?” he cited the
need for bold vision and leader-
ship as the United States confronts
a new era of national and global
challenges. (The speech is printed
in this issue [see p 65] and posted
online at www.nae.edu.) The induc-
tion of the NAE Class of 2012 fol-
lowed President Vest’s address, with
introductions by NAE Executive
Officer Lance Davis.

The program continued with the
presentation of the 2012 Found-
ers and Bueche Awards. The 2012
Founders Award was presented to
Nicholas A. Peppas, Fletcher Pratt
Chair of Chemical Engineering, Bio-
medical Engineering, and Pharmacy
at the University of Texas at Austin,
for “contributions to biomedical and
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drug delivery applications of poly-
mer networks and hydrogels and
for leadership in the bioengineer-
ing community” (see p 69). James
Duderstadt, president emeritus and
university professor of science and
engineering at the University of
Michigan, was presented the Arthur
M. Bueche Award for “leadership in
academe and national service to sup-
port innovative science and tech-
nology policies” (see p 72).

The Bernard M. Gordon Prize
Lecture featured the three 2012 win-
ners: Clive L. Dym, Fletcher Jones
Professor of Engineering Design and
Director of the Center for Engineer-
ing Design Education; M. Mack
Gilkeson, Professor of Engineering
Emeritus; and J. Richard Phillips,
Professor of Engineering Emeritus,
all from Harvey Mudd College. The
speakers described engagement and
innovation in the college’s engi-
neering curriculum, with a focus on
engineering design, hands-on expe-
rience, and workshops.

After a break, Dr. Vest intro-
duced the Armstrong Endowment
for Young Engineers—Gilbreth
Lecturers, outstanding young engi-
neers who have made presentations
at the NAE'’s Frontiers of Engineer-
ing symposia. John