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Control moment gyroscopes
could help astronauts live and
work in space. BY MICHELE
CARPENTER & KEVIN DUDA

717 Suiting Up for
31 theReo

the Red Planet

Here's what we’'ll need to walk around on Mars.
By Rachel Courtland

':IF Introducing the
JUI Microsupercapacitor

It's small, it's cheap, and it packs
one heck of a charge.
By Maher F. El-Kady & Richard B. Kaner

| Buldngaeter
Disease Detective

How a computer model identifies the
animals that cause outbreaks.
By Barbara Han

"-I The Booms and Busts
LI of Molecular Electronics

Why the molecular computer has yet
to materialize.
By Kevin F. Kelly & Cyrus C.M. Mody
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>> Accelerate your productivity at ni.com/embedded-platform
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LabVIEW
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Antineutrinos and the Iran Deal
Advanced “ghost particle”
detectors are in the works, but
better low-tech approaches are
also needed. By Prachi Patel

09 Formula E Reboots

10 The Pathto 5G

12 Is Black Phosphorus the New
Graphene?

14 The Big Picture: This Hotel Is
Staffed by Robots

Mind Control

Control a flying shark with
your brain waves and an
open-source EEG.

By Chip Audette

19 Careers: Engineering at the
South Pole

20 Geek Life: Q&AWith The
Martian’s Andy Weir

60 And Now This... The Final
Frontier’'s Unending Appeal

Space Suits Get a Makeover
University labs, NASA, and private
industry are gearing up for deep-
space exploration.

By Susan Hassler

04 Back Story

05 Contributors

22 Numbers Don't Lie: The Real
Price of Oil

24 Technically Speaking: When
SmallIs Big

Interactive video: Andy Weir
talks Mars, The Martian,

and the movie

Explore this interactive video
feature to see Andy Weir, author
of the adapted novel, discuss

the science behind his plot twists,
his visit to Johnson Space Center,
and exactly why Mark Watney

got stuck eating potatoes.

See http:/spectrum.ieee.org/
weir1015

ADDITIONAL RESOURCES

The Institute

Available at theinstitute.org

TechInsider / Webinars

Available at spectrum.ieee.org/webinar

» THEME PARK TECHNOLOGY To mark the 60th anniversary of
Disneyland, The Institute caught up with IEEE Member Glenn Birket, who has
helped design the control systems for rides and attractions at nearly all of
Disney’s parks—including the one opening next year in Shanghai.

P Inductive Components and Devices: Simulation and Optimization—1 October
P Phased Array, FSS, and Polarizer Design—8 October

P Electromagnetic Simulation Supporting Aircraft Certification—15 October
P Streamlining High-Speed Channel Design With Simulation—22 October

P Precise High-Frequency Modeling of SMD Components—29 October

> IEEE HONORS THE FIRST VIDEO GAME Long before PlayStation 4
and Xbox One, there was the Brown Box, invented by IEEE Life Fellow
Ralph Baer. The console, which debuted in 1972 as the Magnavox Odyssey,
received an IEEE Milestone.

) STRATASYS 3-D PRINTER SWEEPSTAKES
http:/spectrum.ieee.org/static/3d-printer-sweepstakes
» MASTER BOND RESOURCE LIBRARY
http:/spectrum.ieee.org/static/master-bond-resource-library
> NEW PRODUCT RELEASE LIBRARY
http:/spectrum.ieee.org/static/new-product-release-library
) WHITE PAPERS
http:/spectrum.ieee.org/whitepapers

> COMING SOON: THE INTERNET OF THINGS It’s projected that billions
of devices will soon communicate with their users and each other. From 14
to 16 December, 350 attendees will gather in Milan at the IEEE World Forum
on Internet of Things, with the goal of bringing the IoT closer to reality.
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BEACK STORY_

nan Astronaut’s shoes

ICHELE CARPENTER HAS SPENT the past several years
developing technology to help astronauts work in zero
gravity. But the possibility that she herself might get a chance
to experience weightlessness seemed rather remote, until
earlier this year.

Carpenter, an engineer at Draper Laboratory, investigates
how control moment gyroscopes in astronaut jet packs can
provide rotational nudges that will help stabilize spacefarers
and give them leverage as they work in the weightlessness of space
[see “A New Spin on Space Suits,” in this issue]. In August, Carpenter
joined a group from MIT to test some of her lab’s gyroscopes on a
series of parabolic flights aboard NASA’s famous zero-gravity aircraft,
nicknamed the “Vomit
Comet.” In such flights, an
airplane performs steep
climbs and dives, producing
a half-minute period of
weightlessness around the
top of each arc.

After taking off with
her collaborators from
Ellington Airport, in
Houston, Carpenter [center]
felt some disorientation
as the plane went into its
initial zero-g arc. “The very
first parabola felt like when
you’re going down the very
first drop on a roller coaster—
your stomach flips,” she says.

Over four days, the team performed experiments using two
SPHERES, special thruster- and sensor-equipped test platforms. In
one test, the SPHERES were connected; one fired its thrusters while
the other used its control moment gyroscopes (CMGs) to stop the
resulting rotation. This mimicked one of the aims of the CMG-equipped
jet-pack design—creating better attitude stability.

The tests could be challenging. “Not all the parabolas are equally
useful,” Carpenter explains. An experiment could be cut short
if a SPHERE was released in the wrong way, bouncing into other
equipment or a cabin wall. Imperfections in the airplane’s motion
sometimes produce a strong drift. But Carpenter was nevertheless
happy with the experiments. Now comes the moment of truth:
analyzing the data to see exactly how well the SPHERES performed. =

CITING ARTICLES IN IEEE SPECTRUM /EEE Spectrum publishes an international and a North American edition, as
indicated at the bottom of each page. Both have the same editorial content, but because of differences in advertising, page
numbers may differ. In citations, you should include the issue designation. For example, And Now This...is in [EEE Spectrum
Vol. 52, no. 10 (INT), October 2015, p. 60, or in IEEE Spectrum,Vol. 52, no. 10 (NA), October 2015, p. 72.
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COHTRIEUTORS _

Barbara Han

Inthisissue, Han, aresearch scientist at the Cary Insti-
tute of Ecosystem Studies, in Millbrook, N.Y., describes
the machine-learning methods she uses to identify
animal species that may carry dangerous pathogens
[p. 42]. While she has done biological fieldwork in the
past, these days she interacts with animals through her
data sets. She’s somewhat surprised to have ended up
as acomputer programmer, but there are aspects of
fieldwork that she doesn’t miss. “| like working with ani-
mals, but | don't like being bitten by animals,” Han says.

Richard B. Kaner

Kaner, a chemistry professor at the University of Cali-
fornia, Los Angeles, and his graduate student, Maher

F. EI-Kady, found they could create graphene-based
supercapacitors with the laserin a DVD burner [see
“Introducing the Microsupercapacitor,” p. 36]. “Maher
dragged me into the lab,” Kaner says. “He took a light-
bulb, and he just turned it on with this little piece of gra-
phene. After charging for 2 or 3 seconds, he ran this
light for over 5 minutes. | thought we had something
important. | thought the world changed at that point.”

Lucas Laursen

Awhile back, Laursen, a freelance science and
technology journalist, stumbled upon a job ad
foran electrical engineer based in Antarctica.

And he wondered, if you wanted to start a career

in Antarctica, what would you need to do to get
there? For this issue, he writes about several such
intrepid engineers [p. 19], as well as juiced-up
Formula E race cars in Beijing [p. 9]. While Laursen
has reported all over the world, he calls Madrid

his home.

Gyrus C.M. Mody

Mody is a historian at Maastrict University, in the
Netherlands. Inthis issue, he and Kevin F. Kelly, a phys-
icist at Rice University, write about the bumpy history
of molecular electronics [p. 48]. A course they taught
together ontechnological disasters included several
potentially relevant case studies, Mody says. “Only
time will tell if molecular electronics is like the success-
ful leap from propeller to jet engine propulsion, or the
feasible buttoo costly supersonic commercial jet, or
the much touted but failed nuclear-powered plane.”

Lauren J. Young

Young was IEEE Spectrum’s summer intern this year.
Inthisissue, she explains the direction that 5G wire-
less is likely to take [see “Telecom Experts Plot a Path
to 5G,” p. 10]. “The sheer number of technological de-
velopments that will have to happenin orderto getto
5Gisreally exciting,” she says. We expect herto con-
tinue reporting about those and other science and
engineering developments after she graduates from
New York University’s Science, Health and Environ-
mental Reporting Program in December.
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S0ace SUIS for the Mars Generation

The Martian’s Matt Damon looks great lost in space,
but what will next-gen space suits really require?

HENEVER HOLLYWOOD STARS VENTURE OUT into infinity
and beyond, they get a slick new wardrobe upgrade. Gravity’s
Sandra Bullock has her hip-hugging Sokol suit. The Martian’s
Matt Damon sports color-coordinated Red Planet gear.
But real astronauts aren’t as lucky. They get stuck wear-
ing the same old space duds, sometimes for decades. Space
travel is expensive, and space attire itself is costly and difficult to make.
So even if some of our current space suits are based on patents from the
1950s, why not keep using those same designs if they’ve already been
tested and still work?

Nonetheless, because of the burgeoning human-travel commercial
space industry, and renewed interest in going to Mars spurred on by the
spectacular Curiosity rover mission and the Mars One space settler effort,
space suits are getting another look.

In this issue we have two articles on Mars-generation space suits. “A New
Spin on Space Suits,” by Michele Carpenter and Kevin Duda from Draper
Laboratory, describes how personal “gravity packs”—suits with gyro-
scopes embedded in them—could help astronauts stay upright and aware
of their orientation, as well as help protect them from the physical dete-
rioration experienced in zero-g environments. Senior Associate Editor
Rachel Courtland’s piece, “Suiting Up for the Red Planet,” walks us through
NASA’s extravehicular Z-2 suit, which could be used for Mars exploration.

NASA has also, through its Small Business Innovation Research pro-
gram and Commercial Crew Program, been reaching out beyond tradi-
tional space-suit manufacturers like David Clark Co. and ILC Dover to
seek out new intravehicular activity (IVA) suit designs that are lighter,
less expensive, and more flexible.

Out in New York City’s resurging Brooklyn Navy Yard, Final Frontier
Design (FFD), under the leadership of Ted Southern and Nikolay Moiseev,
is hard at work trying to meet these requirements. Southern is a tech-
infused designer with a background in body armor and costume design.
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FLYING FASHION: Testing Final Frontier Design’s
3G Mark Il space suit.

For over 20 years, Moiseev was the lead
engineer at NPP Zvevda, the Russian
space-equipment manufacturer. Together
with Kari Love and Virgil Calejesan,
this four-person company has come
up with a new space suit well regarded
enough to be awarded a NASA Space Act
Agreement. FDD shares the distinction
with SpaceX, which has about 4,000
employees; Alliant Techsystems, which
has several thousand employees; and
United Launch Alliance, a joint venture
of Boeing and Lockheed Martin, with
more than 3,000 workers.

FFD is hoping to sell its pressurized IVA
suit to the commercial market—companies
like Boeing, SpaceX, and Virgin Galactic.
Its garment is 4.5 kilograms lighter than
the current NASA IVA suit and about a
third of the cost. It is highly adjustable and now,
through the magic of 3-D metal printing, it can be
readily reconfigured for different flight vehicles.

FFD recently got a new contract from NASA to
develop a mechanical counterpressure glove for
the Mars mission. Space gloves are notoriously dif-
ficult to make flexible and protective; spacewalkers
have said that working on the International Space
Station in them is like trying to change a tire wear-
ing baseball gloves.

Ultimately, FFD would like to produce mechani-
cal counterpressure suits as well. These would be
like MIT’s proof-of-concept BioSuit, pioneered by
Dava Newman, who is now NASA’s deputy adminis-
trator. Mechanical counterpressure gloves and suits
would be safer than their pressurized counterparts
and have a much better range of motion.

When we did our “Why Mars? Why Now?” issue in
2009, we got a lot of the usual comments: complaints
about the expense and about prioritizing space ex-
ploration over our many intractable earthbound
problems. But it’s not an either/or proposition.
Those of us who grew up during the 45 years since
the Apollo landing expected humans to be on Mars
already. Space travel captures people’s imagination.
Technologies that benefit earthlings will undoubt-
edly stream out of developing the technologies to go
to Mars, as they have from previous space programs.
The kids who will make up our future generations of
scientists and technologists assume we are going to
Mars. Why not suit up? —SUSAN HASSLER
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IJ ANNUAL BUDGET FOR THE
IAEA'S NUGLEAR VERIFICATION

ACTIVITIES

R LR T

Any deal to keep an  KEEP CLOSE WATCH: Iran’s Arak
asp iri ng nuc lear- nuclear facility is one that the IAEA
wants to monitor.

armed state from acquiring
c 0 U l D R E V E A I- aweapon must be based on verification, not trust, as President
Obama has repeatedly asserted. That verification is charged
to the International Atomic Energy Agency (IAEA), whose
R 0 G U E N U c l EA R inspectors would visit a country such as Iran to ensure its

facilities are in compliance.
P R 0 G R A M s Critics of the current deal between Iran and major world pow-

ers point to the agency’s limited verification tools. However,
several advanced monitoring technologies that could make
verification easier and more accurate are in the works. And
with 60-plus nuclear power plants under construction around
the world and spent-fuel stores piling up, these safeguard tech-
nologies might be useful in other places as well.

There’s areal need for them, says Nancy Jo Nicholas, associate
director for threat identification and response at Los Alamos
National Laboratory (LANL). “There is talk about a global renais-
sance in the nuclear industry,” she says. “There will be more
facilities, so giving inspectors tools that allow them to do their »

Advanced detectors arein the
works, but better low-tech
approaches are also needed
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SOLID ANTINEUTRINO DETECTOR:
A new kind of antineutrino detector that
uses solid scintillators was tested in
February 2015.

job in an efficient and effective way is a
clear benefit.”

For now, the IAEA, based in Vienna,
relies on a combination of surveillance
cameras, satellite imagery, and site visits.
Inspectors conduct a suite of measure-
ments on-site and check when electronic
and optical seals placed on fuel con-
tainers were last opened. (Newer seals
use RF links to send encrypted data to
a central data collector, which passes
the information on to the IAEA offices.)

But these technologies are not accu-
rate enough and can be fooled. Radiation
monitors can be befuddled by signals
from natural or legitimate radioactive
materials. Seals—of which there are hun-
dreds of types—can be hacked, says Roger
Johnston, past head of LANL’s vulnerabil-
ity assessment team, who cofounded and
runs the security consulting firm Right
Brain Sekurity.

One particular technology promises
to make up for these shortcomings:
antineutrino detectors. Nuclear reac-
tors are the largest man-made source of
antineutrinos—subatomic particles with
tiny mass and no electric charge. The
number and energy spectrum of anti-
neutrinos boiling out of areactor indicates
reactor power and the precise amount of
nuclear isotopes in the core. This means
that inspectors could verify if the reac-
tor is running as intended or if uranium
has been added or plutonium removed.

08 | 0CT 2015 |

The challenge is in detecting the elu-
sive particles: Only one in 100 billion
passing through matter interact with
it. Today’s detectors capture the par-
ticles using gadolinium-spiked water
or solvent inside tanks several meters
on a side. In the tanks, an antineutrino
occasionally collides with protons in the
liquid, creating a neutron and a positron.
Photodetectors sense light flashes pro-
duced when the positron crashes into
an electron and when the neutron is
captured by the gadolinium.

The large tank of liquid must be put
underground to block out cosmic rays
that can lead to false positives, and that
can be a problem. So a team of British
and French researchers has designed a
lithium-based solid detector that should
be portable and easy to deploy at a reac-
tor. Neutrons don’t travel as far in the
solid as they do in a liquid before run-
ning into an atom to produce light.

“We can detect positron and neutron
events exactly where they happen in a
cube as small as 5 by 5 centimeters,” says
University of Oxford physicist Antonin
Vacheret, who is leading the project. By
imaging that small volume, the research-
ers can precisely measure the distance
between the positron and neutron events.
This distance is unique for antineutri-
nos born in a nuclear reactor. The accu-
racy should allow for a compact detector
that doesn’t need to be underground or
shielded against cosmic rays, Vacheret
says. A 1-metric-ton detector measuring
20 by 80by 45 cm hasrecorded data from
aBelgianresearch reactor since August
2014, detecting about 260 antineutrinos
per day. Detailed results aren’t public yet,
but “what we’re seeing is very encourag-
ing,” Vacheret says. A larger prototype
should be installed at a commercial reac-
tor in Virginia by the end of 2015.

Small antineutrino detectors would
have to sit within tens of meters of areac-
tor core to do any good. What nuclear
safety agencies could really benefit from
is a detector that could monitor reactors
and maybe even spot clandestine ones

INTERHATIOHAL | SPECTRUM.IEEE.ORG

from kilometers away. One proposed
project in the United States offered
that hope: The WATer CHerenkov Monitor
for AntiNeutrinos, or Watchman, a col-
laboration among several universities
and national laboratories.

Watchman would have built on a series
of recent experiments at the San Onofre
nuclear power plant in California. It was
to use 3,500 tons of gadolinium-doped
water to monitor a nuclear power sta-
tion 13 kilometers away. If the technology
proved itself, a giant million-ton detector
could spot antineutrinos from a reactor
1,000 km away, the project’s masterminds
say in their proposal. Such areactor could
potentially be built in a neighboring nation
to keep tabs on an uncooperative state.

However, on 28 May, the U.S. Energy
Department informed researchers that
it would not fund the project. “This was
disappointing and somewhat surpris-
ing to me personally, given the current
importance of nonproliferation detection
to our current national interest,” says
Bob Svoboda, a University of California,
Davis, physicist and co-spokesperson
for the project.

Antineutrino detection holds tremen-
dous promise, says Thomas Shea, an
independent consultant who has worked
as an IAEA inspector. But it’s still at an
early stage, and the IAEA will need to
see a conclusive demonstration to con-
sider adoption, he says: “The question is
how much longer and what it might cost.”

While new technologies are worth
developing, “what we lack now is not a
magic technology,” says security con-
sultant Johnston. “We don’t do simple,
low-tech stuff right.”

In the end, the fate of any monitoring
technology depends on the IAEA’s woe-
fully small budget. In 2015, the agency
had a budget of just over US $390 million.
Around $147 million will go to nuclear
verification activities, which includes
monitoring more than 1,250 facilities
around the world. The agency estimates
that monitoring Iran alone costs about
$1 million a month. —PRACHI PATEL
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ANEW FORMULA
FOR FORMULAE

Electric racing returns this month with new power
trains and other improvements

FormulaE cars emerge from their team garages with asuddenness
that seems incongruous. Even on their way to practice laps, the driv-
ers turn their cars sharply from the garages and accelerate in appar-
ent anger along the asphalt leading to the circuit. When the second
season of the electric formula-racing series begins in late October, in Beijing,
they may be able to drive with even more aggression: Unlike during the com-
petition’s first season, each team can now choose its own power train and will
also employ a host of smaller technology tricks learned from last year’s racing.

The first season was dominated by close jostling among the drivers: It began in
Beijing with a crash that upset the two front-runners. Over the course of the next
10 races, no single team or driver took a definitive lead, and the championship
was up in the air until the final lap of the last race. That may have been in part
because the 10 teams were all using the same hardware. “This is the last year of
such close racing,” predicts Deogracias Vidal, a mechanic for NextEV TCR, the
team whose driver, Nelson Piquet Jr., won the first season’s individual champion-
ship. “Next year’s motors will make a big difference,” Vidal says.

In addition to the motors, the other big changes will be in the inverters and
the gearboxes, but the teams have let only limited details emerge. McLaren built
the power trains in the first series, but eight manufacturers have stepped into
the fray for the second season of Formula E. McLaren will offer an upgraded
version of its motor, dropping the number of forward gears from five to four.

g
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UNDER THE HOOD: The Amlin Andretti team
tested a custom-built power trainin August but
had to replace the motor later in the month.

The Abt Schaeffler Audi team will use
three gears, the e.dams-Renault team
will use two gears, and NextEV TCR
and DS Virgin Racing are using direct-
drive systems, which are effectively
just one gear—although Virgin will use
a twin motor.

Fewer gears means less time spent
switching among them: In one race last
year, there were 23 gear changes per lap
on average, adding up to more than a
second of lost power and charging. But
less shifting comes with an efficiency
cost, as the motor will spend more time
outside its best performing range.

The Amlin Andretti team is replacing
its off-the-shelf inverter with a custom
one. “People who are buying quali-
fied, highly reliable things may not
get to enjoy the latest improvements
in what’s on the market today,” says
Nicolaus Radford, chief technology
officer of NASA parts supplier Houston
Mechatronics, the company that built
Andretti’s new motor and inverter. But
custom gear can come with more inte-
gration challenges, as Andretti expe-
rienced when it missed days of track
testing in August and wound up chang-
ing back to its old motor.

In addition to hardware changes, there
isroom for applying lessons from the first
season to racing strategies, says Peter
McCool, technical director of Team Aguri.
Teams now have a complete set of perfor-
mance data from 10 racecourses, at least
eight of which will feature in the second
season. McCool’s team has written its own
software to guide battery management,
he says, and it should be able to get better
performance next year. Battery manage-
ment is particularly important because
rules limit both maximum power out-
put (150 kilowatts last season) and total
energy use (28 kilowatt-hourslast season).
Drivers can recharge the battery a little
by coasting and braking, but “energy
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in and energy out doesn’t come
for free,” says Gérry Hughes,
chief engineer of Team Aguri. For
example, charging and discharg-
ing raises the battery’s temper-
ature, altering its performance.

Formula E’s unique restric-
tions have forced teams with more
experience on the gas-guzzling
Formula One races and endur-
ance races such as Le Mans to be
more creative. Hughes calls it a
selling point for engineers like
him, who have worked on more
conventional motor-sport series.
Formula E “allows me to sort of
broaden my horizons in new tech-
nology,” Hughes says. For one
thing, batteries are so foreign
to most motor-sport engineers
that they have had to seek out-
side expertise. “Anything you can
learn over and above your com-
petition can stand you in good
stead,” he says.

Throughout the second sea-
son, the battery maker Williams
Advanced Engineering will be
in the best position to learn
about battery use, since it has
access to all the data and it sup-
plies the battery’s controller.
The 10 teams generated about
60,000 kilometers’ worth of rac-
ing data over the first season’s
11 races, says Okan Tur, Williams’s
chief technical specialist for the
batteries. “We’ll see how we can
use that data in the best way and
to guide us in our future battery
designs,” he says. In the second
season, teams will reuse the first
season’s batteries’ outer struc-
ture and electronics, but Williams
will swap in new cells and ther-
mal control structures. “We had
some cell-level improvements in
the past year,” Tur says. “We’re
quite optimistic that it will result
inimproved performance with no
design changes.”

Formula E’s founder, Alejandro
Agag, has made a lot of noise
about how the technology tested
in the series will someday reach
everyday hybrids and electric
cars. But that may not be the
most lucrative place to mar-
ket high-performance electric
motors and batteries. Hughes
says, with more mystery than
specificity, that one of Team
Aguri’s technology partners is
already “applying these types of
tech to other forms of transport
that don’t have wheels.”

—LUCAS LAURSEN
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TELEGOM EXPERTS
PLOTAPATHTO 5G

The ITU is sorting through likely approaches to
the next-generation mobile standard

Even before the 4G tech-
> nology your smartphone
uses was rolled out in ear-
nest, telecommunications
experts were dreaming of the next gener-
ation: 5G. But what 5G will do and how it
will do it have remained pretty nebulous.
“5Gis a plethora of technologies that peo-
ple are trying to bring together. What
technology should be prioritized in what
way?” says Thyagarajan Nandagopal, the
director of the Networking Technologies
and Systems program at the U.S. National
Science Foundation.

But pressure to answer that question is
mounting: Within five years, mobile ser-
vice providers will need the new networks
to power the Internet of Things, where
just about everything, including smart
cars, homes, thermometers, and por-
table sonar fish detectors, will be online.

In October, the International Telecom-
munication Union (ITU) will try to give 5G
a definition. The ITU’s IMT-2020 Focus
Group reviewed more than 60 research
proposals and will pitch the first 5G net-
work blueprint. The draft lays out major
gaps in the 5G wire-line network infra-
structure, such as software and high-level
network architecture, according to Peter
Ashwood-Smith, chairman of the focus

SPECTRUM.IEEE.ORG

group. It will suggest potential technology
improvements and a timeline for when
each component of 5G needs to be ready
before deployment, he says.

In June, the working group released
goals for 5G such as support for data rates
up to 20 gigabits per second, the ability to
allow massive armies of devices to connect
in a small area, and reduced energy con-
sumption. With all the combined network
upgrades, surfing the Web on 5G may be
even faster than using your laptop’s Wi-Fi.
Theodore Rappaport, director of the NYU
Wireless research center, in New York City,
says 5G will be like “fiber optics in the air.”

“As wireless devices become more plen-
tiful, we’re going to need more data and
more spectrum,” Rappaport says. Mobile
data traffic across the globe grew 69 per-
cent between 2013 and 2014, reaching
2.5 exabytes (over a billion billion bytes)
per month, according to Cisco. And ana-
lysts expect data consumption to climb to
24.3 exabytes per month by 2019. 4G LTE,
today’s technology, “can never accommo-
date this new demand,” says Rappaport.

Ashwood-Smith expects that the group
will produce an even clearer picture of
the wire-line broadband requirements
by December 2015. “5G is going to affect
usall,” hesays. -LAUREN J. YOUNG
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WHAT 5G WILL DO AND HOW IT COULD DO IT

Data Rate

The maximum transmis-
sion datarate (gigabits
per second) willbe 20
timesasfastas4GLTE,
while the average user
will experience rates
10to 100times as fast.

Spectral Efficiency

5G will improve
downlink spectral
efficiency (bits per
second per hertz)
threefold.

Data Processing

The network will

be able to process
100 times as much
datainagivenarea
(megabits per second
per square meter).

Device Density

About 900,000
more devices per
square kilometer
willbe able to
connectto

the network.

Mobility

4G can provide data
to devices moving at
up to 350 kilometers
per hour.

5G will provide data
to devices moving at
up to 500 km/h.

Transmission Delay

5G will have
one-tenth
the latency
(milliseconds)
of 4G

Energy

4G takes 1 millijoule

totransfera

1,000-bit data packet.
5G will be able

to transfer packets

100 times as efficiently

20
Gb/s
1 0.01 0.1
Gb/s Gb/s Gb/s
I
4G 5G
4.5
b/s/Hz
1.5
b/s/Hz
4G 5G
0.1 10
Mb/s/ Mb/s/
m? m?
4G 5G
100K/ 1M/
km? km?
4G 5G
350 500
km/h km/h
4G 5G
5G
4G
4G 5G

Proposed Technologies

Massive multiple-
input, multiple-output
(MIMO)

Millimeter wave-
length spectrum

Device-to-device
(D2D) communication

Full duplex system
Massive MIMO

D2D

Millimeter wave-
length spectrum

Radio-access
network virtualization

Smallcells

D2D
Small cells

Heterogeneous
network
architectures

D2D

Content caching
closetousers

Massive MIMO

PROPOSED TECHNOLOGIES EXPLAINED

Millimeter

wavelength spectrum:
To the surprise of

many, engineers have
demonstrated mobile
data speeds higher than
1gigabit per second

on millimeter-wave
frequencies (30 to

300 gigahertz). This will
expand the amount of
cellular spectrum beyond
the prized but limited
ultrahigh-frequency band
used today.

increase bandwidth.
This will provide
enough capacity for
devices to consume
hundreds of megabits
per second.

Radio-access network
virtualization: General
radio-access network
processor functions will
be virtualized into the
cloud. Today’s radio-
access network is built
with many individual
base stations. By virtual-

Massive multiple- izing the network, mul-
input, multiple-output  (jpe service providers
(MIMO): One way touse  ¢ap physically share the
the mll}lmeter wave- same data center plat-
length is through mas- form without any impact
sive MIMO, whichusesa o connection strength.
huge array of antennas
to steer and finely focus Heterogeneous
aradio beam so that it network architectures:
hits a receiver. Engineers  Made of a combina-
have been able to fit 64 tion of pico cells, small
antennas in a space the cells, macro cells, and
size of a Post-it note. different layers, these
networks will provide
Device-to-device(D2D) = " C(iera o
communication: D2D PP . p &
. . the distance between
will allow direct com- .
. a device and a base sta-
munication between . .
L tion changes. This kind
devices in close prox- .
.. . of network will also be
imity without network .
. L able to handle real-time
assistance. Skipping the . .
. location tracking and
base station means one .
. L quick handoffs between
less step in getting infor- .
. . base stations so that
mation to devices. .
devices can keep work-
Full duplex system: ing even when they’re
This allows the moving at high speeds.
transmitting and
. . & Content caching close
receiving of data at .
. to users: Information
the same time and on .
that is accessed
the same frequency. .
frequently will be
Small cells: Increasing cached closer to the
the number of small- user so that it takes less
cell base stations will time to get the data.
HEWS
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HEWS

IS BLACK PHOSPHORUS
THENEW GRAPHENE?

Atoms-thin flakes of phosphorus have a crucial

property that graphene lacks

Chemists first synthesized
black phosphorus over a hun-
dred years ago. But it was only last year
when anybody really took interest in the
flaky black stuff. In a series of experi-
ments reported in the first half of 2014,
researchers were able to exfoliate black
phosphorus into very thin films of only
about 10 to 20 atoms thick. Now black
phosphorus has become the new darling
of two-dimensional materials research
and a new hope for a postsilicon world.
The excitement around black phospho-
rus, which is also called phosphorene in
reference toits 2-D cousin graphene, stems
mainly from the fact that it has an inherent
bandgap, something that graphene lacks.
A bandgap, an energy band in which no
electron states can exist, is essential for
creating the on/off flow of electrons that
are needed in digital logic and for the gen-
eration of photons for LEDs and lasers.
Black phosphorus doesn’t just have any
bandgap. Its bandgap can be fine-tuned
by adjusting the number of layers of the
material, explains Philip Feng, an assis-
tant professor of electrical engineering
and computer science at Case Western
Reserve University. His team has demon-
strated some of the first black phospho-
rous mechanical and electronic devices.

The bandgap can be dialed up from
0.3t0 2.0 electron volts. That’s arange
covering a regime otherwise unavail-
able to all other recently discovered 2-D
materials. It bridges the bandgaps of
graphene (0 eV) and of transition-metal
dichalcogenides such as molybdenum
disulfide, which range from1.0to 2.5 eV.

By combining this bandgap tuning with
different choices of contact materials, sci-
entists at Sungkyunkwan University, in
South Korea, were recently able to build
both n-type transistors—those conduct-
ing electrons—and ambipolar transistors,
which conduct both holes and electrons.
Such a mix brings the material closer to
mimicking the complementary logic used
in today’s silicon chips.

Scientists are also excited about black
phosphorus for photonics, “since opto-
electronic functions, including light
absorption, emission, and modulation, of
semiconductor materials depend on the
size of the bandgap,” says Mo Li, a pho-
tonics expert at the University of Minne-
sota. Black phosphorus’s bandgap range
means it can absorb and emit light with
wavelengths of 0.6 to 4.0 micrometers—
covering the visible to infrared. That spec-
trum could be key to its use in sensors and
in optical communications. Li’s group
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THE DARK CRYSTAL: Asliver of black arsenic
phosphorus was used to make 2-D transistors
with easily adjustable properties.

built a black phosphorous photodetector
that was able to convert 3 gigabits per sec-
ond of optical data to electronic signals.
Another cool property, Feng points
out, is that black phosphorus possesses
an intrinsic, strong in-plane anisotropy,
which means its properties are depen-
dent on the direction of the crystal. “This
in-plane anisotropy is not readily found
inother 2-D crystals derived from layered
materials,” he says. His team recently
demonstrated the first black phospho-
rous high-frequency nanoelectromechan-
ical systems resonator. The resonator
took advantage of the material’s in-plane
anisotropy to generate new elasticbehav-
iors and frequency scaling abilities.
Unfortunately, black phosphorus is
hard to make and hard to keep. Currently,
it’s made by treating an amorphous form
of the element called red phosphorus
with high pressure (1 gigapascal) and high
temperature (1,000 °C). The resulting
millimeter-scale crystals are then exfo-
liated into atoms-thick flakes for making
nanostructures and nanoscale devices.
More troubling is that “when exposed
in air, black phosphorous film degrades
within a few hours, due to reaction with
water vapor and oxygen in air,” explains
Li. “Luckily, many inert materials can
be used as passivation to preserve black
phosphorous devices for weeks or longer.”
If the manufacturing and preservation
problems can be solved, perhapsssilicon
could finally fade to black.
—DEXTER JOHNSON
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A smart system to help ambulances quickly navigate traffic jams was designed by a team of CENG students and their professor,
by implementing GPS features and connecting ambulances with the central unit that identifies all electronic signals on their route.

I IEEE . . oS
!Il SPECTRUM Previous Page | Contents | Zoom'in"|"Zoom out| Front'Cover | Search'Issue | Next'Page “C‘lr:gtrgg



http://www.qmags.com/clickthrough.asp?url=www.qu.edu.qa&id=19573&adid=P13A1
http://www.qmags.com/clickthrough.asp?url=http://spectrum.ieee.org&id=19573&adid=logo
http://www.qmags.com/clickthrough.asp?url=www.qmags.com&id=19573&adid=logo
http://www.qmags.com/clickthrough.asp?url=http://spectrum.ieee.org&id=19573&adid=logo
http://www.qmags.com/clickthrough.asp?url=www.qmags.com&id=19573&adid=logo

14 | 0CT 2015 | IMTERHATIOHAL | SPECTRUM.IEEE.ORG Akio Kon/Bloomberg/Getty Images

III IEEE
1

| SPECTRUM


http://www.qmags.com/clickthrough.asp?url=http://Spectrum.ieee.org&id=19573&adid=P14E1
http://www.qmags.com/clickthrough.asp?url=http://spectrum.ieee.org&id=19573&adid=logo
http://www.qmags.com/clickthrough.asp?url=www.qmags.com&id=19573&adid=logo
http://www.qmags.com/clickthrough.asp?url=http://spectrum.ieee.org&id=19573&adid=logo
http://www.qmags.com/clickthrough.asp?url=www.qmags.com&id=19573&adid=logo

JI° EEE . . :“
||| SPECTRUM Previous Page | Contents | Zoomin | Zoom out | Front Cover | Search Issue | Next Page &%

s ROBOT
ROOM
SERVIGE

WELCOME TO THE

Henn na Hotel at the Huis
Ten Bosch theme park

in Nagasaki prefecture,
Japan. The word henn
(literal translation
“change”) alludes to the
changes that cutting-
edge technology will

bring. The staff here are
- = wired a little differently
than the workers at most

places you’ve stayed.
That’s because they
have actual wires. At

the reception desk, the
two humanoid robots
greet Japanese-speaking
guests; English speakers
have to check in with the
robotic dinosaur on the
right. In fact, most of the
staff at the 72-room hotel
have electric motors

for muscles, including
droids that tote luggage
and clean the rooms. The
company that owns the
hotel, which opened on
17 July, says it plans to
open a thousand robot-
themed hotels around
the world.

THE EIG PICTURE
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MIND
CONTROL

THE OPENBCI
LETSYOU PLUG
YOURSELFINTO
YOURDEVICES

et’s be clear: This is a parlor trick, not
neuroscience. Nonetheless, with the
help of somefriends, | was able to make
atoyshark flythroughthe airusing brainwaves. So
even ifit's a parlor trick, it's a trick worth doing!
First things first. When attempting to make some-
thing fly using your mind, it is important to choose
atarget object that compels attention. It's also im-
portant that the object have the powerto move it-
selfin some way. This project uses brain waves to
control an object’s movements; we cannot move
the object directly with our minds. This is not the
Force, afterall. ® So | chose to use an Air Swim-
merstoy:aremote-controlled helium balloonthat’s
shaped like ashark. Whenyou press some buttons
on aremote control, the shark swishes its tail and
“swims” through the air with a mesmerizing mo-
tion. | started by modifying the remote control. *

PHOTOGRAPH BY David Yellen INTERHATIOHAL | OCT 2015 | 17
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Some friends and | opened up the remote and
soldered wires to the connections of the vari-
ous push buttons. We then attached the wires
to the pins on an Arduino microcontroller. By
sending commands from a PC to the Arduino,
| could pull the voltage of the pins high or low,
making the shark respond as if | had pressed
the corresponding button onthe remote.

Now | had to feed the PC information from
my brain. The key piece of hardware needed
for mind control is an electroencephalograph
system. EEG systems use electrodes placed
on the scalp to pick up electrical signals pro-
duced by brain activity. Usually, they are bulky
and expensive. Awhile back, however, | had a
handin helping myfriends at OpenBCl develop
alow-cost, open-source EEG systemthat can
be easily hooked up toa computer.

The current version of OpenBCl’s kit is a
US $450 board built around a 32-bit PIC
microcontroller. The 6- by 6-centimeter
board can record up to eight EEG channels
at once. Microvolt-level signals from the
electrodes are amplified and fed into a 24-
bit, low-noise, analog-to-digital converter
chip. EEG data can be stored locally on an
SD memory card or transmitted in real time
via a Bluetooth connection.

The hardest part of this mind control proj-
ect was figuring out how to interpret the data
streaming in from the board. EEG interpreta-
tion is not easy because, to be technical, EEG
signals are a crazy mess. EEG recordings are
ajumble of the signatures of many brain pro-
cesses. Detecting conscious thoughts like

“Shark, please swim forward” is way beyond
even state-of-the-art equipment. The electri-
cal signature of a single thought is lost in the
furious chatter of 100 billion neurons.

Toaccommodate this limitation, | chosetoal-
ter my expectations for how the system would
work. Instead of looking for specific thoughts,
| looked for an EEG signature that would be
naturally easy to detect and that | could use
to signal intent. The easiest such signal oc-
curs whenever you close your eyes: For most
people, when the eyes are closed, a strong
10-hertz brain wave begins across the back
ofthe head, where the brain’s visual process-
ing centersarelocated. The 10-Hzbrainwave
is such an obvious feature that it was one of
the first signals identified when the EEG was

SHARK CONTROL

CRACKING OPEN the floating shark’s
remote control [top] allowed us toissue
commands via an Arduino [second from
top]. | connected an Arduino to a PC that
was also connected to an OpenBCl board
[second from bottom]. I then hooked up
myself and four volunteers [bottom] to the
board with EEG electrodes, which let us
direct the shark’s movements.
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initially developed (which is why waves with a
similar frequency are called alpha waves). So
to control my shark, | decided to focus on the
brain signature of closing my eyes.

| pulled out my OpenBCI EEG kit and con-
nectedtwo electrodestoit. | placed one EEG
electrode on the back of my head and then
the other on a neutral location (my earlobe)
to provide a reference signal. On my comput-
er, | used software developed by OpenBCl to
receive the data and to convert the raw time-
varying signal data into the frequency domain,
which made it much easier to look for peaks
of activity at specific frequencies. | modified
the software to look for a peak at 10 Hz and,
if detected, to send a shark command out to
the Arduino. As aresult,whenever | closed my
eyes, the shark swam forward.

While this worked great for commanding a
single action, the shark is capable of five dif-
ferent motions: forward, left, right, up, down.
One way to take advantage of this might be to
map five distinct brain signals to the five differ-
entsharkactions. The brainis notso easilyread,
however. | could not find five distinct yet easy-
to-detect signals.As before, the solutionwasto
alter my expectations. Rather than control the
shark by myself, | decided it would be more fun
tocontrolitasagroup. Solenlisted fourfriends.

Connecting five people at once to a tradi-
tional EEGis notreally possible: Traditional sys-
tems permit only a single reference electrode
againstwhich all other channels are measured.
But OpenBClis built to be flexible, and each of
its eight EEG channels can have its own refer-
enceelectrode. Connecting five peopletoone
OpenBCl boardis nota problem.

With all five people hooked up, the com-
puter looked for eyes-closed alpha waves
in each person’s data stream. | modified the
software to associate each data stream with
one specific shark command. So, depending
upon which shark motion we wanted, the cor-
rect person simply had to close his eyes.

As you can imagine, our coordination was
poor. It was like those three-legged races,
but with five people instead of two, and with
our brains tied together instead of our legs.
The outcome of this near-chaos was hilarity
as the shark lurched through the air. But we
did it. Five-person mind control! One heck of
aparlortrick. —CHIP AUDETTE
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THE ICE STUFF
ANTARCTIC ENGINEERING
REQUIRES RESOU
AND ENDURANCE

here is no visible horizon in the
waters beneath the Ross Ice Shelf.
Soelectrical engineerJimO’Sullivan
built an artificial one for the pilot of the sub-
mersible remotely operated vehicle (ROV)that
heandateam of scientists weretestingtherein
2008.Theteamdidn’t lack for data: The ROV’s
orientation, speed,and depthwere numerically
displayed onthe pilot's screen. Butitis difficult
toconvertnumbersinto spatial awareness. The
ROV was at risk of crashing into the delicate
creatures, such as sea spiders, that it was sup-
posed to be observing.

Fortunately, O’Sullivan had come across a
similar problem in a different setting: aviation.

RCEFULNESS

ENGINEERING FOR ANTARCTICA: Jim O’Sullivan
[top] scouts for research sites near the Barne

glacier; Julius Rix [bottom] works on systems that
will be used to drill through ice to extract samples.

As a pilot, he had an instrument rating,
“which was useful for understanding
how to navigate without being able to
see,” herecalls.When flying blind, pilots
use half a dozen different instruments
to maintain their situational awareness,
including an artificial horizon. O'Sullivan
found open-source software that could
convert the ROV’s telemetry data to
display an artificial, underwater hori-
zon. This example of engineering on
(and under) “the Ice,"—as Antarctica is
known—demonstrates the need forin-
genuity and improvisation beyond any-
thing training can provide.

In fact, those characteristics are
precisely how British Antarctic Sur-
vey (BAS) engineer Julius Rix got his
job: “My boss told me | got my first job
with him because of my hobbyworking
onoldcars,” Rixsays. Unlike O'Sullivan,
who went to Antarctica as a contract
engineer for a one-time gig and now
advises startups in and around Palo
Alto, Calif., Rix has grown increas-
ingly involved in Antarctic engineer-
ing. Rix got that first job maintaining
ionosphere-measuring equipment at
Halley Research Station on the Brunt
Ice Shelf in 2008 after doing a Ph.D.
in vehicle dynamics. After two years,
he took a medical-imaging job inthe
United Kingdom. But his old boss lured
him back a fewyears laterto move the
equipment from the old Halley station
to anew one. Now he is a staff engi-
neer atthe BAS Cambridge office and

has returned to Antarctica twice with a scien-
tific team searching for the world’s oldest ice.
At Rix's Cambridge office, a tangle of hats,
gloves, goggles, and giant fuzzy boots near-
by attest to his frequent visits to a nearby walk-
in freezer, with ice core samples and drilling
equipment. In between visits to Antarctica, Rix
must troubleshoot the drilling equipment and
try to anticipate what might go wrong in the
field, packing accordingly. Still, teams are un-
likelyto anticipate everything and must be pre-
paredtoadapt. “Learnas manyskillsasyou can,’
he advises prospective Antarctic engineers.
Recentjob ads for electrical or electronics
engineering jobs in Antarctica confirm that
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while jobs are available forthose
seeking an unusual workplace, a
diversity of experience and will-
ingness to embrace difficult liv-
ing conditions are prerequisites.
Engineers on the Ice do every-
thing from building new facili-
ties to maintaining telescopes
and tagging along with scientif-
ic teams for temporary projects,
as O’Sullivan did. The diversity
of roles means that many kinds
of engineers can go, but be
warned: The competition is stiff.

Several nations operate Antarc-
ticresearch programs. Interested
applicants should monitor these
programs’ websites and those
of any private contractors sup-
porting national programs. Hiring
tends to be seasonal: Opportuni-
ties spike forthe Antarctic summer.
Another method is to seek out sci-
entific research projects that may
need an engineer and approach
them directly. O’Sullivan got his
field gig through an introduction
fromamutual contact.

Both O’Sullivan and Rix empha-
sizethe difficultiesthat come from
Antarctica’s remoteness. “Proba-
bly the isolation was the hardest
part,” O'Sullivan says. That goes
for digital communication almost
asmuchas physicalisolation: Few
satellites dip that far south, and
visitors must be prepared for lim-
ited Internetbandwidth. Rixnoted
that his wife didn’t like his being
away so long and the uncertainty
ofwhen hewould return.

Still, Rix is looking forward
to going back and seeing new
parts of the continent with the
drilling team. And O’Sullivan
says he's very glad he went. ‘|
was surprised at how alive it
is in the water down there,” he
says. “It looks very barren on
the surface in Antarctica, but
the oceanic life is quite vibrant”

—LUCAS LAURSEN
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THE MAN BEHIND THE MARTIAN
ASOFTWARE ENGINEER

TALKS ABOUT HIS HIT BOOK'S
FUTURE TECH

NDY WEIR IS THE AUTHOR OF THE 2011 SCI-FI NOVEL
The Martian (Crown Publishers), which became abest seller
uponitsrereleasein 2014. The book follows the exploits

of Mark Watney, an astronaut accidentally left for dead

on the surface of Mars; this month marks the release of
amovie adaptation directed by Ridley Scott. Weir’s shift

to author came after a careerin software engineering, which turned out

to come in handy in crafting The Martian’s plot. IEEE Spectrum Senior
Editor Stephen Cass talked to Weir about writing his novel and the tech-
nology of space exploration.

CHLOE AFTEL/CONTOUR BY GETTY IMAGES
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Stephen Cass: Tell me about your engi-
neering career.

Andy Weir: | really liked it. Iwas good at it—I

diditfor 25 years! When the time came to quit
togofulltimewriting, itwas bittersweet: | liked

my job, | liked my boss, | liked my coworkers.

S.C.: What was your favorite project?
A.W.: The mostfamousthing I've everworked
onwas Warcraft . And there were afewreally
fun small projects, because | spent a lot of
time working for mobile gaming companies.
Mobile games, back in the days before smart-
phones, were very simple. One engineer per
game. | made a Garfield-branded bowling
game. That was pretty fun because the Al
had to be good at bowling, but not great. But
the thing I'm proudest of was mobile device
management software for Mobilelron, the
last company |worked at. When | started oniit,
the code base was something that had kind
of been thrown together and just kept having
new stuff gluedtoit.| gambled my reputation
atthe company onthis gigantic redesign. And
it worked! That was probably my shining mo-
mentin software engineering.

S.C.: The Martian is packed with de-
tailed and plausible aerospace tech-
nology. How did a software guy come
to write about hardware?

A.W.: |'ve spent a lifetime being a huge
space nerd. I'm less about astronomy than
stuff like spacecraft: I've spent mywhole life
watching documentaries and [learning] any-
thing | can find out about that.

S.C.: You wrote your own software to

model the trajectory of the novel’s

Hermes, anion-drive-propelled space-
ship that shuttles astronautsbetween

Earth and Mars. Why go to so much

bother?

A.W.: | really wanted scientific accuracy. It

was important for me, defining things like

how long did it take them to get there, and

so on. The math for calculating a constantly

accelerating ship was just way beyond me—
once lwas in my 10th nested integral | went

to see how real space agencies did this. As

far as | can tell NASA does it through simula-
tion, and I thought, “Well,/ can do simulation!”

S.C.: The abilities and lim-
its of space suits are criti-
cal to the plot. Did thinking
aboutreal suit techinspire
these plot points, or did
you have aplot turnin mind
and then worked out tech-
nology to match?
A.W.:ltwas based onreal space
suits. | would always start with
the science and work forward
to the plot. That’s how, for exam-
ple, | realized Watney wouldn’t
have enough water to grow po-
tatoes [forfood], by sitting down
and going, “Wait a minute, how
muchwater doesittake to growthose? Oh, he
doesn’t have near enough.” So that gave me
the whole plotline of “How do you create wa-
ter?” | was actually too pessimistic on space-
suit technology. A few months ago | went to
Johnson Space Center—it was the best week
of mylife. They showed a new [space-suit life-
support system] that no longer needs filters
for carbon dioxide; it can just filter carbon di-
oxide forever. That’s one of several ways in
which technology has been invented, or dis-
coveries have been made, since the publica-
tion of The Martian that invalidate things in it.
Another is that the Curiosity rover found a ri-
diculous amount of water stored in the soil of
Mars. So all this dangerous stuff that Watney
had to do to generate water—he could have
just brought dirtin and heated it up!

S.C.: The protagonist has many near-
death experiences,yetitneverfeelslike
you’re invoking deus ex machinas to
keep things rolling. How did you avoid
that pitfall?

A.W.: The biggest challenge was making sure
that each new problem was plausible. | tried
to make each problem come from reasonable
stuff, like equipment thatwas designedtolast
31 days wearing out after 400 days. What |
really liked was when a problem was caused
by his solution to the previous problem.

S.C.: The Martian sometimes reads al-
most like a series of math word prob-
lems. Were you surprised it found such
awide audience?
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MOVIE MARS: Matt Damon plays Mark Watney,
an astronaut stranded on the Red Planet, in the
Hollywood adaptation of the The Martian.

A.W.: When | was writing it, | was posting
it a chapter at a time to my website. | had
about 3,000 readers that | accumulated over
10years of writing dorky stuff. These readers
were all heavily science-minded people. So
I made sure to show all my work, so that my
readers could be like, “Yep, that checks out” It
never occurredto methat anyone whowasn't
ascience geek would like it!

S.C.: How do you feel about the movie
version?
A.W.: 'm very happy with the adaptation.
They definitely care a lot about scientific
accuracy.

S.C.: What’s next?

A.W.: I'm working on my next book now.
It's more traditional sci-fi. It's got aliens and

faster-than-lighttravel, but done my ownway.
| spent a month coming up with a physics

model that allows FTL travel without conflict-
ingwith any established physics. [In Einstein’s

relativitytheory, FTLtravel implies the abilityto

travel back in time, but] | don't want any time

travel in my story, so | came up with the me-
chanics for why it doesn’t work. I try to start

with the tiniest kernel of made-up BS that |

can and then work everything out from there.

For more excerpts from this interview, visit
http://spectrum.ieee.org
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HUMBERS DOH’T LIE_EYT VACLAY SHMIL

THEREAL PRIGE OF OIL
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ON FRIDAY, 20 JUNE 2014, WEST TEXAS INTERMEDIATE
> (WTI) crude oil traded in Cushing, Okla., at US $107.95 a barrel;
by the end of the year it was selling for $53.45, almost half the
summer peak. For the first time, people wondered whether
the price of oil might actually be too low. ® Average prices of WTI rose
roughly 52-fold between 1970 and 2014, in current dollars—an enormous
jump. How could the economies of oil-importing countries have kept on
growing? The answer is simple: That 52-fold multiple is based on a doubly
misleading metric. Though prices did soar in the 1970s, their fluctuations
have been relatively restrained since then. e The first adjustment we must
make—for inflation—is trivially obvious, because currency values do not
remain constant. Low inflation rates of recent years (and actual deflation
in some countries) have resulted in only minor annual devaluations (or
even in marginally higher value) of currencies, while back in the 1970s
and 1980s, inflation rates were in the double digits. In 1970, a dollar was
worth about $6 in today’s money; in 1980, it was worth $2.87 and in 2000,
$1.37. Expressed in today’s dollars, average oil prices rose more than
eightfold, from $10.90 in 1970 to $92.10 in 2014, virtually all of which took
place between 1974 and 1980. In 1980, oil averaged $108.20 per barrel in
2015 monies, and its value has fluctuated ever since. ® The next adjust-
ment is more subtle and thus often neglected. We must account for crude
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oil’s declining importance in all West-
ern economies. This measure, usu-
ally called the oil intensity of the
economy, traces oil used per unit of
gross domestic product, and it is cal-
culated by dividing the total national
oil consumption by GDP expressed
in constant monies. Before the first
oil price rise 0f 1973-74, oil intensity
had been diminishing rather slowly;
afterward, its decline accelerated.

We have done many things to
lower oil intensity. We’ve stopped
burning liquid fuels to generate elec-
tricity, injected powdered coal in-
stead of fuel oil into blast furnaces,
raised the corporate average fuel
efficiency (CAFE), lowered the ker-
osene consumption of jet engines,
and improved the efficiency of thou-
sands of industrial processes. The re-
sults have been impressive: By 1985
the U.S. economy needed 37 percent
less oil to produce a dollar of GDP
than it had in 1970. By 2000 the rate
was down 53 percent, and by 2014
it was 62 percent lower.

If you doubly adjust the WTI oil
price—once for inflation and a second
time for the declining oil intensity

of the economy—you’ll find it rose from
$10.90 per barrel in 1970 to about $88
per barrel in 1980, then dropped to just
$19 per barrel in 2000. Then it rose again,
hitting $33 per barrel in 2010 and $34.50
per barrel in 2014. The multiple for the
entire 1970-2014 period is only 3.2-fold.

When seen in a proper perspective,
there is no doubt that the 1970s and the
early 1980s brought us a historically un-
precedented price rise and widely felt
economic consequences. But in the past
30 years, the doubly adjusted crude oil
price fluctuations have been rather sub-
dued. No wonder the United States has
coped with those ups and downs surpris-
ingly well-even if it did, unpardonably,
halt the improvement of CAFE for the
two decades ending in 2005.

That, however, is a matter for anoth-
er column. m
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TINY HOUSES, BIGLEXIGON

Small is the new big. —Bob Wheeler, CEO of Airstream

THE COMEDIAN STEVEN WRIGHT ONCE QUIPPED, “You can’t have
everything. Where would you put it?” Yet for many years now, it seems
as though consumers havebeen determined to buy everything, and are
purchasing ever-bigger houses in which to store all their knickknacks
and doodads. Back in 1900, the average U.S. single-family house was 65 square meters
(700 square feet). That jumped to 93 m? in 1949, 154 m? in 1973, and a whopping
234 m? in 2007 (according to the U.S. Census Bureau). This trend led to a raft of
new words that reflect a world increasingly flabbergasted by house sizes: Really big
houses became monster homes or megahomes; oversize houses that didn’t fit
the neighborhood were called McMansions or Godzilla homes; a massive house
crammed into a small lot was a bigfoot home; garishly large dwellings were known
as starter castles. ® True, this mansionization trend did reverse itself for a few
years as the housing market crashed—by 2010 the average size of a new house was down
below 223 m?-but it soon continued its apparently unstoppable trend upward, crack-
ing the 242 m? mark by 2014. @ But in the same way that many people are replacing
conspicuous consumption with conspicuous austerity and lavish lifestyles with
asset-lite lifestyles, housing downshifters are replacing trophy homes with
tiny houses. And when I say tiny, I mean teensy tiny: These microhouses are of-
ten under 19 m?, with some nanohouses measuring less than 10 m?. This is known
as the tiny-house movement, and its adherents—called, with pleasing ambiguity,
tiny housers—are advocates of small-footprint living. The “footprint” here refers
both to the dimensions of the house and to its impact on the environment, with the
vast majority of small footprinters being dedicated environmentalists. Their eco
homes are designed not only to be small but to be green, as well. ® Some denizens
of minihouses are solar guerrillas who use alternative energy sources such as solar
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power to illegally direct electricity back to
the grid. Why would they do that? Usually
it’s because they live in jurisdictions that
don’t have net metering, which allows a
utility to track the net difference between
the electricity consumed via the grid and
that generated by alternative means. The
guerrilla solar movement advocates
installing inverters that enable generated
power to be fed back to the grid and force
the electricity meter to run in reverse.

Some owners of pint-sized houses
go astep further and live completely off
the grid, where “the grid” now refers
not only to the electricity network but to
all utilities, including the water and sew-
age systems. This often involves stealth
camping (also called boondocking),
where tiny-house ninjas secretly park
their wee homes in remote, isolated lo-
cations. Some are even equipping cargo
trailers with home amenities, resulting
in stealth tiny houses.

The small-space trend is also trickling
down to home workers’ and telecommut-
ers’ office space. Many home offices are
moving outside to the garden, where
toolsheds and potting sheds are being
renovated and reborn as shedquarters,
and their inhabitants are calling them-
selves shedworkers. There’s a thriving
shedworking subculture online, where
the shed-based lifestyle (the shedlife)
is celebrated and refined.

The average size of a U.S. house has
nearly quadrupled over the past 100 years.
This has occurred despite Americans
having smaller families and being only
slightly taller on average than at the begin-
ning of the 20th century (although, per-
haps not coincidentally, they are much
wider). The culprit is likely a version of the
expenditure cascade, the increase in
spending that results from consumption
by the wealthy, which triggers emulative
spending by the next lower class, which
triggers spending by the class below that,
and so on. Rich people have ever-bigger
mansions, so the rest of us need ever-
bigger houses, an unsustainable cascade.
As the tiny housers and shedworkers are
showing, small is indeed the new big.

ILLUSTRATION BY Elias Stein
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Future Space Suits

AFTER EXITING THE AIR LOCK,
an astronaut uses the thrusters

on her space suit to propel herself
toward a nearby asteroid. With
great care, she gets as close and

as steady as she can in preparation
for knocking a few samples off the
surface. But with very little gravity

to anchor her, the strike of her "o —
hammer throws her backward
in an uncontrolled tumble. suaply and

This scenario may sound a bit comic, but it’s one that engi- eﬁgg}?gﬁ'ﬁg

neers will have to keep in mind as they design ways to once
again send astronauts out beyond low earth orbit—to an aster-
oid brought close to the moon by a robotic spacecraft, accord- Lower arm
ing to NASA’s current plans; to other small bodies in deep module
space; and on long missions to what could be our generation’s
ultimate destination—Mars.

Ofthe myriad dangers and difficulties associated with space

travel, weightlessness places some of the biggest demands on 1
an astronaut’s body. The absence of gravity can wreak havoc Q

]
on an astronaut’s physiology, causing muscles to atrophy, .
weakening bones, and producing disorientation and unsteadi-
ness that can persist even after the return home. L

The lack of gravity also turns each space walk into a precise
dance. Even the slightest nudge against a surface will push Upper leg
an astronaut off in the opposite direction. This challenge will modue
only become greater once people start exploring environ-
ments where they don’t have the benefit of handholds and
robotic arms, which astronauts now use to move around the \ f \ )
exterior of the International Space Station (ISS).

Fortunately, there is a technology that could help address
these sorts of difficulties: the control moment gyroscope, or
CMG. Unlike the sensor-type gyroscopes found in smart-
phones and other gadgets, the CMG is an actuation device.
It uses a spinning mass to rotate an object or resist such
movement, in the same way that changing the rotation axis
of a spinning bicycle wheel while you’re seated in a chair
can cause you to turn.

Today, CMGs are employed to steady a range of spacecraft,
including Earth-observation satellites and the ISS. At Draper
Laboratory, in Cambridge, Mass., we’re working to make this
technology compact enough for astronauts to wear and yet
powerful enough to restore some of gravity’s greatest advan-
tages. Placed on a flight suit, our CMGs could be used to resist
an astronaut’s movement, helping to mitigate some of the
effects of long-term weightlessness. Similar modules could be

Lower leg
module
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Modules mounted on the upper and lower arms and
the upper and lower legs could be used to resist limb
movement in space. A single module might contain
four control moment gyroscopes, mountedina
pyramidal configuration. These gyroscopes can be
programmed to work in concert to provide torqueina
particular direction, providing a feeling of resistance
similar to that of gravity.

placed alongside thrusters on astronauts’ manuevering units
to help improve their stability when performing repairs and
exploring low-gravity environments. With any luck, when
humans put the first footprints on the Red Planet, they’ll find
the adjustment won’t be nearly as abrupt as they expected.

OURWORKADAPTING CMGs for use on space suits began when
we started considering astronauts’ experiences inside their
spacecraft. Astronauts en route to Mars will experience half
ayear or more of weightlessness, and like any good system,
the human body will react by adapting to its new environ-
ment: The cardiovascular system will become decondi-
tioned, muscles will shrink and weaken, and bone mineral
density will decrease.

The lack of gravity also affects sensorimotor functions and
the vestibular system, the inner-ear sensory organs that con-
trol our sense of balance. Astronauts have reported spatial
disorientation, motion sickness, balance instability, and diffi-
culty maintaining coordination when walking or performing
tasks that require fine motor skills. Many of these symptoms
manifest themselves during gravitational transitions, such
as after launch or landing. Unfortunately, these transitions
occur during critical times when astronauts’ physical and
cognitive performance is crucial for their own safety and
their mission’s success.
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Because NASA currently has no plans to build a giant spin-
ning centrifuge ship ala 2001: A Space Odyssey to create artifi-
cial gravity for Mars-bound astronauts, we decided to explore
an alternative: a personal resistance suit that could mimic
some of gravity’s effects.

In collaboration with researchers at MIT and at the David
Clark Co., in Worcester, Mass., we designed the Variable
Vector Countermeasure Suit, or V2Suit, with initial support
from the NASA Innovative Advanced Concepts program. It
would look much like an ordinary flight jumpsuit. The main
difference is that it would be equipped with small modules
to be worn on the arms and legs, one for the upper and one
for the lower section of each limb. Each module contains
a sensor system to measure the limb’s orientation and its
linear and rotational motion, and four CMGs to resist that
rotational motion. A module on a belt would contain the
system’s power and the processor needed to compute how
the CMGs should react.

The CMGs we chose for the task each contain a cylindrical
mass that spins at constant speed. This rotor is itself mounted
on a gimbal. When the gimbal rotates, it changes the orien-
tation of the rotor’s axis. When the rotor is spinning—which
it can easily do at 15,000 or so revolutions per minute—the
change in the orientation of its spin axis imparts a rotational
push, or torque.

The modules can be programmed to recognize an arbi-
trary direction as representing “down.” The CMGs will then
move to create resistance with the appropriate strength and
direction whenever the astronaut moves against the “down”
direction. If an astronaut programs “down” to mean the
floor of the spacecraft, then raises an arm in the direction
of the corresponding ceiling, the CMGs on that arm can ori-
ent themselves to oppose that motion, resulting in a feel-
ing of resistance, as if the astronaut were moving her arm
through a vat of molasses.

That’s not the same thing as creating artificial gravity, of
course. An astronaut’s inner ear won’t operate any differently,
for example, and she might still experience motion sickness.
And while the suit might help astronauts get a more robust
workout, other measures will likely be needed to counteract
the depletion of bone mass and muscle strength. Those strat-
egies could include exercise, perhaps inside a one-person
centrifuge, and tight-fitting suits like the “penguin suits”
developed by the Russian space program, which use elastic
to put pressure and tension on muscles.

But CMGs could really help in improving eye-hand coordi-
nation. When we move our arms and legs, our brains take
gravity into account. Making the switch to zero gravity can
cause an astronaut to miss her target by failing to compen-
sate for the sudden absence of pull when she tries to move a
limb. The opposite effect can occur when returning to Earth.
The resistance offered by CMGs could help astronauts accli-
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Future Space Suits

mate to the gravitational environment of their destination,
enabling them to practice how to move and work smoothly
months in advance of their arrival.

The trick will be making sufficiently powerful CMGs that
can fit in a small, wearable package. It’s not yet clear how
much resistance we need to offer astronauts, but when we
set out to make our prototype CMG array we aimed to have
it provide as much as 1 newton meter of torque. That’s about
what you’d feel at your shoulder if you
were holding a full soda can with your R
arm straight out to the side.

This level of torque is easy to achieve
with alarger CMG. It can also be made
with a tiny one that spins very fast,
although a smaller CMG has less of a
range of angular momentum to work
with. It also won’t be able to operate

—_

(o

€ Rotor spin axis

—_—

aEp in

Torque

as long as a larger CMG without hav- axis

ing to be reset, by unwinding each of
the gimbals.

Thankfully, CMG design has
improved considerably in the last few
decades, and we were able to use com-
mercial parts to build relatively com-
pact and inexpensive prototypes. Our
current model, which was completed

——
V
A CONTROLMOMENT gyroscope, such
asthe single-gimbal variety here, uses the
angular momentum of a spinning mass
[center] to create torque. Rotating the
spin axis of this mass using a gimbal [blue
arrow] generates atorqueinthe direction
of thered arrow. Abody attached to

to explore new objects and maneuver with as much free-
dom as possible outside their spacecraft in case emergency
repairs are needed.

But thrusters by themselves are a brute-force solution, espe-
cially when you consider the possibility of visiting low-gravity
objects, such as asteroids and Martian moons. Because they’re
essentially miniature rockets, thrusters are great for moving
in a line from one point to another. But they’re not as effec-
tive at maintaining a constant attitude—
the rotational orientation of a body.

Imagine that an astronaut’s suit has
two thrusters attached behind the
shoulders, one pointed to the left and
the other to the right. One thruster is
designed to rotate the astronaut clock-
wise and the other counterclockwise.
The control system can command the
thrusters to fire whenever the astronaut
rotates away from the target attitude.

It’s a simple approach, but it’s
imprecise. The astronaut will never
sit exactly at the commanded attitude;
she’ll be pushed in one direction and
then the other when she overshoots,
bouncing back and forth around the
desired orientation. The process eats

Gimbal
axis

>

the CMG will rotate around this red axis

last year, is about 20 centimeters on a
side and 10 cm high. This is still larger
than we’d like for astronauts to wear,
but the module is not optimized for size. It contains, for exam-
ple, a fairly large safety enclosure to make sure the spinning
parts stay contained and can’t injure anyone experimenting
with it. Our next step is to begin testing the module on peo-
ple on the ground to see how they perceive different magni-
tudes of resistance. From there, we plan to transition to tests
aboard airplanes flown in parabolic arcs, which offer their
passengers brief periods of weightlessness.

NOT LONG AFTER WE BEGAN working on the V2Suit, we started
exploring how CMGs might also help astronauts moving
around outside a space vehicle to perform repairs, for instance,
or to propel themselves to an object of interest.

Today, astronauts generally navigate in the vacuum of space
using safety tethers, robotic arms, and handholds attached
to their vehicles. In the past, maneuvering units—backpacks
equipped with jetlike thrusters—were used to perform space
walks without an attachment to a vehicle. Today, astronauts
on the ISS wear such jet packs, but they’re designed to be
used only in case of emergency.

As planners contemplate missions beyond low earth orbit,
they’ll want thruster systems that can be used more routinely,
so that astronauts can propel themselves across empty space
30 | 00T 2015 |
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fuel, limiting the amount of time that
can be spent performing extravehic-
ular activities. And if the astronaut
happens to be near the surface of an asteroid, she’d risk kick-
ing up dust clouds, potentially contaminating the area she’s
trying to sample.

CMGs could offer better control. And it turns out that CMGs
have actually been used before. Astronauts flying on NASA’s
Skylab space station in the 1970s experimented with an early
mobility unit that contained both thrusters and CMGs, but
those CMGs were quite massive and power hungry. Later,
when the agency’s Manned Maneuvering Unit was being
developed, CMGs were found not to be necessary. NASA
determined that astronauts could perform extravehicu-
lar activities, such as spacecraft maintenance and satellite
retrieval, by maneuvering at the end of a robotic arm or with
thruster-only jet packs.

After several decades of advances in manufacturing and
with NASA’s new low-gravity mission objectives in mind, our
team at Draper, along with researchers from MIT and NASA
Johnson Space Center, decided to revisit the Skylab idea.

The CMG module design we settled on for the jet pack looks
quite similar to the one we used in the V2Suit; it too is made
up of an arrangement of four individual CMGs. The jet-pack
CMGs are a bit larger, though, each about the size of a base-
ball, and are designed to produce as much as several newton

ILLUSTRATION BY James Provost
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meters of torque, which should be enough to prevent astro-
nauts from pushing themselves into uncontrolled spins if they
need to sample the surface of a low-gravity body.

Picture our astronaut floating in the vacuum of space. If she
dips to her side into a sideways cartwheel, she is spinning about
her roll axis; leaning forward or backward in space, she is rotat-
ing about her pitch axis. When she twirls around to change
the direction she’s facing, she is moving about her yaw axis.
So to fully control an astronaut’s attitude, we needed at least
three CMGs—one to control pitch, one for roll, and one for yaw.

In practice, we used four. That’s partly so there’s abackup in
case one fails. It’s also to help the gimbals avoid what’s called a
singular configuration, which can occur when two or more of
the CMGs cancel one another out or when the gimbals can’t be
moved any farther in a particular direction to provide additional

KEEPING STEADY: Virtual-
reality simulations [above and
left] were used to test whether
aCMG-equipped jet pack could
better enable anastronaut to
control his or her attitude on
anapproach toanasteroid’s
surface and while performing
basic tasks. Prototypes [bottom
image] of the CMG modules that
astronauts might one day wear
ontheirarms and legs have
beentestedinthelab.

torque. Well-designed control software, which would operate
all four CMGs at once, can recognize when one of these prob-
lems threatens system controllability. It will then either steer
the CMGs away from a singular configuration or apply torque
using thrusters so that the gimbals can be oriented away from
their extreme positions, giving the CMGs some breathing room.

Last year, we used a computer-simulated mission to an
asteroid to test three different jet-pack schemes: one with
only jets and two with a combination of jets and different
sizes of CMGs. Our experimenters tried to navigate a vir-
tual asteroid while maintaining a certain attitude, by using
avideo-game controller and virtual-reality goggles. We also
performed computations to simulate the physics involved in
an astronaut removing a tool from her belt and performing
reaching motions with the tool in hand.

When carrying tools, our test subjects preferred to work
with the jet pack containing thrusters and the larger CMGs.
It’s harder to get these CMGs into a singular configuration
because they can store more angular momentum. We found
that the gyroscopes not only improved stability, they also cut
fuel consumption by two-thirds. Of course, there are trade-offs
to adding CMGs. The most important is that gyroscopes need
electricity to function. Adding CMGs to a mobility unit as well
as a battery to power them could add a fair amount of mass,
thus increasing launch costs. But we expect that over their life-
time, CMGs will come out ahead in the cost-benefit equation.

Of course there are still open questions. Although we tested
amock asteroid encounter using VR goggles, we won’t know
how an astronaut feels using our equipment until someone
tries it in a weightless environment.

We recently took a step in that direction, by testing a com-
bined CMG and thruster system on a free-floating satellite
experimentation platform during a series of parabolic flights.
The flights were our first opportunity to see how well our com-
bined CMG-thruster system could maintain a stable attitude in
amicrogravity environment. In the future, we hope to testa
scaled-up CMG system in similar flights with human subjects.

A key consideration will be how easy the system is to use.
Today, astronauts command maneuvering-unit thrusters
with a hand controller through their bulky gloves. A hands-
free interface, perhaps controlled using foot pedals or voice
commands, might ultimately prove simpler.

We’re still in the early days of figuring out how to make
long-duration flights safer and finding ways for astronauts
to perform well outside their craft without having to rely on
handholds and tethers. The gyroscope systems we’re work-
ing on should indeed help combat some of the problematic
effects of weightlessness. A decade from now, space might
feel alittle less ethereal for astronauts than it does now. And
that will be a good thing. =

POSTYOUR COMMENTS at http:/spectrum.ieee.org/cmgi1015
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A. Free breathing

The suit will likely rely on a mix of
hard and soft parts to keep its shape
againstthe air pressureinside. The
materials should also help protect ~
against falls: Mars’s gravity is more

thantwice that of the moon. Amix

of hard components and flexible but

sturdy outer layers could prevent

punctures while being lightweight

enough forwalking.

C. Boots made for walking
Apollobootswon’t cutiton Mars. Astronauts will need
something rugged, comfortable, and durable enough
tolast for weeks or months. Chances are Mars foot-
wear will be custom molded to an astronaut’s foot,
says ILC Dover engineer Jinny Ferl. The soles will likely
be flexible, but they could also be rounded, allowing
astronauts to walkin part by rolling their feet.
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D. Knees that can kneel
Spacewalkers on the International
Space Station use handholds to get
around. On Mars, astronauts will
need to walk and even kneel. Get-
ting this mobility from a gas-filled,
pressurized suit will be a challenge,
butbendable knees, along with
bearings and accordion-like joints
at the hip, should allow greater free-
dom of movement.
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G.Show me the map, Siri

F.Slide in, suitup

Mars is covered with potentially toxic
dust. To protectinterior spaces, suits
could be hung outside alanding craft
orrover. To perform a Mars walk,
anastronaut could slip into the suit
throughaportatthe back. Aback-
pack containing the suit’s life-support
equipment would close behind the
wearer. Latches would thenrelease
to pop the suit off the vehicle.

E. Fresh fabrics

Today’s space suits use the vacuum
of space to provide thermal insula-
tion between outer and inner suit
layers. The Martian atmosphere
may be thin, butit’s thick enough
that engineers will likely have to
develop new materials toregulate
the temperature of the suit. Poly-
mers that can offer some radiation
protection will also be in demand.

ILLUSTRATION BY MCKIBILLO

*
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SUITING UP FOR
IHE RED PLANE

-

WE’RE LIKELY STILL at least a couple of decades away from  Engineers
landing people on Mars, but the space suits that will protectthose  fashion
astronauts are very much in development.  Last year, NASA made ways to
headlines when it invited the public to choose the design that would survive
decorate the exterior of the Z-2, a new suit designed to be mobile on Mars
enough to explore the Red Planet. And its manufacturer, longtime
space-suit maker ILC Dover, based in Frederica, Del., has now put By RACHEL
the finishing touches on that suit, which is set for a public unveil- COURTLAND
ingin a few months. e Some would argue that we can’t get started
on Mars suits soon enough. Today’s space suits are designed for delicate work in
zero gravity, not the rigors of a months-long trek around the base of Olympus Mons.
« So what will that first Martian space suit look like? Will it be similar to today’s suits—
arigid, human-shaped balloon inflated with gas? Or will we wind up with something
sleek, like MIT’s BioSuit concept, which would use form-fitting elastic materials to
apply pressure directly, by squeezing the body? « Chances are we’ll see an evolution
in design, says David Klaus, a professor of aerospace engineering sciences at the Uni-
versity of Colorado Boulder. “The first suits on Mars will probably be like the Z-2,”
he says. “They may not be perfect, but they’ll get the job done.” » The Z-2 isn’t yet a
complete suit, but discussions with its engineers and other space-suit experts pro-
vide a sketch of what the first people to land on Mars might wear.
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The most important requirement, of course, is that the suit
offer future Martian explorers adequate protection. By phys-
iological standards, conditions on the surface of Mars are
effectively equivalent to those of a vacuum, the atmosphere
having less than 1 percent of the surface pressure of Earth’s.
As aresult, future Martian explorers will face the same basic
danger that spacewalking astronauts do today: A large breach
in their space suits would quickly turn the liquid water in their
tissues and veins into vapor. The body would swell drasti-
cally, and blood would stop circulating within about a minute.

But Mars poses new challenges. The weak magnetic field of
that planet offers little protection from solar-wind particles
and cosmic radiation. And the thin atmosphere complicates
suit design. The space suits worn outside the International
Space Station (ISS) use vacuum to their advantage—that vac-
uum provides thermal insulation between outer layers of the
suit. Transport such a suit down to the surface of Mars and
gas molecules will slip between those layers and carry heat
away from the astronaut’s body.

Astronauts will also have to contend with something that
they haven’t had to tackle since the days of the Apollo moon
missions: dust. Whipped by wind and once shaped by water,
Martian dust is likely less sharp than moon dust, but the
Martian variety is readily lofted into the air. The dust can
scratch up visors, bind up bearings, and coat space suits,
altering their reflective properties. Should it get into a rover or
habitat, scientists say it could pose a significant health hazard.

Even if today’s suits could perfectly protect Martian explor-
ers, they’d be quite difficult to work in. They’d be a lot to lug
around, for one thing: Mars has 38 percent of the gravity of
Earth. The current suits are also optimized for moving about
in zero gravity using handholds, so their hip, waist, and knee
joints aren’t particularly flexible. “The suits that are up there
are not designed for walking around,” says former astronaut
Jeffrey Hoffman, now director of MIT’s Man Vehicle Laboratory.

“I'had to take [one] on a treadmill once. You sort of turn your
body and throw one foot in front of the other. It’s very awkward.”

NASA’s Z-2 is designed to tackle this mobility problem. “Our
current goal is to work toward a suit that we could fly on the
space station as a demonstration,” says Amy Ross, who heads the
advanced space-suit engineering team at NASA Johnson Space
Center, in Houston. “But it is a planetary-surface walking suit.”

Like its predecessors, the Z-2 is filled with gas and con-
sists of three basic layers: a restraint layer to hold in the air,
a structural layer that helps shape the suit and allows joints
to move, and a set of environmental layers that provide ther-
mal insulation and protect the suit from punctures. Where
the Z-2 diverges most is in how it bends and flexes. The suit
comes with improved joints and bearings, particularly at the
shoulder, hip, and waist.

As with the suits used by today’s Russian cosmonauts, astro-
nauts enter at the back. The idea is that, to avoid contact with
dust, explorers could hang the suits outside their vehicles or
habitats. The suits would be part of a compact air-lock sys-
tem; a Mars walker would enter his or her suit through a com-
bination hatch-backpack containing the suit’s life-support
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equipment. When open, the suit hatch would nestle inside
the vehicle’s inner hatch. After the astronaut enters the suit,
both hatches would close and the astronaut could release the
latches holding the suit to the vehicle.

In theory, an astronaut could get in the suit and go fairly
quickly. To improve their flexibility, existing Russian and
American suits are kept at a relatively low pressure. Astro-
nauts must go through a lengthy “prebreathe,” in which the
air is slowly depressurized to lower the risk of developing the
bends. This is the same hazard scuba divers face upon return-
ing to the surface from deep water—dangerous bubbles that
are created when the lower pressure causes dissolved gases
in the body to come out of solution.

The Z-2 is designed to operate at 8.3 pounds per square inch
(about 57,000 pascals). Although still just over half the pres-
sure at sea level and inside the ISS, the level is high enough for
astronauts to forgo the prebreathe procedure. To resist the
higher pressure, some of the widest parts of the suit, namely
the chest and pelvic area, employ rigid components made
from a composite of fiber and resin. These rigid parts could
also help protect the astronaut against falls, says Jinny Ferl,
a space-suit engineering manager at ILC Dover.

But the Z-2 isn’t quite ready for a Mars debut. The suit’s envi-
ronmental garment doesn’t yet have any layers to help pro-
tect against extreme temperatures and radiation, says Ferl.

What’s more, there’s the pesky matter of overall heft. The Z-2
is being developed in tandem with an improved life-support
system that can better remove carbon dioxide. Together, the
mass of the pair comes to roughly 140 kg, says NASA’s Ross,
on par with the mass of the U.S. suits currently used on the
ISS, if you don’t include their emergency thrusters. But, she
adds, the new system does more with that mass: The Z-2 suit
has better mobility, and the new life-support technology is
more reliable and can operate longer.

In the future, we could see sleeker, more-capable suits emerge.
MIT’s BioSuit project is blazing that trail, although it is still
in its earliest stages, Hoffman explains. The approach pres-
ents some significant challenges, including finding a way to
provide pressure in concave areas, such as behind the knees
and between the knuckles. At present, the MIT team has not
developed a prototype that can provide enough pressure to
protect against vacuum. But they are working on it.

In parallel, UC Boulder’s Klaus and others are exploring
additional ways to make suits more capable. Earlier this year,
for example, he and graduate student Christopher Massina
reported that it should be possible to save on the water now
used to help keep temperatures steady by transforming the
space suit into a dynamic, full-body radiator. The approach
uses materials that change their surface properties—and thus
how strongly they reflect or absorb light—in response to an
applied voltage.

“That’s definitely next-generation stuff,” Klaus acknowl-
edges. But when it comes to Mars, it’s good to plan ahead. m

POST YOUR COMMENTS at http:/spectrum.ieee.org/marssuit1015

-

>

revious Page | Contents | Zoom'in"|"Zoom out"| Front Cover | SearchIssue | Next Page “‘C‘ln‘lags

THE WORLD'S NEWSSTAND®



http://www.qmags.com/clickthrough.asp?url=http://spectrum.ieee.org/marssuit1015&id=19573&adid=P34E1
http://www.qmags.com/clickthrough.asp?url=http://spectrum.ieee.org&id=19573&adid=P34E2
http://www.qmags.com/clickthrough.asp?url=http://spectrum.ieee.org&id=19573&adid=logo
http://www.qmags.com/clickthrough.asp?url=www.qmags.com&id=19573&adid=logo
http://www.qmags.com/clickthrough.asp?url=http://spectrum.ieee.org&id=19573&adid=logo
http://www.qmags.com/clickthrough.asp?url=www.qmags.com&id=19573&adid=logo

1 |EEE

| SPECTRU

TECH
MATE!

SUBSCRIBE TO
GAME-CHANGING

TECH NEWS FROM
IEEE SPECTRUM

From the corner office, to the bench, to out in the
field — wherever you work — expand your knowledge
of robotics, energy, test and measurement, smart cars
and more with IEEE SPECTRUM NEWSLETTERS.

Cars That Think
energywise

ronotics news
techalert

2 the winning move —
ubscribe today!

spectrum.ieee.org/newsletters

1 IEEE

| SPECTRUM

www.fnr.lu

The Interdisciplinary Centre for Security, Reliability
and Trust (SnT) launched by the University of
Luxembourg targets research and PhD education

at the highest international level. Its overall aim

is to become a European centre of excellence and
innovation for secure, reliable, and trustworthy ICT
systems and services. To achieve high impact and
excellence, research activities are carried out through
strategic interdisciplinary research platforms in close
cooperation with industrial and government partners.

www.securityandtrust.lu
Contact: Prof. Bjorn Ottersten,
Director, bjorn.ottersten@uni.lu

Research Programme for
Outstanding Young
Researchers

2 M€ -5 years

www.fnr.lu/attract
Contact: Frank Glod, PhD, frank.glod@fnr.lu

Research Programme for
Internationnally
Recognised Senior
Researchers
3-4ME€ - 5 years

www.fnr.lu/pearl
Contact: Frank Glod, PhD, frank.glod@fnr.lu

pr— &PPORTUNITIES

More information about ATTRACT and
PEARL as well as the other funding Fund
opportunities offered by the Luxembourg
National Research Fund can be found on

For an overview on research in Luxembourg,
have a look at www.innovation.public.lu

Luxembourg National

RESEARCH WITH IMPACT

nni.In | ST

-

Previous Page | Contents |"Zoom'in"|"Zoom out | Front Cover | SearchIssue | Next Page i‘.(‘lr;ags

THE WORLD'S NEWSSTAND®

IEEE

The journal for rapid open access publishing

%
/
-

.
&
< AN

Become a published
author in 4 to 6 weeks.

%

\
54

2P
W I A L

IEEE Access is a multidisciplinary

journal that allows you to:

= Publish articles in 4 to 6 weeks

= Expect the IEEE trusted peer review with
a typical one-third acceptance rate

= Reach millions of global users
through the IEEE Xplore® digital library
with free access to all

= Submit multidisciplinary articles that
do not fit neatly in traditional journals

» Integrate multimedia and track
usage and citation data for each
published article

= Connect with readers
through commenting

» Publish without a page limit
for only $1,750 per article

dl

\

P AT EE—nT Y

).

IEEE Access... a multidisciplinary
open access journal that's worthy
of the IEEE.

[=], 2 [

“‘"‘EE Learn more at:
¥ www.ieee.org/ieee-access

< IEEE

Advancing Technology
for Humanity

SPECTRUM.IEEE.ORG | IWTERHATIOHAL | OCT 2015

14-PUB-246 12/14

35

THE WORLD'S NEWSSTAND®


http://www.qmags.com/clickthrough.asp?url=www.ieee.org/ieee-access&id=19573&adid=P35A7
http://www.qmags.com/clickthrough.asp?url=www.innovation.public.lu&id=19573&adid=P35A6
http://www.qmags.com/clickthrough.asp?url=www.fnr.lu&id=19573&adid=P35A5
http://www.qmags.com/clickthrough.asp?url=www.fnr.lu/attract&id=19573&adid=P35A4
http://www.qmags.com/clickthrough.asp?url=www.securityandtrust.lu&id=19573&adid=P35A3
http://www.qmags.com/clickthrough.asp?url=www.fnr.lu/pearl&id=19573&adid=P35A2
http://www.qmags.com/clickthrough.asp?url=http://spectrum.ieee.org/newsletters&id=19573&adid=P35A1
mailto:bjorn.ottersten@uni.lu
mailto:frank.glod@fnr.lu
mailto:frank.glod@fnr.lu
http://www.qmags.com/clickthrough.asp?url=http://spectrum.ieee.org&id=19573&adid=P35E1
http://www.qmags.com/clickthrough.asp?url=http://spectrum.ieee.org&id=19573&adid=logo
http://www.qmags.com/clickthrough.asp?url=www.qmags.com&id=19573&adid=logo
http://www.qmags.com/clickthrough.asp?url=http://spectrum.ieee.org&id=19573&adid=logo
http://www.qmags.com/clickthrough.asp?url=www.qmags.com&id=19573&adid=logo
http://www.qmags.com/clickthrough.asp?url=www.securityandtrust.lu&id=19573&adid=P35A8

II* =2 . . <o
||| SPECTRUM Previous Page | Contents | Zoomin | Zoom out | Front Cover | Search Issue | Next Page \.Qmags

I 1 |EEE . g -
|I| SPECTRUM Previous Page | Contents | Zoom'in"|"Zoom out| Front'Cover | Search'Issue | Next'Page \o“


http://www.qmags.com/clickthrough.asp?url=http://spectrum.ieee.org&id=19573&adid=logo
http://www.qmags.com/clickthrough.asp?url=www.qmags.com&id=19573&adid=logo
http://www.qmags.com/clickthrough.asp?url=http://spectrum.ieee.org&id=19573&adid=logo
http://www.qmags.com/clickthrough.asp?url=www.qmags.com&id=19573&adid=logo

\o

Previous Page | Contents |"Zoom'in"|"Zoom out | Front Cover | SearchIssue | Next Page \.‘0

I IEEE
... Qmags

|} sPECTRUM

NTRODUCING
1 MICRO-
SUPER-
CAPACITOR
ASEREICHED
GRAPHENE BRINGS
MOORE'S LAW

O ENERGY
STORAGE

By Maner . El-Kadly
G Richard B. Kaner
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Capacitors. Open up your computer
and they stick out like rocks on a sandy
beach. They’re the one kind of elec-
tronic device that never made it to
Lilliput. If they finally obeyed Moore’s
Law by squeezing themselves down
to the microscale, it would make life
alot easier for electronics engineers.

With tiny but powerful capacitors
you could make cheaper, even tinier
cardiac pacemakers and computers.
They’d be great in nonvolatile mem-
ory, microsensors and actuators, RFID
tags, and microelectromechanical sys-
tems, applications in which the power

TILING ADISC WITH
SGORES OF SUPER-
GAPACITORS

The authors produce many
supercapacitors at atime

with nothing fancier than
aLightScribe laser etcher,
available for the price of agood
men’s blazer. Each device
consists of graphene electrodes
separated by graphite oxide
dielectric, topped with adrop

of electrolyte.

o=

First the authors glued a plastic
substrate onto a standard DVD.

Next they coated the plastic with
graphite oxide, which conducts
ions but not electrons. That makes
itan excellent dielectric between
the electrodes of a capacitor.

Previous Page | Contents | Zoom'in"|"Zoom out | Front Cover | Search lssue | Next' Page

supplies can weigh up to 10 times as
much as the other parts combined.
And because, like all capacitors, such
devices would be able to release their
charge very rapidly, they could be cou-
pled with high-energy batteries to pro-
vide periodic surges, as conventional
capacitors do to power the flash in
smartphone cameras. (Miniaturized
supercapacitors could thus lead to
even thinner smartphones.)

Our group at the University of Cali-
fornia, Los Angeles, has created such
microsupercapacitors using a simple
DVD burner to forge the one-atom-
thick sheets known as graphene on
which these devices are formed, in
arrays. Together with a battery, such
supercapacitors could run a cellphone
for days. And because an array is less
than 10 micrometers thick—far finer
than a human hair—it is completely
flexible. Build these arrays on flexi-
ble substrates and they could power
aroll-up display.

All these things can be done at low
cost. Our fabrication method can
easily be scaled up, and our micro-
supercapacitors can be readily inte-
grated onto silicon chips. In many
cases they can make up for the inher-
ent weaknesses of batteries, such as
relatively slow power delivery and

into graphene electrodes.

3% | 0CT 2015 | IWTERHATIOHAL | SPECTRUM.IEEE.ORG

Thentheyinserted the discintoa
LightScribe, whose laser normally
etcheslabels onto DVDs. Here it
etches some of the graphite oxide

long recharge times. So even in those
applications where these devices can-
not replace batteries, they will aug-
ment them enormously.

Consider the lead-acid battery. If
Moore’s Law had applied to it for as
long as the law has applied to semi-
conductors, a fully functional car
battery would now be the size of a
red blood cell. But this technology,
invented in 1859, matured long ago.
Nickel-cadmium and nickel-metal-
hydride battery technology matured
more recently, but they, too, are close
to their theoretical limits for power
and energy density. Even lithium-
ion batteries—which have tripled in
energy density since the early 1990s—
are near the end of their technologi-
cal growth spurt.

Batteries can’t follow Moore’s Law
because no known material can pack
an immense charge into a small vol-
ume. And the microbatteries that we
do have are expensive because they
are made using complicated and
time-consuming processes. Nor are
we likely to find salvation in the vari-
ous energy-harvesting schemes that
have been suggested; they just don’t
give product designers the necessary
performance and reliability.

Theinterlaced electrode design
maximizes the interface and hence
the capacitance. Adrop of electro-
lyte turnsitinto a supercapacitor.

ILLUSTRATION BY James Provost
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But capacitors offer another form of
storage. And we have found a way for
them to hitch a ride on Moore’s Law.

A traditional capacitor is made of two
metal plates separated by a thin insu-
lating layer. It stores charge electro-
statically, in an electric field created
by the two oppositely charged plates.
How much charge can be stored is deter-
mined by the capacitance of the device.
Itis a function of the area of one of the
metal plates—typically less thanasquare
meter—divided by the spacing between
them, which is typically about a micro-
meter or less. Therefore, to increase the
charge you must maximize the areaand
minimize the distance.

Supercapacitors minimize the dis-
tance by borrowing a bit of battery
technology—the electrolyte. A super-
capacitor is defined as an electric
double-layer capacitor. It consists of
two electrodes impregnated with a
liquid electrolyte and separated by
an ion-permeable layer to prevent
short circuits between the electrodes.
As voltage is applied, ions from the
electrolyte move onto the surfaces of
the electrode of the opposite charge.
Charge accumulates at the interface
between the electrodes and the elec-
trolyte, forming two charged layers, or
electric double layers, that are sepa-
rated by only a nanometer or so.

Our form of supercapacitor also
improves area, the other variable.
Graphene’s atom-thick sheet has
the highest possible ratio of surface
to volume: A gram of it could pave
2,630 square meters—nearly two-
thirds of an acre. Together with the
1-nanometer separation of charge, this
yields a capacitance a million times
that of a garden-variety ceramic capac-
itor and about 10,000 times that of a
typical electrolytic capacitor.

Our interest in energy storage goes
back to the early 1980s in Neil Bartlett’s
lab at the University of California,
Berkeley, where one of us (Kaner) was a

Previous Page | Contents | Zoom

2 < A —

A FLEXIBLE SUBSTRATE: These flat supercapacitors can fit directly onto microcircuitry, and

if need be, they can even bend.

postdoctoral scholar, working on new

forms of graphite. This type of car-
bon is widely used in lithium-ion bat-
teries today because it is inexpensive,
highly conductive, and able to store

lithium ions efficiently. However, its

low surface-area-to-mass ratio limits

its ability to store charge. But it gave

Bartlett an idea: to fabricate a “holey”
graphite with the surface area needed

to store plenty of charge. Unfortu-
nately, his Berkeley team couldn’t then

realize this top-down idea of drilling

3-D holes at the atomic scale.

It took 30 years, but we finally did
solve this problem in our lab at UCLA,
with a bottom-up approach. We started
from individual sheets of graphite
oxide—a 150-year-old material that is
hydrophilic and therefore easily pro-
cessed in water into films or coated onto
virtually any substrate. A few years ago,
we found that by shining intense laser
light on graphite oxide we could boil
off the oxygen in the form of carbon
dioxide, leaving behind a 3-D form of
graphene—holey graphite. Essentially,

we are assembling 2-D graphene sheets
into a macroscopic 3-D network that
looks like corrugated cardboard.

This corrugated carbon has extra-
ordinary properties. We found that
electrons moved 100 times as fast in
our 3-D graphene as in the graphite
used in batteries and 10 times as fast
as in state-of-the-art carbon nano-
tubes. That speediness meant that
supercapacitors could be an excel-
lent application.

We had one more technical prob-
lem to overcome: geometry. Tradi-
tional supercapacitors consist of pairs
of electrodes stacked vertically, like
the stories of a high-rise building, but
most integrated systems are laid out
flat and thus can accommodate only
single-story structures. We needed a
planar geometry that could be fabri-
cated in a way that would be compat-
ible with modern microelectronics.

We found the solution in LightScribe,
an inexpensive, off-the-shelf laser
technology that millions of people
have used to etch labels and designs
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onto compact discs. However, instead
of using a disc coated with a reactive
dye that changes color on exposure
to laser light, we use a very thin coat
of graphite oxide. The laser heats the
oxide, transforming it into graphene
in precisely defined tracks, one micro-
meter apart. These are the electrodes.
In between we leave untreated graph-
ite oxide, which conducts ions but not

IONS GO UP & DOWN,
ELECTRONS GO
BACK & FORTH

Electrodes [gray] consist

of stacks of chicken-wire-
shaped graphene, which
conducts electrons. Positive
[red] and negative [blue] ions
flow between and through

the electrodes, completing
the circuit of the battery-like
element of the supercapacitor.

Electrodes --:

40 | 0CT 2015 | IHTERHATIOHAL |

electrons and so can serve as an excel-
lent dielectric between the positive
and negative graphene electrodes. To
complete the cell, we top off the pat-
tern with a droplet of gel electrolyte
to provide a bit of battery-like storage—
the same technique that’s used in con-
ventional supercapacitors.

By “interdigitating” the electrodes
to resemble interlaced fingers, we
greatly extend the interface, which
increases the surface area to which
electric charge can cling. At the same
time, we shorten the path over which
ions in the electrolyte need to diffuse.
That’s important because supercapaci-
tors store charge via the adsorption of
ions on the surface of graphene, and
therefore the ion diffusion rate con-
trols the rate of charge and discharge
of the supercapacitor. Faster ion diffu-
sion means faster charge and discharge
capabilities. As a result, the new inter-

Negative --*
current
collector

Area of detail

SPECTRUM.IEEE.ORG

=
= =

substrate -

EASY TO APPLY: No ion-deposition
machines are needed to coat a disc with
graphite oxide—just a hand-operated pipette.

digitated supercapacitors demonstrate
greater charge storage capacity than
their stacked counterparts.

No photomasks or expensive clean
rooms are required for the processing
of these microsupercapacitors. This
single-step laser-writing method can
produce devices at a fraction of the
cost of conventional microfabrication
techniques. In our lab we can now
produce 100 of the devices on a disc
in less than 30 minutes, and there is
plenty of room for improvement. Of
course, a manufacturer could speed
things up by simply running a roomful
of DVD burners in parallel. It would
be even better to optimize a burner
for mass production with industrial-

Graphene

Positive current «+*
collector

ILLUSTRATION BY James Provost
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scale laser engravers, which are now
widely used in industry to mark prod-
ucts so that they can be tracked later
on. The laser engraving machines can
be constructed on a conveyor-belt sys-
tem using long rolls of graphite oxide.

The result is a marvelously compact,
two-dimensional device that can be
integrated directly with silicon cir-
cuitry. By contrast, today’s computer
motherboards require complex inter-
connects between the electronics and
the backup power supply, typically a
coin-size lithium battery that keeps
memory alive when system power
is off. And because they can be inte-
grated on-chip, these microsuperca-
pacitors could make it easier to extract
energy from mechanical, thermal, and
solar sources. For instance, they could
be fabricated on the backs—literally—
of solar cells to store power generated
during the day for use after sundown.
Typical practice today is to use bat-
teries for this application, but super-
capacitors would be better because
they can extract charge much more
efficiently and with minimal losses.
In addition, integrated supercapaci-
tors can simplify the external wiring
used in conventional energy harvest-
ing and storage systems.

Our design also sidesteps one of
the main challenges in today’s power
supplies: leaking electrolyte. Both
batteries and conventional super-
capacitors use highly corrosive liquid
for this function, and as the devices
age, this liquid sometimes escapes to
eat away at circuits and surrounding
components. The result is failure and
sometimes even fire. Our microsuper-

Previous Page | Contents | Zoom

capacitors employ an all-solid-state
electrolyte, which we apply directly
onto the interdigitated pattern.

For this solid electrolyte, we have
plenty of choices. We can use gelled
polymer electrolytes, made by swell-
ing a polymer matrix with an electro-
lyte solution, or we can solidify ionic
liquids by adding polymers or silica
nanopowder. This nonleaking design,
together with a virtually unlimited
number of charge and discharge
cycles, means that our supermicro-
capacitors will likely outlast all other
electronic devices on the chip. Such
long life will be particularly useful
whenever it is inconvenient or dan-
gerous to open things up to replace a
power source, as in pacemakers, defi-
brillators, and other medical implants.

Another interesting feature of our
direct laser-writing technique is the
ability to link any number of micro-
supercapacitors together to produce
modules with both high voltage and
high current output. That beats yok-
ing many cells together with clumsy
wiring. More important, we can pack
far more high-voltage supercapaci-
tors into a very small volume than any
scheme could accomplish today.

Recently, our team has produced a
hybrid that combines the best fea-
tures of capacitors and batteries. We
fabricate this hybrid device by grow-
ing manganese dioxide—a battery-like
material—inside the corrugated gra-
phene structure of our supercapaci-
tors. The hybrid can be recharged in
minutes, yet it has an energy density
up to 10 times that of commercially

SPECTRUM.IEEE.ORG

GERM’S EYE VIEW: From left, increasingly
magnified views of the electrodes show the
3-D graphene network [second from right]
and finally the interconnected pores.

available microbatteries. The hybrid
device is only one-fifth the thickness
of a sheet of paper; its footprint can
vary from a few square microme-
ters up to the centimeter scale. The
centimeter-scale devices would have
capacitances in the range of 400 to
1,000 millifarads—easily enough to
power an LED flashlight for an hour.
Because of their power and com-
pactness, our microsupercapacitors
will open up new opportunities. You
could knit them right into the fabric of
an adhesive bandage so that it could
put out a bit of electrical current to
stimulate the slow, steady release of
a drug. Or you could integrate them
onto smart cards to provide an inde-
pendent, onboard source of energy
that could be tapped to erase stored
data in case of fraudulent use.
Commercial applications of our
devices are now being explored by
Nanotech Energy, a Los Angeles-based
startup. As mass production expands,
unit costs should plummet until micro-
supercapacitors find their way into
camera phones, RFID tags, and solar
cells. And as Moore’s Law begins to
apply in full force, supercapacitors
will begin to shrink right out of sight.
As electronics engineers well know,
there’s plenty of room at the bottom. m

POST YOUR COMMENTS at http:/spectrum.
ieee.org/supercapacitors1015
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Building
a Better

Disease
Detective

MACHINE-LEARNING ALGORITHMS CAN IDENTIFY THE WILD
SPECIES RESPONSIBLE FOR OUTBREAKS BY BARBARA HAN

n April 2014, just after world

health officials identified a series

of suspicious deaths in Guinea as

an outbreak of Ebola, 10 ecologists,
4 veterinarians, and an anthropologist
traveled to a Guinean village named
Meliandou. Theirs was a detective
mission to determine how this
outbreak began. How had “patient
zero,” a 2-year-old boy named Emile,
contracted the Ebola virus?
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Because we believe people catch Ebola
through contact with infected animals, ecol-
ogists have long sought the animal “reservoirs”
that harbor the virus and pass it along (often
without getting sick themselves). With every
new outbreak of a zoonotic disease like Ebola,
scientists race to identify the reservoirs so
that public health officials can determine the
method of transmission and perhaps prevent
more “spillover events,” in which the disease
flows from animal reservoirs to people. Such is
today’s post hoc, reactive model of dealing with
outbreaks. In Meliandou, the Ebola detectives
interviewed villagers, studied primate popu-
lations in nearby forests, and collected bats in
nets. In December 2014, they published a paper
hypothesizing that little Emile had contracted
Ebola from a colony of insect-eating bats that
lived in a hollow tree, near where the local chil-
dren often played. But the tree had caught fire
before the team arrived in the village and the
bats were gone, so the investigators couldn’t
say for sure.

As most previous research on Ebola reser-
voirs has focused on fruit bats, the team’s
findings may prompt scientists to study this
insectivorous bat species, and may cause
health officials to stay alert in areas where
these bats live in close proximity to people. But
these are rearguard maneuvers against a bru-
tal opponent: The current Ebola epidemic has
killed more than 11,200 people in West Africa
to date, and health officials are still fighting
to end it. Is there a way to go on the offense
against Ebola and other zoonotic diseases?
Can we predict outbreaks before they occur?

In my research as a disease ecologist at
the Cary Institute of Ecosystem Studies, in
Millbrook, N.Y., I use computer modeling and
machine learning to predict which wild spe-
cies are capable of causing future outbreaks.
My models create “caricatures” of likely res-
ervoirs, revealing the suite of features that dis-
tinguish the unusual species that can harbor »

CULPRIT CREATURE: Humans catch zoonotic
diseases through contact with infected animals. This
fruit batis a known carrier of Nipah virus, a potentially
deadly disease firstidentified in Malaysiain 1999.
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microbes dangerous to humans. I then
use algorithms to sort through hundreds
or thousands of species that have never
been checked for zoonotic diseases, and
calculate the probability that any given
species is a disease reservoir based on its
similarity to that caricature. The models
give us a list of suspects.

My colleagues and I do this work in
the spirit of scientific inquiry, and also
with an urgent sense of purpose. Infec-
tious diseases are on the rise around
the world, and the U.S. Agency for Inter-
national Development reckons that about
75 percent of new diseases are zoonotic. If
we can predict which species may carry
infections capable of jumping to humans,
we can monitor the potential hot spots
where people interact with these crea-
tures. One day, I hope that biologists will
forecast disease outbreaks in the same
way meteorologists forecast the weather.
With one major difference: A meteorolo-
gist can’t stop a storm front, but we may
be able to prevent outbreaks.

o understand why the
reactive approach to
outbreaks has prevailed
thus far, just look at Ebola.
Imagine you’re a wildlife
biologist trying to find this
virus’s reservoirs where it first emerged,
in the Congo rain forest. You’re stand-
ing in front of a forest roughly the size of
Alaska that’s home to more than 1,400
species of mammals and birds, as well as
countless insect species. If you have the
resources, you might try to sample every
animal you can catch: many representa-
tives of common species and occasional
solitary specimens from rare species.
Even then, you probably won’t suc-
ceed in your goal. Only a fraction of a
reservoir species’ population will be
infected—and given the intermittent
nature of Ebola outbreaks, the preva-
lence of the virus in its animal host pop-
ulations is thought to be very low. Also,
there may be multiple reservoir species—
and you’re trying to identify them all in
adynamic environment, where animals
migrate with the seasons and relocate

due to habitat destruction. Even
if you get your hands on an
infected animal, the Ebola virus
may be hard to spot: The amount
of virus in the animal’s body may
vary seasonally or according to
the animal’s stress levels.
During previous surveys seek-
ing Ebola’s wild reservoirs, biolo-
gists have collected more than
30,000 individuals from hun-
dreds of species. While traces
of prior infections (that is, anti-
bodies) have been detected in
the blood of anumber of animals,
we have yet to isolate the live
virus in the body of a living ani-
mal. Biologists won’t give up the
search, but clearly an additional
approach would be welcome.
In my work, I use machine-
learning algorithms that take
in vastamounts of unstructured
data about wildlife and identify
the key traits that are most help-
fulin predicting a reservoir spe-
cies. The algorithms I apply are
an extension of tools called clas-
sification and regression trees,
which have been around for
decades. The novelty of my work
is the application of these tech-
niques to a massive challenge of
ecology and global health.

MY RECENT STUDY of rodents,
conducted with colleagues at the

University of Georgia, gives an example

of how this approach works. The order
Rodentia includes more than 2,200 spe-
cies, more than any other group of mam-
mals. Rodents are also prolific with their
pathogens: In our conservative estimate,
we counted about 200 rodent species that

are already known to transmit between

1 and 11 different zoonotic diseases.
Among their contributions to human suf-
fering are hantaviruses that can cause

fatal pulmonary disease and the bacte-
rium responsible for bubonic plague.

To train our algorithm to find more
of these carriers, we fed in data for
80 percent of all rodent species, leav-
ing the remainder to serve later on as a

How a
Machine Learns

This very simplified diagram shows how
ouralgorithm creates classification trees,
which it can then use to predict which
rodent species carry zoonotic diseases.

The algorithm learns how to classify
species as “zoonotic” (represented here
as “Y”) or “not known to be zoonotic”
(represented as “N”) using a training
data set. To create an initial classifica-
tion tree, it repeatedly splits the data
set of rodent species into two groups,
using arandomly selected feature (such
as body size under or over 1 kilogram)
for each split. Its goal is to separate the
Ys from the Ns at the terminal “leaves”
of the tree.

This firsttree may produce lots of clas-
sification errors, so the algorithm builds
a second tree that prioritizes the mis-
classified species, aiming to sort them
correctly. The second tree’s misclassi-
fied species are prioritized as the algo-
rithm builds its third tree, and so on.

Inthis iterative fashion, the algorithm
generates thousands of trees. When
datais filtered through all these trees
asan ensemble, the classification accu-
racy goes way up. Once the model per-
forms well on the training data, we use
it to make predictions with the rest of
the data set.

test bed. We gave each species a binary
label: a “1” indicating that it’s known to

carry a zoonotic disease, or a “0” indicat-
ing that its reservoir status is unknown.
We also fed in information from sources

such as the massive PanTHERIA data-
base of mammals, which collates data

from thousands of field studies regard-
ing rodent species’ physiology, behav-
ior, geographic range, social structure,
and so forth.

The algorithm creates a classification
tree by taking the training data and iden-
tifying split points: values of particular
variables that lead to two classes that
are the most different from each other.
It does this again and again, creating fork-
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ing branches until all the data is sorted
into a series of bins—the leaves of the
classification tree. It can also create a
regression tree, which is slightly fancier.
Its final leaves don’t simply show binary
responses to the split points (such as
“one litter per year” versus “more than
one litter per year”); instead, its leaves
show a continuum of values (such as one,
two, three, four litters per year).

In our study, the algorithm generated

a tree by randomly selecting a feature
to split the group of rodent species into
two homogeneous subgroups consist-
ing of “1s” and “0s.” It did this as best it
could—inevitably, there were classifica-
tion errors. It then selected a second fea-

ture, then a third, and so on until all the
rodents had been separated into leaves
of the tree. These features included rest-
ing metabolic rate, adult body size, age of
sexual maturity, number of offspring per
litter, number of litters per year, group
population size, and more than 50 other
such characteristics.

This method has a major weakness:
It’s very sensitive to which feature is
selected first. Depending on whether
the algorithm selects, say, “group pop-
ulation size” or “metabolic rate” as the
first feature, it will produce very differ-
ent trees. Using any one tree, we won’t
have great success in correctly predict-
ing whether a new rodent is a zoonotic

suspect or not; its prediction accuracy
may be little better than a coin toss. To
overcome this fault, we apply an iterative
process called “boosting.” Here, the algo-
rithm focuses on the errors it made in
any given tree, and prioritizes that data
as it creates new trees. This method gen-
erates hundreds or thousands of weakly
predictive trees that, when employed
as an ensemble, produce a powerfully
accurate predictive model.

When we tested our rodent-sorting
algorithm on the 20 percent of rodents
thathadn’t been included in the training
data set, it predicted species’ reservoir
status with about 90 percent accuracy.
And when we pulled back the curtain
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Our computer model identified 58 rodents
that had never before been associated with
azoonotic disease as likely “reservoirs” of
pathogens that could infect humans. The
maps of those rodents’ ranges revealed

two potential hot spots where we pre-

dict disease outbreaks are likely to occur:

. . Sose
| SPECTRUM Previous Page | Contents | Zoom'in"|"Zoom out | Front Cover | Search lssue | Next' Page :‘Qmagfz |

Where to Look for Trouble

the American Midwest and a band across
central Asia and the Middle East. Armed
with these predictions, field biologists can
canvass these areas and study species from
our list of suspects, such as the northern

grasshopper mouse [left] and the tamarisk

jird [right].

- Number of new predicted reservoir species

1

9

to see which features the algorithm had
used tomake its accurate predictions, we
saw that it identified zoonotic reservoirs
based on a unique trait profile. It had not,
as you might expect, picked out species
that were closely related to each other.
Instead, it found that reservoir species
were distinguished by their “fast” life
cycles—with rapid growth rates, early
sexual maturity, and frequent litters. This
finding fits nicely with in-depth studies
of individual rodents, which have sug-
gested that reservoir species may have
less sensitive immune systems. These
animals may tolerate pathogens because
they have a “live fast, die young” strategy:
Their immune systems aren’t their top
priority because they need to stay healthy
justlong enough to reproduce. The profile
also showed that reservoir species tend
to have large geographic ranges. These
animals may thrive in diverse ecological

habitats or may adapt well to the frag-
mented and heterogeneous landscapes
created by humans.

Our study yielded more than scien-
tific insights: It also provided actionable
intelligence. As the algorithm sorted
through the 2,200 rodent species, it
provided a list of new suspects. Some
species that had previously been given
a “0” for unknown reservoir status fit
more neatly in the “1” category of known
disease carriers. We didn’t have to wait
long for validation. While we were get-
ting our results to press, two of those
suspect species were indeed recognized
as novel reservoirs for human diseases.
One species, ared-backed vole (Myodes
gapperi) native to Canada and the north-
ern United States, was found to carry
the parasite that causes echinococcosis,
a nasty ailment in which cysts grow in
multiple organs. And researchers identi-

fied a vole (Microtus guentheri) native to
Asia Minor as a newfound reservoir for
leishmaniasis, which causes skin ulcers.

Our list of suspects presents an oppor-
tunity for biologists: They can go out into
the field and try to “ground-truth” our
results. And those field studies will, in
turn, inform our work. As surveillance
continues and biologists make new dis-
coveries of disease carriers, our data-
bases will grow richer and our model’s
predictions will become more accurate.
The algorithm will continue to evolve,
continue to learn.

We’re now applying our methods
to help combat other devastating dis-
eases. We’re currently trying to deter-
mine which additional bat species may
be reservoirs for the filoviruses that
cause hemorrhagic fevers such as Ebola
and Marburg virus disease. We hope our
results will help explain how certain

LEFT: RICK & NORA BOWERS/ALAMY; RIGHT: KLAUS RUDLOFF/MOSCOW ZOO
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bats can live with an infection that’s so
deadly to great apes, including humans.

Already our model has identified a
cluster of bat species that belong on a
watch list. To our surprise, some of the
species that seem capable of carrying
Ebola-like viruses live outside of Africa,
in countries where human outbreaks
of hemorrhagic fevers have never been
officially reported. The results raise a
question for biologists: If outbreaks truly
haven’t occurred in these places, why
not? They also raise a question for public
health officials: Should they be worried?

achine-learning
methods have a
few key advan-
tages for ecology,
a discipline that
seeks to under-
stand the complex and ever-shifting
interplay between the billions of living
beings jockeying for position on Earth.

For instance, our algorithm can deal
with our incomplete data sets. Biolo-
gists simply can’t learn everything about
the 1.6 million species we’ve cataloged
thus far, let alone the many millions we
haven’t. But the algorithm considers the
presence or absence of any particular
piece of data as just another variable
that can be used as a split point in its
classification trees.

Moreover, our approach counteracts
the sampling bias that can skew the
study of infectious diseases: Extensive
wildlife surveys in wealthy regions
like the United States and Europe have
resulted in higher-quality data regarding
American and European species. Biolo-
gists can also fall afoul of vigilance bias
when they study individual host species:
The more they look for something, the
more likely they will find it. Thus, if they
find that the Norwegian rat carries dis-
ease X, they are likely to also sample it for
Y and Z, with the result that a few species
may appear downright plague-ridden,
while others have yet to be checked for
any pathogen.

As our method focuses on intrinsic
properties of species, we minimize the
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effects of such biases. For example, if the

algorithm zeros in on rodent species with

small bodies, it will draw species from

all over the world (because small-bodied

rodents are just as likely to live in poor
countries as rich ones). By using species’
intrinsic biology to predict reservoir sta-
tus, we avoid falling into the vigilance

bias trap: making predictions that center
on places that can afford surveillance to

begin with. On the other hand, there isn’t

much to be done about serious data defi-
ciency. If we have no data on a species,
there’s simply no possibility of predicting
itsreservoir probability. Our work shows

that cutting basic science funding has sig-
nificant ripple effects: It really is worth

knowing the life history of that obscure

mouse in Papua New Guinea.

Machine learning also deals well with
complexity. Ecological analyses can easily
include dozens of variables, but it’s often
not clear how those variables interact. For
instance, although there’s good evidence
that an animal’s body size and metabolic
rate scale according to a particular mathe-
matical relationship, it’s less clear how

scientists can step up. Our job is to look
at the variables that are most important
for prediction and figure out what they
reveal about the biology of zoonotic dis-
ease reservoirs.

To make progress toward the ambi-
tious goal of forecasting and even pre-
empting zoonotic disease outbreaks,
it’s not enough to learn which disease
arises from contact with which reser-
voir. Biologists need to understand:
Why is that particular species special?
Our approach gives us a clue about the
“why”—the biological mechanisms that
allow some animals to be carriers and
transmitters of deadly infections.

Of course, human beings play arole in
the emergence of disease, often by com-
ing directly into contact with wild animals
or by bringing domestic animals into con-
tact with them. For example, Nipah virus
emerged in Malaysia from human contact
with infected pigs, which had picked up
the virus from fruit bats. Those bats had
begun foraging in orchards and swine
farms because people had chopped down
their forest habitats.

Some of the species that seem capable of

carrying Ebola-like viruses live outside of

Africa, in countries where outbreaks have
never been reported

the size of anewborn relates to metabolic
rate. The more variables there are, the
harder it is to understand their complex
and hidden interactions.

But our algorithm doesn’t require us
to set any rules for these interactions.
Instead, our method allows the data to
speak for itself. If a particular combina-
tion of variables leads to great predictive
accuracy, the model identifies those vari-
ables and presents them to the researcher
for further interpretation. The algorithm
doesn’t care how the variables are inter-
acting; its only goal is to maximize pre-
dictive performance. Then we human

Urbanization, deforestation, and hunt-
ing will continue to bring humans into
contact with wild species potentially bear-
ingwild new diseases. We're all part of the
same system of life, and diseases emerge
from this complex system. We’re only
beginning to understand these ecological
dynamics. Predicting reservoir species is
quite a challenge, but I see it as part of an
even greater challenge: figuring out how
to live harmoniously with the wild crea-
tures with which we share this planet. m

POSTYOUR COMMENTS at http:/spectrum.
ieee.org/zoonotic1015
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WHY THE TANTALIZING

PROMISE OF REPLACING

TRANSISTORS WITH SINGLE

MOLECULES HAS YET

TO BE FULFILLED

By Kevin F. Kelly & Cyrus C.M. Mody

FORTY YEARS AGO, a New York University graduate student named Arieh Aviram opened his Ph.D.
dissertation with a bold suggestion: “Taking a clue from nature, [which] utilizes molecules for the car-
rying out of many physical phenomena, it may be possible to miniaturize electronic components down
to molecular size.” What Aviram was proposing was revolutionary: leapfrogging the ongoing miniatur-
ization trend of Moore’s Law by substituting single organic molecules for silicon transistors and diodes.

In a paper written with his thesis advisor, Mark Ratner, Aviram
even described a theoretical starting point for such a rev-
olution—a “molecular rectifier,” for converting alternating
current to direct current.

Aviram and Ratner’s bold idea sank into obscurity. Little
wonder: Aviram was still a student, while Ratner was just a
few years into his academic career. But in the late 1980s, their

ILLUSTRATION BY Dan Page

paper resurfaced and was taken up by a small and determined
band of researchers. It has since been cited more than 3,000
times and today is celebrated as giving birth to the field of
molecular electronics, which now seems closer than ever to
realizing the vision that Aviram put forward four decades ago.

Bulk ensembles of molecular electronics have made their
way into commercial displays, and recent high-profile break-
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throughs include single-molecule light-
emitting diodes and carbon nanotube
transistors coupled to silicon in a mono-
lithic integrated circuit. Other, less flashy
but more technically relevant results
have come, for example, from Danny
Porath and his colleagues at Hebrew
University in Jerusalem, who have mea-
sured electrical transport in wires made
of DNA; such wires are a self-assembled
alternative to copper intercon-
nects. Latha Venkataraman’s
group at Columbia University
has measured single-molecule
diodes to arectification ratio of
more than 200 times—a critical
step for maintaining a high sig-
nal gain as devices shrink. And
Christian Nijhuis and his cowork-
ers at the National University of
Singapore were able to measure
the rectification changes that
occurred when they replaced an indi-
vidual functional group—just a handful
of atoms—in a nanometer-size mole-
cule. This is exactly the type of control
dreamed of by Aviram and Ratner.

Meanwhile, chip designers face
ever steeper hurdles in keeping pace
with Moore’s Law. With Intel’s recent
announcement that it would delay the
launch of its 10-nanometer node—the
next milestone along the semiconduc-
tor road map—to 2017, the recent suc-
cesses in molecular electronics look
especially timely. After decades of effort,
could molecular electronics finally be
ready to replace silicon? It’s a tantaliz-
ing possibility.

And yet researchers have thought
they were on the verge of such a break-
through before. Indeed, it’s happened
three times: in the early 1960s (well
before Aviram and Ratner’s paper), in
the mid-1980s, and again in the early
2000s. Each heady boom was followed
by adisappointing bust during which the
field had to retreat from its promises in
the face of poor results—and, in one case,
egregious fraud. Fads in research aren’t
unusual, to be sure: Many disciplines
have been captivated by a big idea only
to retreat from it later. But the story of
molecular electronics is special for what
it says about the nature of research and
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progress, and about the human capacity
for optimism and hubris.

The two of us view this colorful his-
tory from our own perspectives: One
of us (Kelly) is a physicist who has done
research in molecular electronics; the
other (Mody) is a historian who has stud-
ied the field as a cultural phenomenon.
Our collaboration on this article and
on other projects has taught us to cele-

ORGANIC CONDUCTORS known as organic charge-
transfer salts were explored as a possible replacement
for silicon electronics in the 1970s.

brate the progress that hasbeen made in
the pursuit of molecular electronics but
also to approach the field with a healthy
amount of skepticism.

INCE THE LATE 1950s, cir-
cuits for computers and oth-
er devices have been made
by etching complicated pat-
terns into a semiconductor
crystal (usually silicon) in an elaborate
and precise process involving dozens of
steps. But early on, some people won-
dered whether a better approach to min-
iaturization might be to “grow” single
molecules that functioned as electronic
circuits or components. Such molecules
might be faster and smaller than silicon
integrated circuits, and they might also be
easier to make. Arthur R. von Hippel and
his research group at MIT were the first to
explore this concept. In 1959, the U.S. Air
Force began funding Texas Instruments,
Westinghouse, and a few other firms to
develop solid-state “molecular” circuits
from doped inorganic crystals. While
these crystals weren’t molecules per se,
they were allegedly designed from the
molecular scale up, rather than carved
from the macroscale down, like conven-
tional integrated circuits.
Researchers at Westinghouse in partic-
ular promised they would soon be able to

| 0CT 2015 | IHTERHATIOHAL | SPECTRUM.IEEE.ORG

grow a crystal of germanium that would
behave like a complex circuit, but with-
out the need for failure-prone connec-
tions between components. (Fashioning
the connections between components
in silicon ICs was at that time a great
technical challenge.) The company’s
complete failure to deliver such a molec-
ular circuit—-and, in stark contrast, the
continuing success of silicon ICs—led to
the disappearance of this first wave of
molecular electronics by the mid-1960s.

A decade later, Aviram and Ratner ini-
tiated a new era of molecular electronics
based on organic molecules rather than
inorganic crystals. Circuits made from
a class of organic conductors known as
organic charge-transfer salts seemed ame-
nable to far greater miniaturization than
either inorganic crystals or silicon devices.

Aviram and Ratner envisioned their
molecule working very much like a semi-
conductor diode, where one part of the
molecule would be an electron donor
(analogous to the n-doped region of a
semiconductor diode) and the other an
electron acceptor (analogous to a diode’s
p-doped region). As with a diode, when
you put a voltage across the molecule, the
bands of the two regions would bend until
electrons moved freely from one region
to the other; a voltage with the opposite
sign, on the other hand, would prevent
the electrons from flowing. What’s more,
such amolecular diode could potentially
be mass-produced with the proven tools
of synthetic organic chemistry. Asa proof
of concept, Aviram and Ratner designed a
molecular rectifier—a single molecule into
which an alternating current would flow
at one end, with a direct current coming
out the other. Although their proposal
was briefly mentioned in Time magazine,
the scientific community showed little
interest—that is, until their ideas were
taken up in the late 1970s by a chemist
at the U.S. Naval Research Laboratory
named Forrest Carter.

With his giant beard, booming bass
voice, and outsize passion for fast cars
and ballroom dancing, Carter was the
pied piper who brought together a diverse
set of polymer chemists, device physicists,
electrical engineers, biotech research-
ers, futurists, and defense policymak-
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ers. He generated publicitywith - The Many Characters of Molecular Electronics

promises of the revolutionary
potential of molecular electron-
ics for computing and, in particu-
lar, for artificial neural networks
that could recognize patterns
almost as deftly as the human
brain could. The community that
formed around Carter’s grand
vision didn’t gain much in the way
of federal funding, but his follow-

ers exchanged ideas more rapidly ‘ A
than they would have inisolation. A
Meanwhile, well-funded if less )

biti . 1 . ARIEH AVIRAM MARK RATNER FORREST CARTER
ambitious national programs in His 1975 Ph.D. thesis proposed With Aviram, he described a Taking up Aviram and Ratner’s
molecular electronics started to substituting silicon transistors “molecular rectifier” made from ideas, he became the field’s
appear inJapan, the Soviet Union, with single organic molecules. organic charge-transfer salts. charismaticleader inthe late’70s.

and the United Kingdom.
Despite Carter’s overly opti-
mistic promises, no one man-
aged to synthesize even a single
molecular diode or transistor,
much less dozens (and cer-
tainly not thousands) of them
wired together to form a com-
plex circuit. And even as Cart-
er’s detailed descriptions of
molecular computers inspired
some researchers, they alien-
ated others who wanted tangi-

MARK REED JAMES TOUR JANE “XAN” ALEXANDER

ble evidence for the fea51b111ty of With Tour, he proposed a way He and Reed patented a molecular She oversaw DARPA funding for
his molecular-electronic visions. to fabricate single-molecule computer and cofounded molecular electronics, which
As a 1983 report in Chemical & switching devices. Molecular Electronics Corp. grewto US $15 million per year.

Engineering News put it, “hype
seems inevitable for so-called
molecular computers. There are
claims for the miraculous things
they will be able to do...[that] are
barely a step removed from sci-
ence fiction.” By the time Carter
died in 1987 at the age of 57, the
U.S. molecular-electronics com-
munity had gained, in the words
of the British physicist Richard
A.L. Jones, a “louche reputation.”
Meanwhile, Aviram had qui-

s

. . JANHENDRIKSCHON PAUL WEISS R. STANLEY WILLIAMS
etly continued his research and In2002, his remarkable claims, A collaborator of Tour’s, in 2003 His group’s discovery of the
started organizing a series of con- including a single-molecule he questioned some of Reed and memristor in 2008 grew out of
ferences on molecular electronics transistor, proved false. Tour’s earlier results. their study of molecular devices.

with support from the Engineer-

ing Foundation. Though Aviram Mark Reed, a specialist in microfabrica- meta synthetic chemist named James Tour
himself avoided the hype sur- tion from Yale, attended one of these con- (then at the University of South Carolina
rounding Carter, his gatherings  ferencesin 1991, which that year wasbeing and now at Rice University), who had come
helped catalyze the nextboom  held in the Virgin Islands. Drawn largely = up with a way to synthesize organic mol-
in molecular electronics. by the opportunity to scuba dive, Reed ecules that could, at least in theory, func-
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tion as “molecular switching devices.”
But Tour hadn’t yet figured out how
to wire his molecules into a circuit to
see whether they could indeed switch.
Reed proposed a solution: He would
use microfabrication techniques to cre-
ate electrodes separated by a tiny gap,
onto which he could pour Tour’s mol-
ecules. If just one molecule bridged the
gap, any current flowing through the
circuit would be measurable.

Reed and Tour’s research proposal
landed on the desk of Jane “Xan” Alex-
ander, a grant officer (and later dep-
uty director) at the Defense Advanced
Research Projects Agency. The agency
soon funded this work and then in
1998 expanded its patronage through
its Moletronics program. Eventually,
DARPA’s support of Reed and Tour and
their collaborators, and of similarly
directed groups at Hewlett-Packard,
IBM, Northwestern, Penn State, and else-
where, grew to about US $15 million per
year. Once again, the field was swept
up in heady visions of single-molecule
devices with complex electronic behav-
iors. And progress was indeed made in
characterizing the electronic properties
of single-molecule “components.” Reed
and Tour were even optimistic enough to
cofound a startup, Molecular Electronics
Corp., with several colleagues. In 2000
they filed a patent for a “molecular com-
puter” that would provide a way past
the “lithography driven...diminishing
returns” of traditional silicon.

But as before, the sweeping prom-
ises outran the actual achievements. In
2003, one of Tour’s Penn State collabo-
rators, Paul Weiss, told the journal Sci-
encethat some of Reed and Tour’s earlier
results on molecular-electrical proper-
ties, such as negative differential resis-
tance, were not as solid as a 1999 article
had implied. Another prominent col-
laboration—between Hewlett-Packard’s
R. Stanley Williams and James Heath and
Fraser Stoddart, who were both at the
University of California, Los Angeles—
also faced criticism for claims about the
switching behavior of a device made
with alayer of rotaxane molecules. Such
revelations undermined the field’s cred-
ibility to the point that the news story

52 | 0CT 2015 | IHTERHATIOHAL |

ELECTRONICS FROM A BEAKER: In a 2002 U.S. patent application, James Tour and his colleagues
described a method for accelerating the “self-assembly of molecular devices.”

in Science asked whether the field was
undergoing a “midlife crisis.”

These missteps were trivial, however,
compared with the outright fraud that
Jan Hendrik Schoén committed at Bell
Laboratories. In 2001, Schén had burst
onto the scene with a series of high-
profile discoveries in molecular elec-
tronics, including the field’s holy grail:
a single-molecule transistor. Just one
year later, that transistor—and almost
everything else Schon had claimed to
have done—proved utterly false.

Schon’s fraud was disastrous to many
in the field. Prominent scientists who
had spoken glowingly of the physicist’s
results now looked gullible or careless—a
damning mark on their reputations. As
investors retreated, startups like Molec-
ular Electronics were forced to close
their doors. And the field’s leaders either
dialed back their rhetoric or abandoned
molecular electronics altogether, choos-
ing to transfer their expertise to related
but unsullied areas such as designing
molecules for drug delivery.

F COURSE, scientific fraud
is not unique to Schon,
and so it’s worth looking
at the circumstances that
facilitated his deception.
One obvious problem in hindsight was
that the field had not placed a high val-
ue on the repeatability of results. Many
teams were working with unique mol-
ecules that others didn’t have access to
and were thus unable to study. As a re-
sult, Schon’s spectacular findings went
unchallenged for too long. The sole re-
ward for those who did try to chase his

SPECTRUM.IEEE.ORG

phantom discoveries was a loss of their
valuable time.

The Schén affair also revealed a fail-
ure by too many to heed the old adage
“Don’t fool yourself.” Perhaps because of
the high commercial stakes or because
the field seemed to be moving so quickly
during the years of DARPA funding,
researchers had no time to dwell on dis-
confirming evidence. Too many articles
presented results in the best light while
overlooking observations that didn’t
support the authors’ pet hypotheses.
For example, some early reports on
nanojunctions described astounding
device yields of 80 percent. But this fig-
ure turned out to be based on the num-
ber of nanojunctions that had passed
an initial measurement, not on the total
number that had been fabricated. The
true yield was more like 1 to 2 percent.

Even before Schon’s fabrications came
to light, plenty of researchers had agi-
tated for a more cautious approach
and shown a willingness to revisit and
revise their own results. His defrocking
spurred such people to start to change
the culture of their field. For instance,
researchers finally began running con-
trol experiments where they inserted
both active and insulating molecules
into the inorganic nanojunctions in their
devices; that way, they could separate
the properties of the nanojunctions from
the properties of the active molecules.

Atfirst, such ad hoc changes occurred
in an informal way. But true reforms
gained more structure and momentum
with the creation of the National Nano-
technology Initiative in the United States
(and similar programs in other coun-
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tries) right around the time of the Schén

scandal. A multibillion-dollar, multi-
agency effort, the NNIwas created to fos-
ter nanoscale research and development.
Its members have since provided more

than $20 billion in funding. For those

in molecular electronics, the program

not only offered monetary support at
a time when other private and govern-
ment sources had dried up but also gave

access to expensive, specialized equip-
ment and to new collaborators from a
wide variety of disciplines.

The NNT’s other gift to molecular elec-
tronics was its increased oversight of
theresearch, which put a much-needed
check on the field’s tendency to overheat
and overpromise. Member agencies of
the NNI that run their own laborato-
ries—namely, the Department of Defense,
the Department of Energy, the National
Institutes of Health, and the National
Institute of Standards and Technology
(NIST)—now coordinate their results
with academic researchers receiving
NNI support through the National Sci-
ence Foundation.

The Naval Research Lab and NIST, in
particular, have for more than a decade
rigorously attempted to replicate the
findings of researchers in molecular
electronics, issuing notices when any
discrepancies appear. Even as the Schon
scandal was unfolding, articles by James
Kushmerick and Roger van Zee (both
now at NIST) and their coworkers began
to clarify and quantify the discrepancies
between measurement techniques and
between disparate molecular systems. An
important lesson from this work was the
recognition that results had to describe
the synthesis of the active molecule as
well as characterize both the inorganic
nanodevice architecture surrounding
the active molecule and the interaction
between molecule and architecture.

In the wake of these reforms have come
aseries of scientific and engineering suc-
cesses. Though less heralded—and less
expected—than the big promises of the
past, these results can be viewed as a qui-
eter fourthboom in molecular electronics.

The effect of NNI’s cross-disciplinary
approach is clearly seen in the rapid
progress in creating and characteriz-
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ing devices made from graphene. Such
work lies at the intersection of chemistry,
device physics, electrical engineering,
and surface science. Alittle over adecade
ago, graphene didn’t exist; yet less than
six years after it was first isolated, it was
the basis for the Nobel Prize in Physics.
Whereas in the past molecular electron-
ics meant devices made from crystalline
ribbons of germanium, charge-transfer
salts, conducting polymers, or carbon
nanotubes, today the most promising
substance appears to be graphene.

Perhaps the most tangible results
from this latest wave of research are
new, potentially commercializable
devices, such as the memristor cross-
bar memory, a device inspired by molec-
ular electronics. First developed by
Williams’s group at HP and also being
pursued at Hynix Semiconductor and
Knowm, the memristor owes its “mem-
ory” to the generation and erasure of
filamentary connections in titanium
dioxide and other compounds. (All
three of these companies seem to have
been leapfrogged by Intel and Micron,
which recently announced their similar
but nonmemristor 3-D XPoint crossbar
memory.) That these traditional materi-
als could be fashioned for such an end
was a direct offshoot from their use as
the electrical contacts in “molecular”
devices—devices that themselves never
materialized.

In other areas, better understanding
of the chemistry of a “molecular tran-
sistor” has translated into innovations
in organic light-emitting diode displays.
Efforts to fabricate the inorganic compo-
nents of a “molecular circuit” have led
tonovel architectures for traditional sili-
con microelectronics. Investigations of
how to marry the organic and inorganic
parts of amolecular circuit have spurred
advances in “neuronano” research and
human-machine interfaces. And because
their participation in nanotechnol-
ogy has brought them in contact with
researchers in the life sciences, some
people studying molecular electronics
have become involved with the Obama
administration’s new BRAIN Initiative,
which aims to revolutionize the science
of the human brain.

SPECTRUM.IEEE. ORG |

UT WHAT OF the grand vi-
sion of a molecular comput-
er? In our view, the field is
still not much closer to pour-
ing a Pentium chip out of a
beaker than it was when Tour and his col-
leagues envisioned this possibility a quar-
ter century ago. And the attempt toreach
this far-out goal has come at a significant
cost: a half century of boom-and-bust cy-
cles, with premature announcements of
breakthroughs attracting money and at-
tention but then slowing the field down
when those results and promises had to
be walked back.

Hoping for molecular electronics to
catch up with the fast-moving advances
of silicon has repeatedly led to disap-
pointment. In the four decades since
Aviram and Ratner’s paper, processors
have gone from having about 250 tran-
sistors per square millimeter to roughly
10,000,000 in that same area.

Silicon ICs can now be patterned with
features that are tens of atoms in length
and a single atom in thickness. Although
the average transistor is still more than
100 nm on a side, the dream that molec-
ular components would be smaller than
silicon ones may now be unattainable.
But the convergence in size of silicon
and organic-molecule components may
actually make it easier to marry the two.

On the plus side, the history of molec-
ular electronics demonstrates that the
pursuit of even impossible dreams can
spur important discoveries. And when
daydreaming gets out of hand, the field
has shown that deliberate reforms can
shift research toward a more sustainable
path. Since the Schon debacle, struc-
tured government programs have not
only funded, conducted, and coordi-
nated research but also policed the
quality of the results, thereby enabling
molecular electronics to proceed more
steadily, over a wider front of materials,
disciplines, and research topics, and
with less breathless talk of molecular
computers. Ironically, today’s slow-but-
steady approach may ultimately bring
that mythical beast closer to reality. m

POST YOUR COMMENTS at http:/spectrum.
ieee.org/molecularelectronics1015
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#<y UNIVERSITY

RISE TO THE
OPPORTUNITY

with one of the world’s fastest-rising
universities. NTU.

School of Chemical and Biomedical Engineering
Nanyang Technological University, Singapore

Young and research-intensive, Nanyang Technological University (NTU
Singapore) is the fastest-rising university in the world’s Top 50 and
ranked 39th globally. NTU is also placed 1st amongst the world’s best
young universities.

Tenure-Track Faculty Positions at the Associate/Assistant
Professor level

The School of Chemical and Biomedical Engineering (SCBE) invites applicants
to apply for tenure-track faculty positions at the Associate/Assistant
Professor level. Applicants should hold a Ph.D. in Chemical Engineering,
Bioengineering, Biomedical Engineering, Food Science Technology and
Engineering or a related field by the beginning of the appointment period.
Candidates with post-doctoral training would be preferred.

The School is particularly interested in candidates with research interests

in the following research areas:

1) Translational tissue engineering and regenerative medicine using
innovative biomaterials, biomimicking nature and integrating advanced
bioimaging techniques.

2) Food science and technology, specifically in the area of sustainable
food sources/security and food safety through genomics and
engineering system integration in urban environment.

3) Synthetic biology, specifically in the area of genome engineering,
combinatorial genetics and systems biology.

4) Biotechnology, specifically in the area of infectious diseases,
antimicrobial bioengineering and protein engineering.

5) Pharmaceutical engineering, specifically in the area of continuous
manufacturing, crystallization and separation processes.

6) Biodevices and Bioimaging Techniques, specifically in the areas of
high clinical relevance.

The candidate should have a demonstrated excellence in original research,

with good publication records and the ability to teach core Chemical/

Food Engineering and Bioengineering courses. Entrepreneurial qualities

are also sought after.

Outstanding candidates are also welcomed to apply for NRF

fellowship and Nanyang Assistant Professorship (NAP).

See more at: http://www3.ntu.edu.sg/NAP/index.html

Responses received by 15 December 2015 would be given priority.

More information on SCBE is available at http://www.scbe.ntu.edu.sg

Electronic submission of application is encouraged and can be
forwarded to:

Chairman, Search Committee

School of Chemical and Biomedical Engineering
Nanyang Technological University

E-mail: scbe_recruit@ntu.edu.sg

www.ntu.edu.sg

COLLEGE OF
ENGINEERING

«UNT

Tenure-Track Assistant/Associate Professor Positions
Department of Electrical Engineering
University of North Texas

The Department of Electrical Engineering at the University
of North Texas (UNT) is seeking candidates for two faculty
positions at the Assistant (tenure-track) or Associate Professor
(tenure-track or tenured) level starting Fall 2016. One position
is in the area of RF and circuit design while the other position
is open to all areas in electrical engineering with an emphasis
on the department’s three current thrust areas: communication
and signal processing, RF and circuit design, and systems and
control. An earned Ph.D. degree in electrical engineering or a
closely related field is required. For the Assistant Professor
position we are looking for candidates with a strong publication
record and the potential to succeed in securing research funding
and mentoring graduate students. For the Associate Professor
position we expect a sustained record of providing mentoring
to junior faculty, advising graduate students, providing service
to the University and profession, and securing external funding
for research activities. For the Associate Professor position a
significant publication record, and current research funding and
graduate student mentoring are also required.

The Electrical Engineering Department offers BS, MS, and
Ph.D. degrees in electrical engineering. It is home to over 350
undergraduate and graduate students. Additional information
about the department is available at the website: http://
engineering.unt.edu/electrical/

Application Procedure:
All applications must be submitted online at: http://facultyjobs.
unt.edu

Questions regarding the positions can be directed to the search
committee Chair, Dr. Xinrong Li at xinrong@unt.edu.

Application Deadline:

The committee will begin its review of applications on November
15, 2015, and continue to accept and review applications until
the position is filled.

The University:

UNT is a major research university with rapidly growing
engineering research and educational programs. As the
nation’s 24th largest public university and the largest, most
comprehensive in the Dallas-Fort Worth area, UNT is dedicated
to providing an excellent educational experience to its 36,000
students through 99 bachelor’s, 83 master’s, and 36 doctoral
degree programs in its 12 colleges and schools, many nationally
and internationally recognized. UNT is strategically located in
Denton, Texas, a vibrant city with a lively arts and music culture,
at the northern end of the Dallas-Fort Worth metropolitan area.
The DFW area has more than six million people, with significant
economic growth, numerous industrial establishments, and
excellent school districts.

The University of North Texas is an Equal Opportunity/Access/
Affirmative Action/Pro Disabled & Veteran Institution committed
to diversity in its employment and educational programs, thereby
creating a welcoming environment for everyone.
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lace to work

50 years of advancing engineering talent

The future of electrical and electronics engineering holds the
promise of great opportunities. Kelly® can help you achieve
your career goals by providing access to cutting edge
projects and technologies at industry-leading organizations.

For 50 years, top companies throughout the world have
trusted Kelly as a premier source of engineering talent. And
engineers who have worked with us know our unmatched

reputation for quality, integrity, and professionalism. Whether
you seek the variety and flexibility of working on short-term
project engagements, or prefer a contract-to-hire or direct-
hire placement, explore the opportunities with Kelly that suit
your specific professional interests.

Visit kellyservices.us/engineeringcareers today to search
engineering jobs.

Making a smooth transition to a new job

Growing demand for engineers brings new career
opportunities and career moves. Though exciting, it can feel
overwhelming. A career move involves many steps—from
resigning at your current job to integrating properly into a
new company. Here are some pointers to help you make
informed decisions and take appropriate actions:

Motivators for making a move. Before looking for another
job, spend time reviewing why you want to move from your
current position. Determine your precise pain points. By
analyzing the reasons you want to leave, you'll be better
equipped to accept a new position that doesn't have the
same drawbacks and meets your requirements.

Making a better move. Once you've decided to make

a move, it's crucial that you don't just take the first
opportunity that comes up simply because you need a
change. Make sure you're making a better move that will
advance your personal and professional goals. Make a
wish list that considers compensation, company culture,
growth potential, work-life balance, and opportunities to
work internationally or in cutting-edge fields. Decide which
points are non-negotiable, and use this list to evaluate
potential positions.

The resignation process. This is one of the most sensitive
aspects of transitioning to a new job. Even if you've already
accepted a new position, it's crucial that you handle your

Kelly Engineering Resources® is a registered trademark of Kelly Services
An Equal Opportunity Employer © Kelly Services, Inc. 15-0660

kellyservices.us/engineering

exit from your current organization professionally. You
don't know when you'll need a reference from your current
boss or colleague, so do everything you can to ensure an
amicable resignation process.

Counteroffers. When you announce your resignation, your
employer could make you a counteroffer in an attempt

to get you to stay. However enticing the offer may be,

it's rarely a good idea to accept it. Statistics show that

the majority of workers who accept a counteroffer find
themselves back on the job market within a year—typically
because they're let go by their employer or they resign due
to pain points that haven't been addressed.

Make the most of the on-boarding process. Your first
months at your new company lay the foundation for the
rest of your career with your new employer. The sooner you
become productive, and the more relationships you build,
the higher your chances of success.

Integrate into your new company. According to recent
studies, 89 percent of hiring failures are due to a poor
cultural fit. It's imperative that you discard entrenched
beliefs and methods, and adapt to those of your new
company. Observe, ask questions, and do your best to fit in.

Sign up to receive monthly engineering career tips at
kellyservices.us/engineeringcareers today!
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Worldwide Search for Talent

City University of Hong Kong is a dynamic, fast-growing university
that is pursuing excellence in research and professional education. As
a publicly-funded institution, the University is committed to nurturing
and developing students’ talents and creating applicable knowledge to
support social and economic advancement. The University has seven
Colleges/Schools. As part of its pursuit of excellence, the University
aims to recruit outstanding scholars from all over the world in various
disciplines, including business, creative media, energy, engineering,
environment, humanities, law, science, social sciences, veterinary
sciences and other strategic growth areas.

Applications and nominations are invited for :

Head [Rerf. A/182/36]
Department of Electronic Engineering

The Position

Reporting to the Provost through the Dean of College of Science and
Engineering, the Head of Department will provide leadership and strategic
direction in research and professional education for the Department.
The Head will encourage and promote academic excellence, and steer
the Department to enhance the mission and vision of the University in
alignment with the University's Strategic Plan.

The Person

A doctorate degree with strong academic and professional qualifications,
a distinguished record of teaching, research and scholarship, and
substantial relevant experience in tertiary education; outstanding
management effectiveness; commitment to teamwork; and strong
communication and networking skills to build and nurture internal and
external contacts to the benefit of the Department.

Salary and Conditions of Service

The appointee will be offered appointment to an academic rank
commensurate with qualifications and experience. The headship
appointment will be on a concurrent basis for an initial period of three
years. Remuneration package will be attractive and driven by market
competitiveness and individual performance. Excellent fringe benefits
include gratuity, leave, medical and dental schemes, and relocation
assistance (where applicable).

Information and Application
Further information on the post and the University is available at
http://www.cityu.edu.hk, or from the Human Resources Office,

City University of Hong Kong, Tat Chee Avenue, Kowloon Tong,
Hong Kong [Email : eesearch@cityu.edu.hk/Fax : (852) 2788 1154 or
(852) 3442 0311].

To apply, please submit an online application at http:/jobs.cityu.edu.hk,
and include a current curriculum vitae. Nominations can be sent directly
to the Human Resources Office, or email to “eesearch@cityu.edu hk”.
Applications and nominations received before 30 November 2015
will receive full consideration. The University's privacy policy is
available on the homepage.

City University of Hong Kong is an equal opportunity employer and we are commifted
to the principle of diversity. Personal data provided by applicants will be used for
recruitment and other employment-related purposes.

Worldwide recognition ranking 5th among top 50 universities under age 50 (QS survey
2014); 1st in Engineering/Technology/Computer Sciences in Hong Kong (Shanghai
Jiao Tong University survey 2014); and 2nd Business School in Asia-Pacific region
(UT Dallas survey 2014).

N
University in St.Louis

SCHOOL OF ENGINEERING
& APPLIED SCIENCE

Preston M. Green Department of Electrical and Systems Engineering
Tenured/Tenure-Track Faculty

The Preston M. Green Department of Electrical & Systems Engineering at
Washington University in St. Louis invites applications for faculty positions at all
levels, for fall 2016. The Electrical & Systems Engineering department moved to
a new building, Preston M. Green Hall, with state-of-the-art facilities. Candidates
should be exceptionally strong, possess novel and creative visions of research,
and commit gladly to teaching at both the undergraduate and graduate levels. They
should have an earned doctorate in Electrical Engineering, Computer Engineering,
Computer Science, Applied Physics, Systems Engineering, Mathematics, Statistics,
Operations Research or related fields.

Technical areas of interestinclude, butare not limited to, signal processing, machine
learning, imaging, information theory, network science, applied physics, control
systems, operations research, optimization, applied mathematics, and applied
statistics. Applications include biomedicine, energy, the environment, robotics,
financial engineering, and modeling of physical and complex systems. Successful
candidates are expected to conduct high-quality research and teaching, publish
in peer-reviewed journals, and participate in department and university service.

Applications will be accepted immediately, and interviews will begin after January 1,
2016. Applications received by December 1, 2015, will receive full consideration.
The details of the application process and necessary documents are found at
http://ese.wustl.edu/aboutthedepartment/Pages/faculty-openings.aspx.

Washington University in St. Louis is a medium-size private university, which is
14th in U.S. News & World Report’s national university ranking.

Washington University in St. Louis is an Equal Opportunity and Affirmative Action
employer, and invites applications from all qualified candidates. Employment
eligibility verification required upon employment.

COLLEGE OF ENGINEERING

ELECTRICAL & COMPUTER ENGINEERING

UNIVERSITY OF MICHIGAN

The Electrical and Computer Engineering (ECE) Division of the
Electrical Engineering and Computer Science Department at
the University of Michigan, Ann Arbor invites applications for
junior or senior faculty positions, especially from women and
underrepresented minorities. Successful candidates will have a
relevant doctorate or equivalent experience and an outstanding
record of achievement and impactful research in academics,
industry and/or at national laboratories. They will have a
strong record or commitment to teaching at undergraduate
and graduate levels, to providing service to the university and
profession and to broadening the intellectual diversity of the
ECE Division. The division invites candidates across all research
areas relevant to ECE to apply.

The highly ranked ECE Division (www.ece.umich.edu) prides
itself onthe mentoring of junior faculty toward successful careers.
Ann Arbor is often rated as a family friendly best-place-to-live.

Please see application instructions at www.eecs.umich.edu/
eecs/jobs

Applications will be considered as they are received. However, for full
consideration applications must be received by December 7, 2015.

The University of Michigan is an Affirmative Action, Equal
Opportunity Employer with an Active Dual-Career Assistance
Program. The College of Engineering is especially interested in
candidates who contribute, through their research, teaching, and/or
service, to the diversity and excellence of the academic community.
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‘": Joint Institute of Engineering

Faculty Positions available in Electrical and Computer Engineering

Sun Yat-sen University and Carnegie Mellon University have established the SYSU-
CMU Joint Institute of Engineering (JIE) as a conduit for innovative engineering
education and research. Our mission is to nurture a passionate and collaborative global
community and network of students, faculty and professionals advancing the field of
engineering through education and research.

The JIE enrolled its first cohort of dual-degree M.S. and Ph.D. students in Electrical

and Computer Engineering in fall 2014. All current JIE faculty members have been
recruited worldwide and we continue to seek full-time tenure-track faculty in all
areas of electrical and computer engineering. Candidates should have a doctoral
degree in electrical and computer engineering, computer science or related areas,
with a demonstrated record of or potential for research, teaching and leadership. The
position includes an initial year at Carnegie Mellon University in Pittsburgh to establish
educational and research collaborations before relocating to Guangzhou, China.

This is a worldwide search open to qualified candidates of all nationalities. We offer an
internationally competitive compensation package.

Please visit jie.cmu.edu for details and to apply online.

‘n:’ Joint Research Institute

Research positions available in Electrical and Computer Engineering

SYSU-CMU Shunde International Joint Research Institute (JRI) is located in Shunde,
China. Supported by the provincial government and industry, JRI aims to form high-
level teams of innovation, research and development, transfer research outcomes into
products, develop advanced technology, promote industrial development and facilitate
China’s transition from labor-intensive industries to technology-intensive and creative
industries.

JRI is seeking full-time research faculty and research staff who have an interest in the
industrialization of science research, targeting electrical and computer engineering or
related areas.

Candidates with industrial experiences are preferred. Application review will continue
until the position is filled.

Applicants should include a full CV, three to five professional references, a statement of
research and teaching interests and copies of up to five research papers.

Email applications or questions to sdjri@mail.sysu.edu.cn.

Carnegie Mellon University
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Faculty Position

The Electrical and Computer Engineering
Department of Baylor University seeks
faculty applicants for a tenured/tenure-
track Faculty Position at any level. Any
area of expertise will be considered but
applicants in computer engineering will
be given special consideration. Appli-
cants for assistant professor must dem-
onstrate potential for sustained, funded
scholarship and excellent teaching; ap-
plicants for associate or full professor
must present evidence of achievement
in research and teaching commensurate
with the desired rank. The ECE depart-
ment offers B.S., M.S., M.E. and Ph.D.
degrees and is rapidly expanding its
faculty size. Facilities include the Baylor
Research and Innovation Collaborative
(BRIC), a newly-established research
park minutes from the main campus.

Chartered in 1845 by the Republic of
Texas, Baylor University is the oldest
university in Texas. Baylor has an en-
rollment of over 15,000 students and
is a member of the Big XII Conference.
Baylor’s mission is to educate men and
women for worldwide leadership and
service by integrating academic excel-
lence and Christian commitment within
a caring community. The department
seeks to hire faculty with an active
Christian faith; applicants are encour-
aged to read about Baylor’s vision for
the integration of faith and learning at
www.baylor.edu/profuturis/.

Applications will be considered on a
rolling basis until the January 1, 2016
deadline. Applications must include:

1) a letter of interest that identifies the
applicant’s anticipated rank,

2) a complete GV,

3) a concise statement of teaching and
research interests,

4) the names and contact information
for at least four professional references.

Additional information is available at
www.ecs.baylor.edu. Send materials
via email to Dr. Keith Schubert at keith_
schubert@baylor.edu. Please combine
all submitted material into a single pdf
file.

Baylor University is affiliated with the
Baptist General Convention of Texas. As
an Affirmative Action/Equal Employment
Opportunity employer, Baylor encourag-
es candidates of the Christian faith who
are minorities, women, veterans, and
persons with disabilities to apply.

KANSAS STATE
UNIVERSITY

Department of Electrical and Computer Engineering
Kansas State University
www.ece.ksu.edu

The Department of Electrical and Computer Engineering (ECE) at Kansas State University seeks outstanding
individuals for multiple tenure-track faculty positions at all ranks. Applications are invited for all areas of
computer engineering and electrical engineering, but the department is particularly interested in the smart grid
and microelectronics areas. Outstanding candidates at higher ranks will be considered for several open endowed
positions.

The successful candidate will be expected to develop an internationally recognized research program, attract
external funding, participate in collaborative and interdisciplinary research, engage in scholarly publication, and
foster a strong commitment to graduate and undergraduate teaching. Applicants are expected to have an earned
doctorate, ABD, or equivalent in electrical engineering, computer engineering, or computer science at the time of
appointment. Other qualifications include: the ability to think creatively, exceptional interpersonal skills, excellent
written and oral communication skills, and a history of academic proficiency.

Kansas State University, with its enrollment of approximately 25,000 students, is designated a Carnegie Doctoral/
Research-Extensive Institution and has declared its goal to be a top-50 public research university by 2025. The
K-State College of Engineering is the largest and most comprehensive engineering college in Kansas, with an
enrollment of over 3500 undergraduate and 550 graduate students. The college is undergoing rapid expansion
and will be hiring 35 additional faculty over the next five years. ECE, one of eight departments within the K-State
College of Engineering, comprises over 400 undergraduate students, 80 graduate students, and 20 faculty
members. The department offers a hands-on, learning-centered environment for a community of outstanding
students pursuing B.S., M.S., and Ph.D. degrees, and it has garnered significant increases in competitive research
funding in recent years. The vibrant research environment is fueled by multidisciplinary, collaborative projects
supported by federal agencies, national labs and industrial partners.

Applicants should submit the following, in PDF form, to search@ece.ksu.edu: (1) a cover letter, (2) a curriculum
vitae, (3) a statement of research vision, (4) a statement of teaching interests and philosophy, and (5) contact-
information for five references.

Review of applications will begin Decemhber 1, 2015, and will continue until the position are filled. A background
check is a prerequisite to an employment offer. K-State is an equal-opportunity employer, and it actively seeks
diversity among its employees.

Job

The Right Candidate — Right Now!

Take the
next steps
to finding your

ideal job.

Take advantage of this

Open Faculty Positions in
Electrical and Computer
Engineering

The Department of Electrical and Computer
Engineering at the University of Texas, San
Antonio (UTSA) invites applications for multiple
faculty positions starting Fall 2016 at the Assistant,
Associate, or Full Professor ranks in: (1) VLSI
Design and FPGA Systems, (2) Microelectronic,
Mixed Signals and Advanced Materials, (3)
Smart Grid, Power and Energy Systems, and
(4) Computational Biology, Neuroscience, and
Medical-Health Informatics. Outstanding candidates
from all research areas will be considered, but
preference will be given to candidates with
primary research interest in VLS| design, FPGA
systems, mixed signal integrated circuits, solid
state devices and materials, power and energy
systems, neuroscience, or big data applications.
Please read the entire advertisement on the
Department website at http://ece.utsa.edu/about/
faculty-openings.html.  The search ~ committee
will begin review of applications immediately
and will continue until the positions are filled.

The UTSA is an Affirmative Action/Equal
Employment Opportunity Employer, committed to
diversity in its faculty and its educational programs.
Women, minorities, veterans, and individuals with
disabilities are encouraged to apply.

Post your resume on
the IEEE Job Site and
start your job search now!

< IEEE
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Faculty Positions in Rohotics N

and Mechatronics @
Nazarbayev University is seeking highly qualified
full-time faculty members at the Assistant, Associate NAZARBAYEV
and Full Professor levels to join its rapidly growing UNIVERSITY

program in Robotics and Mechatronics in the School

of Science and Technology. Successful candidates must have a Ph.D. degree from a
reputed research university, a demonstrated ability for research, excellent English-
language communication skills and a commitment to graduate and undergraduate
teaching and program development.

Launched in 2010 as the premier national university of Kazakhstan, NU’s mandate
is to promote the emergence of Astana as the research and educational center of
Eurasia. The strategic development of this English-language university is based

THE lEEE on the Western model via partnerships with top ranking world universities. The

NEWSSTAND APP university is committed to be a world-class research university and has made

Is NOW AVA“.AB'. significant investments in research infrastructure, equipment and personnel.

in the iTunes store for Applicatiolns are p.articularly encourage‘d from c.andidates with ex‘per‘[ise. and
. . research interests in the areas of medical robotics, unmanned aerial vehicles,

new and current digita

sensor fusion, and mechanical systems design and control. Exceptional candidates
with research interests in the broader field of Robotics and Mechatronics are also
encouraged to apply.

subscribers, and adding

12 |EEE publications to
TODAY! allowance, and home-leave travel twice per year.

g’ IE E E full consideration will be given to applications submitted no later than September

your Ilb[ary only takes ’SUBSCRIBE Benefits include an internationally competitive salary, international health care

a few clicks! E coverage, free housing (based on family size and rank), child educational
Applicants should send a detailed GV, teaching and research statements, and list of
publications to sst@nu.edu.kz. Review of applications will begin immediately but

Advana?iﬁ;’l;rzzlzgy ieee.orglieee-newsstand 1st, 2015. Successful appointments are expected to begin on January 4th, 2016.
For more information please visit http://sst.nu.edu.kz.
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One of the most influential reference
resources for engineers around the world.

For over 100 years, Proceedings of the IEEE has been the leading journal for engineers looking for
in-depth tutorial, survey, and review coverage of the technical developments that shape our world.
Offering practical, fully referenced articles, Proceedings of the IEEE serves as a bridge to help readers
understand important technologies in the areas of electrical engineering and computer science.

3l To learn more and start your subscription today, visit

ieee.org/proceedings-subscribe ‘ 133=
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AHD HOW THIS...

WHEN ENGINEERS
 HAD THE STARS
. INTHEIR SIGHTS

This 1964 ad attests to the
. enduring lure of the final frontier

| Atthe height of the space race in the
1960s, Hughes Aircraft Co. was one of

| many companies that recruited engineers
by boasting of its involvement with space
projects—even when thatinvolvement was

{ peripheral or the company was looking to
fillunrelated positions. But Hughes was

the real deal: This ad, from /[EEE Spectrum’s

' January 1964 issue, features Hughes’s
Syncom, the world’s first geosynchronous
communications satellite. Even after the
space race wound down and the industry

+ endured downturns and consolidation,

{ Hughes continued to put hardware into

| orbit. Now part of Boeing, the descendant

of Hughes'’s aerospace divisions still builds
satellites for a variety of commercial and

| government customers. Going forward,
though, it will likely face growing competition
from the likes of OneWeb, SpaceX, and O3b
Networks, which all aim to send aloft entire
constellations of communications satellites.
As these startups reinvigorate the industry,
landing ajob in aerospace may once again be
perceived as “cool.”

ATHAN BREWER, IEEE History Center
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While the world benefits from what's new,
IEEE can focus you on what's next.

|EEE Xplore can power your research
and help develop new ideas faster with
access to trusted content:

= Journals and Magazines

= Conference Proceedings

= Standards

= eBooks

= elearning

» Plus content from select partners

IEEE Xplore® Digital Library

Information Driving Innovation
Learn More

innovate.ieee.org @IEEE

Advancing Technolo
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POWERED WITH ELECTRICITY, GAS,
AND AUTOMATICALLY-GENERA

To create a two-mode hybrid
powertrain, engineers at GM

used models to continuously
verify their design, test prototypes,
and automatically generate the
embedded code.

The result: a breakthrough HEV,
delivered on time.

To learn more, visit
mathworks.com/mbd

ILAB
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©2011 The MathWorks, Inc.

THAT’S MODEL-BASED DESIGN.

Q} MathWorks

Accelerating the pace of engineering and science
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