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A Word from the NAE Chair
Science and Engineering

Donald C. Winter

The phrase “words matter” often refers to the impact of
the words people use (or don’t use). In that context, I find
it interesting to note the way the words science and engineering are being used by many in positions of influence.
The term science has taken on new meanings as the
basis for numerous policy decisions. Of course, we all
want such decisions to follow the science, but it is easy
to forget that science requires expert interpretation and
evaluation and must be put in context to provide value.
Furthermore, it is the application of science, in the engineering of systems and solutions that serve society, that
properly informs many crucial public policy decisions.
Perhaps most concerning is the all too typical omission of the term engineering. Anthony Fauci’s article in
Science1 describing the development of the covid-19
vaccines is a good case in point. The article does an
excellent job of putting the development of this vaccine
into the context of the evolving history of vaccines.
He notes the many contributions of the teams that
provided the biological tools for vaccine development
and the work of those who adapted the tools to address
covid-19. Unfortunately, the article fails to mention the
significant efforts expended to formulate, produce, and
distribute billions of doses in a remarkably short period
of time—incredible engineering efforts enabling the
vaccines to treat the world’s population.
That story reminded me of an experience I had
decades ago when I took my first job after defending my
dissertation. I was offered a position at TRW’s Applied
Technology Division (ATD) in Southern C
 alifornia.
1

April 9; Science 372(6538):109 (https://science.sciencemag.
org/content/372/6538/109)

The scope of ATD’s efforts was impressive, from
advanced lasers to scientific instruments for satellites
and deep space missions. It motivated me to ask about
the division’s name: Why applied technology rather than
advanced technology? I was told, very simply, that it was
in the application of technology that value was created.
That application was the result of engineering.
Unfortunately, a somewhat different perspective was
suggested by President Biden’s choice of words on the
occasion of the February 18 Mars landing. He tweeted
“Congratulations to NASA and everyone whose hard
work made Perseverance’s historic landing possible.
Today proved once again that with the power of science
and American ingenuity, nothing is beyond the realm
of possibility.”2 Unfortunately, while “science” is referenced, the word engineering is missing. Of course, the
landing was made possible by previous scientific investigations of the Martian atmosphere and the mission was
enabled by the many scientific principles underlying
space flight; but the incredibly complex spacecraft and
its audacious landing sequence were the result of exceptional engineering efforts.
Why is all of this concerning? Because it goes to the
heart of engineering’s role and recognition in society.
Engineering is how we create solutions to society’s needs
and wants. It is the creative venture that enables the
successful application of science. I suspect I am not alone
among NAE members in choosing engineering as a profession because of the great joy I found in creating things,
from products to systems. While I enjoyed studying physics and mathematics, I enjoyed doing engineering!
Without a public understanding of the unique role and
value of engineering, our ability to attract the best and
brightest will be put at risk as will the ability to properly
educate them in the discipline and culture of engineering.
I believe that both the NAE and its members have
a special responsibility to explain the unique nature of
engineering, the value it provides society, and the great
satisfaction that it can provide to its practitioners. That
is an essential mission for the academy and is a role that
many of us can and should take on as part of our core
activities.
2 https://www.space.com/biden-hails-perseverance-mars-roverlanding

Guest Editor’s Note

Synergies in Engineering and Science for Space Exploration

Steve Battel (NAE) is president
of Battel Engineering, Inc. and
adjunct clinical professor in the
College of Engineering at the
University of Michigan.

I hope you enjoy reading the articles in this issue of
The Bridge as much as we have enjoyed putting them
together for you. I have worked my entire career at the
interface of engineering and science and have experienced the rewards that come from developing technology to enable scientific exploration. I’m very pleased
that (with one exception) the space missions discussed
here are ones that the authors and I have worked on
together. There is truly a shared bond and a joy of
accomplishment that comes from doing challenging
work together, learning new things, and contributing as
a team to the process of scientific discovery.
Background

If one considers the period between Tsiolkovsky (1898)
and Goddard (1926) as the genesis of modern rocketry,1
then all of us are children of the rocket age. With the
launch of Sputnik in 1957 we are also the parents and
children of the space age. This exciting period of innovation and exploration is just a short blip in the long
history of human science and engineering achievement,
and yet it is a time of incredible partnerships filled with
stunning and memorable accomplishments.
The history of space science is a story of the synergies
that arise from a push-pull cycle where engineering and
enabling technologies open the door to new scientific
1 In 1898 Konstantin Tsiolkovsky developed the first scientifically viable proposals to explore outer space with rockets; in a
ground-breaking 1903 paper he presented the “rocket equation”
where a liquid rocket with changing mass is used to escape the
Earth’s gravity. Robert Goddard successfully launched the first
liquid-fueled rocket in 1926.

capabilities and discoveries, and new and increasingly
challenging science questions similarly drive engineering methods and technology advances. If done correctly
in a collaborative framework, the results can be truly
groundbreaking.
In the early stages of the space age, however, the
partnership was very different as engineers and scientists struggled to survive as much as prosper in what was
a relatively unknown and untested space environment.
Thus, science, although it prospered, was oftentimes a
serendipitous passenger riding on the back of spaceflight
technology as it was developed. The Air Force’s Discoverer (sometimes referred to as Corona) and NASA’s
Pioneer, Surveyor, Explorers, and other programs were
fundamentally driven as much by engineering as by
science.
Science missions from the 1970s, including Voyager
and Viking, hold a special place in history, but NASA’s
Great Observatories are generally considered the critical pivot point when achievements in space science
came to their current prominence.
The Hubble Space Telescope, in particular, is an
iconic engineering masterpiece that continues to make
extraordinary scientific contributions. Derived from
National Reconnaissance Office technology and supported by human servicing for repairs and upgrades,
it is arguably the greatest science machine in history.
Together with the Cosmic Background Explorer, Living
with a Star, and other missions in the same timeframe,
Hubble began the exciting growth of NASA’s science
program, with similar science growth in Europe, Russia,
and other countries.
In This Issue

As guest editor, I have tried to construct an interesting
and fun story, from the early space program to Hubble
and then to many of the new and exciting current missions. My goal was to introduce you to a broad range
of representative science missions, with each article
written from both an engineering and a science perspective. I am particularly happy that each article tells
a compelling personal story in its own unique style.
While each article stands alone, the order is important because of the thematic thread of walking you
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through the why and how as much as the what. The
story begins with the estimable Lou Lanzerotti offering
his historical perspective as a witness to nearly everything that has happened in space exploration over the
past 60 years. Lou has been a dear friend and a mentor to
me and I am deeply grateful for his participation.
The full-length articles begin with Hubble, followed
by missions representing each of NASA’s science disciplines: Earth science and applications, heliophysics (i.e.,
solar and space physics), scientific exploration of the
planets and other solar system bodies, and astronomy
and astrophysics. The European Space Agency (ESA)
has been a wonderful partner with NASA on most of
the missions discussed here so I am thrilled to include
its ambitious JUICE mission in this collection.
We start with Hubble because I see it as the anchor of
this issue’s theme of how engineers and scientists work
together in space exploration. The Dragonfly mission
is last because it is a new and innovative mission that
shows the breadth of the engineering and science partnership. The order of the articles in between is intended
to make your reading fun and interesting—you will be
aboard a space roller coaster transporting you back and
forth across the solar system and beyond.
From the Hubble Space Telescope observing the distant universe from low Earth orbit, we land on Mars
with the Curiosity rover, then jump to Jupiter with
ESA’s JUICE mission, touch the Sun riding in cool
comfort behind the heat shield of Parker Solar Probe,
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rendezvous with and take a sample of asteroid Bennu
thanks to OSIRIS-REx, come back to observe the Earth
using the MAIA observatory, observe the Big Bang
using the James Webb Space Telescope, and finally
head to Saturn’s moon Titan for a flight on the proposed
Dragonfly rotorcraft.
Before you buckle up for the tour, please stay with me
here for a couple more things: First, I am deeply grateful to all these very busy and extraordinary authors for
the time they have given to brainstorming and writing
and rewriting these articles. You will see that they are
truly expert innovators in both engineering and science
as well as wonderful storytellers. Second, what you are
reading is, as always, the product of great editing, thanks
to Cameron Fletcher. I am indebted to her for her good
humor and soft touch in guiding us to improve the product and to help you feel the fun, joy, and excitement of
what we do.
Each article was also evaluated for technical accuracy
and I am thankful for the time given by each of the
readers: Jason Barnes, Paul Geithner, Leonid Gurvits,
Ken Hibbard, Barbara Hilton, Garth Illingworth, Jim
Kinnison, Jean-Pierre Lebreton, Berrien Moore, Matt
Mountain, Nour Raouafi, Massimo Stiavelli, Ashwin
Vasavada, Rick Welch, and Cat Wolner.
I hope you enjoy this issue and have as much fun
cruising to each destination as I did in working with the
authors and the Bridge team to put it together.

Perspective

Space Science—Past to Future
Louis J. Lanzerotti (NAE) is a
retired distinguished member
of the technical staff of Alcatel
Lucent Bell Laboratories and is
currently distinguished research
professor in the Department
of Physics at the New Jersey
Institute of Technology.

• Dancing lights in the polar skies—and at times even
over Rome, Paris, Havana, Tokyo
• Rocks falling to Earth from the “heavens”
• Strange spots on the Sun—appearing…growing…
vanishing
• Planets racing in epicycles across the heavens
• Curious behaviors of the tails of comets as they fly
through the solar system
• A multitude of colors of stars and star clusters and
galaxies
• Mythical creatures mapped from celestial star groupings
These and numerous other phenomena in the sky have
been observed and puzzled over by humans on planet
Earth for millennia. The concept of “science,” arising more than 500 years ago, provided a (sometimes
tortuous) path to more quantitative knowledge of

such phenomena. Over time human culture advanced
to seek empirical confirmation of previously purely
philosophical hypotheses about the nature of celestial
spectacles.
Early Scientific and Technical Motivations

In the early 19th century use of the electrical telegraph
spread quickly in Europe and the United States following its invention and patent by Samuel F.B. Morse. But
strange and episodic currents flowed in, and sometimes
disrupted, this first electrical technology. These currents became a huge challenge to engineers in the latter
half of the 19th century. A seeming association of the

telegraph currents with the occurrence of auroras—and
even with activity seen on the Sun—was reported,
prompting scientists to attempt to understand a possible c oupling (besides visual light) between the Sun
and Earth’s environment.
In the late 1890s and early 1900s Guglielmo M
 arconi
was successful in his technological embodiment of the
theoretical ideas of James Maxwell and Heinrich Hertz.
He established a successful business of wireless communications, including ship-to-shore and across the
Atlantic. Scientific research, experimental and theoretical, closely followed to understand why the wireless waves did not fly off rectilinearly into space. The
commercial uses and the parallel science both quickly
found that the Sun had large effects on the propagation of these wireless signals, affecting the medium that
was producing the signals’ reflection in Earth’s upper
atmosphere.
The engineered telegraph and wireless systems demonstrated early the effects on technologies of what is
now called “space weather.” And these effects impelled
science to study phenomena above Earth’s surface—
beyond the astronomy that humans had pursued for
millennia.
Mid-20th Century

Rocketry in one form or another has been attempted
for centuries, motivated by both peaceful and military objectives. Rocketry for exploration—human and
robotic—is of more recent vintage.
Explorer 1, placed in orbit in January 1958 by a modified Jupiter-C, required a science payload. James Van
Allen’s Geiger tube detector was ready, was flown, and
demonstrated that the space environment that Arthur
Clark and John Pierce had anticipated for their communication satellites (1945, 1955) was not benign (and
it would not have been benign for Lyman Spitzer’s previously envisioned large space telescope in 1946). But
the engineering achievement of placing science instruments above the atmosphere had begun—and with it
awareness of the importance of space weather in space
engineering.
The opportunities for science opened by the engineering achievements of access to space stimulated
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great imaginations. Flown instruments significantly
increased in number and sophistication for studies of
Earth’s space environment, including the interplanetary
medium. Data were needed to better understand the role
of space weather for science and for human exploration.
The Sun, essential for life on Earth and as the producer
of space weather phenomena, spurred the invention and
development of ever more capable space-based solar
telescopes.
Exciting Research since ‘the Eagle Landed’

Six Apollo landings (1969–72) achieved the national
imperative for humans on the Moon. Instruments
were placed on Earth’s natural satellite, and astronauts
returned unique samples. Analyses of those samples
continue to yield new insights into the Earth’s and
Moon’s history.
Studies of planet Earth and of the Moon were not
sufficient. Mission Ulysses (1990–2009) went far above
the poles of the Sun and completed three circuits.
Audacious ventures to encounter the inner planets—
Mercury, Venus, Mars—were executed. Mars remains a
prime science objective, with both orbiters and landers
(landing on the red planet is not an easy engineering
job). Was there ever life on Mars? Does life exist there
even now?
Minor planets, asteroids, and comets have been
encountered and even landed on and sampled, shedding
light on the possible origins of rocks that have fallen to
Earth.
The giant outer planets beckoned. For their exploration nuclear power was needed. Radiation-hardened
electronics were essential. The Pioneer 10 and 11 missions (1972–97), targeted toward Jupiter and Saturn,
were followed by two Voyager satellites (the last dual
missions designed to mitigate the possible failure of
one). Launched in 1977, the Voyagers continue to
transmit data, now from beyond the edge of the solar
system—Voyager 1 is at more than 150 times the SunEarth distance, requiring 21 hours for its dispatches to
be received. Both Voyagers have returned spectacular
information, including photos, about not only Jupiter
and Saturn but also, by Voyager 2, distant Uranus and
Neptune. Pluto achieved fame with the flyby of New
Horizons (2015–16).
Galileo orbited Jupiter (1995–96) and dropped a measuring probe into its atmosphere. Cassini orbited Saturn
(2016–17) and deployed a lander on its moon Titan.
Measurements from both missions defined the dynamic
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space environments around the planets. Both missions
also yielded tantalizing hints of where life might be hiding in the moons.
The Kepler space telescope (2009–18) confirmed
humanity’s speculations over the eons: A vast number of
planets orbiting stars do exist. The pale blue dot of Earth,
imaged from beyond Neptune by Voyager 1, and its companions orbiting the Sun are not alone in the universe.
Research with Earth-orbiting instruments seeks evidence
for life in the chemistry of any atmospheres around any
of the objects circling their parent stars.
Intense radiation across the entire electromagnetic
spectrum from stars and galaxies can now be measured,
expanding understanding of the physical origins of
stellar colors and hues. Clever telescope designs and a
dedicated spacecraft for detecting x-rays spectacularly
opened this field and gained a Nobel Prize for Riccardo
Giacconi (2002).

The opportunities for science
opened by the engineering
achievements of access
to space stimulated
great imaginations.
New astrophysical phenomena, many very energetic,
have been discovered by telescopes exquisitely engineered to operate across the ultraviolet, x-ray, infrared,
and gamma ray ranges. These phenomena include black
holes, magnetars, x-ray and gamma ray bursters, neutron
stars, x-ray pulsars—each as exotic in the universe as
its name.
Spitzer’s long ago vision came to life and flight as the
Hubble Space Telescope. Launched in 1990 and four
times serviced by the space shuttle, this huge engineering success has enhanced astronomical understanding
of the cosmic structures and order displayed in Earth’s
local galaxy and the vast universe beyond. And further
knowledge is soon to follow thanks to the even more
capable and engineering-innovative James Webb Space
Telescope.
Observational cosmology has flourished. The Cosmic
Background Explorer (COBE) mission (1989–93)
clearly confirmed the primary form and anisotropy of

8

the background microwave radiation filling the universe. A Nobel Prize went to George Smoot and John
Mather (2006) for this achievement. The Wilkinson
and Planck satellites following COBE extended to higher order resolution of the background radiation spread
across the measurable universe.
Epilogue

Sixty-plus years of access to space above Earth’s atmosphere have fostered discovery after discovery, revolu-
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tionizing concepts of the physical universe. The dramatic
and exciting explorations have all been made possible
by new engineering advances facilitating new science
and by new science directions requiring new engineering technologies and implementation.
The interplay and synergism of science and engineering continue, a brilliant collaboration greatly enabling
humankind’s ongoing search for ever more depth in
knowledge of its existence on the celestial rock known
as planet Earth.

Hubble is a monumental scientific success, a marvel of
engineering, and an exemplar of teamwork.

Servicing the Hubble Space
Telescope: A Partnership of
Engineering and Science
John M. Grunsfeld

Operating in Earth’s orbit for 31 years, the Hubble Space Telescope (HST;

figure 1) is perhaps the most productive scientific instrument ever created.
Its chronicles are about more than a telescope in space. They are stories
of imagination and dreams, of struggles, failures, and triumphs, sometimes
against the odds.

John Grunsfeld is

Background

president/CEO of Endless

Since the start of its mission in 1990, Hubble has made more than 1 million
observations resulting in over 18,000 scientific papers.1 Tens of thousands
of astronomers around the world use Hubble, and many more mine its vast
open-data archive.
The images and data gleaned from the observations made by this unique
observatory have provided clues to some of the most fundamental questions
in science. Astronomers using Hubble have measured the age of the universe,
revealed the mysterious “dark energy” behind acceleration of the expansion of
the universe, seen back 13 billion years to study some of the earliest galaxies,
proved the existence of black holes, peered into stellar “nurseries” where young
stars and solar systems are being created, yielded remarkable insights into other
planetary systems (exoplanets), and watched comets impacting Jupiter.

Frontier Associates.

1

https://archive.stsci.edu/hst/bibliography/pubstat.html
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FIGURE 1 The Hubble Space Telescope orbiting above planet
servicing mission in 2009. Image credit: NASA.

Pioneers and Top-Notch Contributors

It is often said that the work on the Hubble observatory
represents the best marriage of engineering, science, and
human spaceflight. Hubble is the premier science spacecraft in the NASA fleet because of the remarkable
vision of the top-notch engineers who designed it to be
serviceable and the technicians, astronauts, and flight
controllers who have kept it operating for decades in
the face of extreme challenges.
It is impossible to name all the key players that
enabled this awe-inspiring observatory, but no accounting of Hubble would be complete without saluting the
contributions of Riccardo Giacconi (2008), the first
director of the Space Telescope Science Institute, which
is responsible for operating the science program and
supporting astronomers in the use of Hubble.2
During development, the engineers who designed the
observatory had to plan for interfaces with optical tolerances for instruments that could be serviced by spacewalking astronauts working in a vacuum (Smith 1989). To
help enable reliable operations, Hubble was also designed
with redundancy of critical systems and cross-strapping
2

https://www.stsci.edu/

capability, which, combined with the servicing,
have enabled the observatory to keep operating and
remain state-of-the-art.
One innovator who stands
out as the sine qua non
engineer, whose genius
and creative drive ensured
the success of the missions
and who is credited for
inventing space servicing,
is Frank Cepollina.3
The team supporting
Hubble represents nearly
all the NASA centers,
especially the Goddard
Space Flight Center
(GSFC), Marshall Space
Flight Center, Kennedy
Space Center, Jet Propulsion Laboratory, and
J ohnson Space C enter
Earth after the last space shuttle
(JSC), as well as the European Space Agency, industry, and academia.
Over the course of five space shuttle missions, engineers, technicians, operators, and astronauts working
together have kept Hubble at the leading edge of scientific productivity (Grunsfeld 2014). Table 1 outlines the
work performed on those missions, plus the mission that
launched Hubble into orbit.
Examples of Critical Teamwork to Meet
Challenges

Hubble’s start was not so auspicious, and is itself a compelling engineering and science story.
Soon after the telescope was deployed into orbit on
April 24, 1990, an infinitesimal flaw was detected in
the 2.4 m diameter primary mirror: it was too flat by
approximately 2.2 μm at the edges, causing spherical
aberration. The first pictures transmitted to Earth were
a huge disappointment to the scientific community and
to NASA (Gainor 2020).
NASA rallied some of the nation’s top engineers and
optical scientists to craft a repair with mirrors and lenses
to correct Hubble’s vision. These would be inserted as
a separate “set of contact lenses” in Hubble’s optical
3

https://www.invent.org/inductees/frank-j-cepollina
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TABLE 1 Hubble missions, 1993–2009
Mission

Dates

Astronaut crew

Primary upgrades and repairs

STS-31

Apr 24–29, 1990

Loren Shriver, Charles Bolden,
Bruce McCandless II, Steven Hawley,
Kathryn Sullivan

• Launch and deployment

STS-61 SM1

Dec 2–13, 1993

Richard Covey, Kenneth Bowersox,
Claude Nicollier

• Wide Field/Planetary Camera 2

Spacewalkers: Story Musgrave,
Jeffrey Hoffman, Thomas Akers,
Kathryn Thornton
STS-82 SM2

Feb 11–21, 1997

• C
 orrective Optics Space Telescope Axial
Instrument
• Gyros
• Solar arrays

Kenneth Bowersox, Scott Horowitz,
Steven Hawley

• Space Telescope Imaging Spectrograph

Curtis Brown, Scott Kelly,
Jean-François Clervoy

• Gyros

Spacewalkers: Steven Smith,
John Grunsfeld, Michael Foale,
Claude Nicollier

• Fine Guidance Sensor

• Near Infrared Camera and Multi-Object
Spectrometer
Spacewalkers: Mark Lee, Steven Smith,
Gregory Harbaugh, Joseph Tanner
• Fine Guidance Sensor
STS-103 SM3A

STS-109 SM3B

STS-125 SM4

Dec 20–28, 1999

Mar 1–12, 2002

May 11–24, 2009

• Advanced computer (486)
• S-Band Single Access Transmitter
• New exterior insulation

Scott Altman, Duane Carey,
Nancy Currie

• Advanced Camera for Surveys

Spacewalkers: John Grunsfeld,
Richard Linnehan, James Newman,
Michael Massimino

• Power Control Unit repair

• Rigid solar arrays
• Near Infrared Camera Cooling System
• New exterior insulation

Scott Altman, Gregory Johnson,
Megan McArthur

• Wide Field Camera-3

Spacewalkers: John Grunsfeld,
Andrew Feustel, Michael Massimino,
Michael Good

• Fine Guidance Sensor

• Cosmic Origins Spectrograph
• Gyros
• Advanced camera repair
• Spectrograph repair
• Battery replacement
• Docking system installation
• New exterior insulation

path, as well as new lenses built into the new camera
to be installed during the first servicing mission. The
“surgeons” tasked to install the new optics to restore
Hubble’s vision were the astronauts.
I had the privilege to work with the great HST team
and fly on three space shuttle missions, earning the title
“the Hubble repairman.” In the following sections I
describe a few illustrative examples of the innovative
technology and engineering that went into the spacewalking efforts to upgrade and repair the telescope on
orbit.
Doing Precision Repairs in Hockey Gloves

Even with brilliant engineering and planning, keeping
Hubble operating required avionics and system repairs

that were never intended to be done in space by astronauts in bulky spacesuits with thick gloves better suited
for playing hockey than repairing electronics. Fortu
nately, one of the defining skills of the human species
is the ability to engineer tools and processes to meet a
challenge. By creating new tools and techniques, the
team overcame the difficulties posed by operating in a
spacesuit, enabling work to be done in space at the same
level of detail as on the ground by skilled technicians.
The typical HST mission flew with hundreds of custom
tools.
My experience is replete with examples of the crew,
engineers, technicians, machinists, and spacewalking
trainers working together to develop new tools. For
my first Hubble servicing mission in 1999 we had to
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Training for a Year to Replace the Main Power
Control Unit

FIGURE 2 The power control unit mockup used in training for
the fourth servicing mission in 2002, and (inset) the high-torque
connector tool. Image credit: NASA.

develop a miniature torque wrench for use on subminiature assembly connectors, which, with their fine threads
and 7–9 in-oz torque requirement, were a challenge to
remove and install in the bulky gloves.
On the final servicing mission in 2009, we had to
remove the cover plates of instruments to remove
failed circuit boards, a task never attempted in space.
The team developed many new tools to cut aluminum
electromagnetic interference grids, remove dozens of
#4 Torq-set and #4 socket head cap screws, and replace
circuit cards without cutting the space suit gloves on
their sharp G3 glass laminate. Without all the creative
custom tools and plenty of practice,4 Hubble would not
be performing in orbit today.

4

Hubble Tool Time series, https://svs.gsfc.nasa.gov/13174

On the fourth servicing mission in 2002 we had the
unenviable task of replacing the main power control
unit (PCU). It contained all the relays to power Hubble
and had 36 large circular cannon-style connectors with
extremely stiff, difficult-to-handle heavy power and signal cables running down its left side.
In testing we found that existing connector tools
were ill suited for the PCU repair task. Through many
iterations, including testing on a high-fidelity simulator,
the GSFC tool development team and I developed a
new tool called the high-torque connector.
We went through a wide parameter space of size, jaw
geometry, grip pad durometer, plier pivot location, restoring spring force, and tether location (all tools have to be
tethered or they will float away). We had the benefit of
the then new technology of additive manufacturing to be
able to make rapid prototypes for testing in the neutral
buoyancy test facility at JSC where I used the tool in the
space suit on an HST mockup underwater.
The PCU tool may look simple (figure 2), but it is a
highly optimized solution for a critical task that recruited multiple engineering disciplines and human factors
to develop. Often the most elegant engineering solutions look simple, hiding the complexity of the development process.
The PCU repair task exemplified the high-performance challenge of repairing Hubble in orbit. Had we
not tried to repair the failing PCU, the whole observatory would have gone dark because of a faulty main
power buss bar. This task was of such importance, high
risk, and difficulty that the final decision to do the
repair was made by NASA administrator Dan Goldin.
Nearly every evening for a year I worked on a highfidelity mockup of the PCU, meticulously removing all
36 connections and then reinstalling them using the
new high-torque tool and spacewalking gloves. I wanted
to know every connector personally, all the features of
the keying of the circular connectors, the cable routing,
even the pins and sockets of each connector (which I
would have to inspect in orbit).
Making matters even more difficult, the door on the
telescope interfered with my space suit helmet, blocking
my view and preventing me from having stereo vision of
the connectors. I had to learn to attach the connectors
by feel and a view from my left eye only.
On game day my spacewalking partner Rick L
 innehan
and I finished the task in a total spacewalking time of
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6 hours 48 minutes, much
less than predicted. I give
credit to the special tools
the team had developed,5
the high-fidelity simulators, the incredible depth
of documentation including as-built drawings and
close-out photos showing
the actual configuration of
hardware in the telescope,
attention to every detail,
and lots of training. These
are the best practices that
led to the success of all the
servicing missions.
Overcoming an
Intractable Bolt to
Repair the Camera

While the tools were contributory factors to the
success of the servicing
missions, the most imporFIGURE 3 Astronauts John Grunsfeld (red stripe on backpack) and Drew Feustel attempting to
tant factor is the broad remove the Wide Field/Planetary Camera 2 during the fifth Hubble servicing mission, STS-125, in
knowledge and extraordi- 2009. Grunsfeld awaits instructions while Feustel configures the ratchet wrench. Image credit: NASA.
nary teamwork exhibited
by the Hubble team.
of the instruments to practice in the large Neutral
On the final space shuttle mission to Hubble in 2009,
Buoyancy Laboratory pool in Houston to train r emoval
the highest-priority objective was the replacement of the
and installation in the telescope. At the GSFC we
Wide Field/Planetary Camera 2 (WFPC-2) with the new
worked with the actual flight instrument in a highstate-of-the-art Wide Field Camera 3 (WFC-3). The
fidelity mechanical simulator of the telescope. Through
WFPC-2 had been installed on the first servicing mission
training and study of the engineering documentation, I
in 1993 and is credited with saving Hubble as its internal
learned the details of the mechanisms, electrical conoptics corrected for the primary mirror’s spherical abernections, and important features to make sure we could
ration (Zimmerman 2008). The WFC-3 incorporated
properly install the new instrument.
the same optical correction but also a much larger format
As both an astrophysicist and an instrument builder
image detector with lower noise and greater sensitivity
I
was
particularly excited to install this new camera
in the UV and visible wavelength range, as well as a new
that would help astronomers unravel the mysteries of
near infrared image sensor, enabling the instrument to
the universe. With a big grin on my face (I love space
see deeper into the universe and to peer through regions
walking) I set out with Drew Feustel to replace the
of the cosmos with micron-sized dust to reveal mysteries
WFPC-2 instrument (figure 3).
within.
We immediately ran into a big snag. The priThe replacement of the WFPC-2 was scheduled on
mary bolt holding the WFPC-2 wouldn’t budge. Our
the first spacewalk of the mission. We used mockups
ratchet wrench had a torque limiter, essentially a stack
of Belleville washers and springs with a maximum of
5 The training tool and mockup now reside in the Smithsonian
38 ft-lbs. I retrieved a backup torque limiter with a maxNational Air and Space Museum (https://airandspace.si.edu/
collection-objects/trainer-power-control-unit-hubble-space-teleimum of 45 ft-lbs but still no luck. In the cabin the rest
scope/nasm_A20120158000).
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FIGURE 4 The magnificent Eagle Nebula (M16), a star forming region in the constellation Serpens, as viewed by the Hubble Space
Telescope wide field camera 3. The left panel shows the Nebula in the ultraviolet/visible wavelength range, and the right panel in infrared light, which reveals young solar systems embedded in the gas and dust of the nebula. Image credit: NASA/ESA.

of the crew was looking at the contingency checklist
(the “what to do when things go wrong” book) and consulting with the extended engineering team in mission
control for guidance on how to proceed.
Floating outside the telescope I recalled that the
designers had incorporated a thinned section in
the shaft that runs from the bolt head at the front to the
threads at the back. This ensured that if the bolt failed
it would fracture in the middle rather than the highstress area at the start of the threads locking it in. If the
shaft fractured in the thinned section, the old instrument would be locked in place and the new instrument
would return with us to Earth. I also remembered that
the shaft would fracture around 57 ft-lbs. The grin on
my face was gone.
Mission control gave us the direction to try to remove
the old camera with no torque-limiting protection.
Either the shaft would break in the middle or the bolt
would loosen properly. Drew gave a slow and steady

push on the wrench and suddenly it turned, although
we didn’t know whether it had broken or come loose.
Using the pistol grip tool (PGT), a microprocessorcontrolled battery-powered driver, we confirmed that
the instrument was moving out—we had overcome
the recalcitrant bolt and the old instrument could be
removed. We were then able to install the WFC-3. The
PGT was designed by the Hubble team and is now used
on every NASA spacewalk on the International Space
Station as a standard tool.
In mission control David Leckrone, the NASA H
 ubble
project scientist, remarked that the task “was tougher
than we thought but it has ended just beautifully—
although I just lost 5 years of my life, I think.” Indeed,
the results from the WFC-3 are beautiful, as exemplified
in figure 4, a photo of the stunning Eagle Nebula.
Why was the ground team so confident the bolt
would come out? Engineers always ensure that the
torque limiters used for servicing are calibrated before
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and after a mission. After the first repair mission the
torque limiter used for the WFPC-2 installation was
calibrated over a range of temperatures. At the cold
end of the range it was found to be off calibration, providing as much as 53 ft-lbs of torque, very close to the
fracture torque, instead of the design torque of 35 ft-lbs.
It must have been cold when the astronauts installed
the WFPC-2. One of the GSFC engineers in mission
control knew about the calibration data and brought it
to the JSC flight control team.
The extensive collective engineering memory of the
team, as captured in the Hubble knowledge management system, was critical for the installation of the
WFC-3 and for all the Hubble repairs.
Repairing the Space Telescope Imaging
Spectrometer

During the fourth spacewalk Mike Massimino had
the task of repairing the Space Telescope Imaging
Spectrograph (STIS). His first task was to remove one
of the yellow astronaut handrails, which was blocking
access to the panel over a failed power supply board.
This was another tricky repair involving the removal of
dozens of tiny screws.
The handrail was attached by four #10 stainless steel
socket head cap screws. Using the PGT with a 5/32”
Allen drive bit, Massimino set about removing the
screws. Unfortunately, he was accidentally triggering
the PGT before inserting the bit into the head of the
screw, stripping the hex features in the head. Three of
the four screws came out, but the fourth was set solid
and the handrail could not be removed.
NASA plans spacewalks to a nominal time of
6½ hours, balancing the need to accomplish as much
as possible with the duration of consumables in the suit
and human endurance. For more than 4 hours this particular spacewalk was stuck in limbo. Without being
able to remove the handrail the task could not be completed. Inside we studied the contingency procedures
but knew this was not a case we had considered.
While we waited on orbit, the ground team got busy.
Engineers and technicians at GSFC accessed fittings,
bolts, and the handrail from the mockups to figure out
a way to remove the handrail, now held by one stripped
bolt. They came up with a possible solution: fail the
bolt in tension by pulling on the far end of the handrail. Through several pull tests they found that, with an
average of 60 lbs of pull force at the top of the handrail,
the bolt would fail.

The operations team came up with a short procedure, ran it by the flight director, and called it up to
us. “Do you think Mass[imino] can pull the handrail
with 60 pounds of force to break it off?” “At this point
I’m sure he could pull much more,” I said to my crewmates (if you know “big Mike” you know that he could
have applied much, much more force). After applying K
 apton adhesive tape to cover the bolt (which
the ground experiment had shown could fly off),
Massimino gave a mighty pull and, with a snap, off
came the handrail.

The rewards of enabling
truly great and meaningful
science are well worth the
inherent risks of spaceflight.
At over 4 hours into the space walk, Massimino and
his spacewalking partner Mike Good finally proceeded
with the STIS repair. In total they were outside space
shuttle Atlantis for more than 8 hours. The new power
supply board was installed and the instrument is still
working and providing key science from Hubble.
Conclusion

The talent and detailed knowledge of the telescope,
coupled with the ability to think quickly, organize a
team to find a solution, and test that solution in real
time allowed the Hubble team to succeed on every servicing mission. Thousands of people have had a hand
in the success of the Hubble Space Telescope from conception to the on-orbit operations that continue today.
I am one of the lucky few who have not only delved
into the fascinating science that Hubble produces but
also become an expert on its engineering and operations, working “up close and personal” on the telescope
in space to upgrade and repair it during three space
shuttle missions and eight spacewalks. Even with the
inherent risks of spaceflight, the rewards of enabling
truly great and meaningful science were, and still are,
well worth the risk. My satisfaction comes from the
knowledge of a job well done in the service of scientists,
and the existential pleasure of engineering solutions to
difficult challenges.
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Hubble may be the most productive scientific instrument to fly in space, and its legacy goes far beyond in
the legions of engineers who had a hand in it and who
have gone on to contribute to other programs in space
exploration, national security, and many other fields.
Who knows how long Hubble will last, or if the last
space shuttle mission will be the last servicing mission (NRC 2005)? One thing is certain: Hubble will
be remembered as a monumental scientific success, a
marvel of engineering, and an exemplar of teamwork.
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Communication, cooperation, and trust between
scientists and engineers have ensured the success of
Curiosity’s mission to Mars.

Science and Engineering Collaboration
in the Design and Operation of the
Curiosity Mars Rover
Rob Manning and
John Grotzinger

Rob Manning

John Grotzinger

E

xploration is the sine qua non of all scientific discovery and by definition must embrace the unknown and the unexpected, both good and bad.
Scientific discovery also often depends on engineering design and technical
development of the instruments and systems needed for observations and
analysis. The robotic systems designed to explore Mars required extensive
collaboration and cooperation between engineers and scientists to build,
test, and use them to achieve the mission’s scientific goals.
Engineers and scientists are distinguished by vastly different objectives
and practices. Success to an engineer and an engineering manager is specific:
design, build, test, and deliver the machine to exacting functional requirements and interfaces on time and on budget. Success to a scientist assumes
that the machine not only will operate as expected and meet all requirements but can be adapted to discoveries that may require new capabilities to
test new hypotheses. Thus even if the engineers perform perfectly, a failure
of their imagination to anticipate and adapt to the needs of discovery can
lead to disappointment on a long-term science mission.
Rob Manning is JPL Chief Engineer at NASA Jet Propulsion Laboratory. John Grotzinger
is the Fletcher Jones Professor of Geology and chair of the Division of Geological and
Planetary Sciences at the California Institute of Technology.
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collecting and processing as many as 74 rock
and soil samples so that
diverse sites over a wide
area could be assessed.
Initially set to launch
in 2009, the engineering team had to design
a Mars rover that was
1.7 times larger and
5 times more massive than
its predecessors, Spirit and
Opportunity. The larger
scale and new objectives
meant that the team had
to develop or advance a
number of technologies
(table 1), all of which
needed to be invented
and developed in time for
the 3-week October 2009
Mars launch window.
One particular problem
was the question of how
to deliver a 1-ton rover
safely to the surface of

FIGURE 1 Mars Curiosity rover, front view. Annotated “selfie” taken October 11, 2019, using the Mars. The challenges of
Mars hand lens imager (MAHLI) camera on the end of the robotic arm (inset). APXS = alpha par- landing heavy payloads
ticle x-ray spectrometer; ChemCam = chemistry and camera; CheMin = chemistry and mineralogy; on Mars were well known
CHIMRA = Collection and Handling for In-Situ Martian Rock Analysis; DAN = dynamic albedo of
(Braun and Manning
neutrons instrument; MARDI = Mars descent imager; MMRTG = multimission radioisotope thermoelectric generator; REMS = Rover Environmental Monitoring Station; SAM= sample analysis at Mars. 2007) so it was appreciated early on that new
Image credit: NASA/JPL-Caltech/MSSS.
technologies were needed.
Technology development
resources were brought to bear on some of these probHere we describe collaborative interactions between
lems as early as 2002.
engineers and scientists who worked to make the Mars
Science Laboratory (MSL) Project’s Curiosity rover
Challenges
mission successful.
We describe three challenges that the science and engiIntroduction
neering teams successfully navigated during MSL develDeveloped at NASA/Caltech’s Jet Propulsion Laboraopment and operations.
tory in Pasadena, CA, Curiosity’s primary mission was
Energy Availability
to assess the geochemical potential for the habitability
of Mars. This mission required it to acquire and process
rock, soil, and air samples using many new instruments
and two highly complex onboard sample analysis laboratories (figure 1). To find habitable locations, the rover
had to operate for at least one Mars year (~687 Earth
days) and be capable of driving up to 20 km while also

How to satisfy the rover’s extraordinary energy demand
was a key engineering challenge. Solar power throughout the Mars year is problematic because of low sun
angles in the winter months and the continual fallout of
atmospheric dust. Furthermore, several science instruments were best suited to operate at night.

19

FALL 2021

TABLE 1 Key new technologies of the Mars Science Laboratory
MSL technology

Reason

Solution

Entry thermal
protection
subsystem (TPS)

A heatshield >34% wider than prior Mars missions with
54% more entry mass per square area resulted in higher
heating. That plus the need for flying at an angle of attack
increased wind shear, causing the tried and true Mars
SLV-561V TPS technology to fail arc jet shear tests.

Qualify newly developed phenolic
impregnated ceramic ablator tiles that could
be bonded on the composite heatshield
structure.

Entry guidance

For prior Mars missions it was acceptable to land
anywhere in the 100 km × 80 km target areas without
guided entry. A habitability mission needs to be able to
land within driving distance of areas identified from orbit.

Develop a Mars version of the guided entry
approach and control used by NASA’s
Apollo entry capsules to steer their way to a
landing zone 15 times smaller than prior Mars
missions.

Supersonic
parachute

The largest parachute ever used at Mars (Viking’s 16.2
m reference diameter) was too small for this 3x heavier
lander. It did not provide enough time from parachute
inflation to touchdown in the thin Mars atmosphere.

Design and test a scaled-up version of the
Viking parachute to 21.5 m in diameter.

Descent engine

To precisely control deceleration and touchdown speed,
the 8 propulsive engines needed to be throttlable and
larger than any before. There were no throttlable engines
available of any size.

Reinvent and enlarge the 1970s Viking
throttled engine technology and add a new
cavitating throttle design to prevent variable
back pressure as throttle settings were
adjusted during landing.

Skycrane

Traditional legged landers (e.g., Viking, Phoenix) put the
“payload” (in this case a 900 kg rover) on the top deck.
This meant that massive ramps would be needed to push
the mass limits of entry, descent, and landing. Similarly,
bouncing a rover that large in a solid-rocket-controlled
airbag lander (e.g., Pathfinder, Exploration) could easily
exceed the shear strength of airbag fabric.

Put the propulsive “lander” on top of the rover
(like a jet pack) then use the jet pack to gently
lower the rover “payload” to the surface on
the end of three nylon ropes, like helicopters
do on Earth. Take advantage of the kinematics
of the mobility system and wheels to be
landing gear.

Radioisotope
thermoelectric
generator (RTG)
and fluid pump
loops

While Viking landers used RTGs, most Mars landers have
used solar power. The need for full productivity throughout
the Mars year, including the winter season and possible
dust storms, meant that solar would not work. What’s
more, the power demands of such a large rover meant
that using an RTG for just electrical power as Viking did
was not nearly enough to both electrically operate the
rover and keep it warm through the winter nights.

Adopt the freon fluid–based pumped cooling
loop used on MER’s cruise stage to collect
waste heat from the RTG, and actively and
continuously pump that heat inside the rover
to keep it at room temperature throughout the
year.

Sampling Mars
rock

Prior Mars missions had interacted with the Mars surface
(scoop on Viking, rock abrasion on MER, scoop and
shaving on Phoenix), but none had been required to
penetrate several cm into hard basalt rock and retrieve
finely ground rock, sieve it into 150 μm dust, and deliver
a precisely portioned amount to each of two onboard
labs.

Design a new large percussive drill and mount
the Collection and Handling for In-situ Martian
Rock Analysis tool (CHIMRA) on the end of
a new large robotic arm to collect the drill’s
powder and provide mechanisms to filter,
sieve, and apportion the dust for drop-off to
the rover’s labs via doors on top of the rover.

Chemical and
mineralogical
analysis

Prior Mars landers had chemical analysis tools
(e.g., Viking had a simple gas chromatograph/mass
spectrometer and an x-ray fluorescence spectrometer)
but none had the required sensitivity or the ability to
determine sample mineralogy at the resolution needed to
infer habitability.

Invent a new quadrupole mass spectrometer,
gas chromatograph, tunable laser
spectrometer, and x-ray diffraction and
fluorescence instrument to study dozens of
air, soil, and rock samples for chemistry
and mineralogy that directly address the
habitability question.

The most reliable and predictable option that could
guarantee a Mars year or more was a multimission
radioisotope thermoelectric generator (MMRTG),
which converts heat from the natural decay of
plutonium-238 materials into a steady 100–115 W of

electrical power. This would not be enough power to
operate Curiosity—just sitting with only its computer
turned on takes 100 W; while driving, using its drill,
or using the radio, the instantaneous power use can be
350 W or higher.
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The solution was to operate the rover off a rechargeable battery whose state of charge could be maintained by “trickle charging” from the MMRTG. Over
the course of a 24.65-hour Mars day (called a sol), at
a steady 100–115 W the MMRTG could produce
2500–2700 W-h of energy for driving, drilling, sample
processing, communications, heating, and operating the
science instruments. Given the large power demands
when the rover was active, Curiosity was designed to
“sleep” as much as possible: turn itself off, “wake” only
to work a few hours (e.g., doing science, driving), and
spend the rest of the sol “asleep” to allow the MMRTG
to recharge the battery.

The science team reinvented
their operations plans from
scratch as the engineers
worked to rewrite the
energy requirements.
The energy constraints required close collaboration
between the engineering and science teams to assign
power allocations. Early in the design phase, from the
2600 W-h of power the science instruments were collectively allotted about 250 W-h for use in a single sol.
In 2006, provided there were no surprises, analyses indi
cated that this allocation could be met on average. Extra
margin in the design could be used to handle sols when
an individual instrument needed a bit more energy.
The rover uses many actuators for the wheels, arm,
mast, and high gain antenna movement required to
operate in the cold mornings and winter days on Mars.
Actuator life testing was initiated in 2007 to ensure that
the many moving parts could survive the many hundreds
of hours operated at very cold temperatures (between
−100°C and −55°C). To the surprise of everyone, the
actuators failed catastrophically because of dry lubricant migration at low temperatures, increasing wear on
the titanium gear teeth. There was no time to redesign
new cold actuators, so the team decided to adapt tradi
tional actuators using “wet” lubrication and stainless
steel gears. This meant that the actuators would now
need to be electrically heated. Around the same time,
tests of the laboratory ovens used to heat samples and

release volatiles (including organic compounds) showed
that operating that instrument alone would need up to
480 W-h per sol—far more than the 250 W-h allocated
for all of the science instruments combined.
Suddenly the extra energy margin had gone seriously
negative and, with only a year and a half to the launch
date in late 2009, the team was convinced there was
simply not enough energy to do the sample science. By
late 2008 the team reluctantly threw in the towel for a
2009 launch date. The next launch opportunity to Mars
was 22 months later. While there were other delays, the
energy challenge was a contributing factor to the mission launch delay from 2009 to 2011.
With the additional 2 years, the team solved the
energy problem. The battery was doubled in size to about
1200 W-h, which alleviated some of the collective power
usage concern, but a bigger battery alone wasn’t enough.
To further reduce energy usage, redundant avionics
were rewired so that only half the circuits needed to be
on at a time. The science team also reinvented their
operations plans from scratch as the engineers worked
to rewrite the requirements.
In addition, the engineers and science team reimagined how each day would proceed. After a particularly
energy-intensive sol, the following sol had to be allocated to minimal activities that provided ample time for
the MMRTG to recharge the battery.
Selection of the Best Landing Site

Finding a site that is both scientifically promising and
safe for landing is a universal challenge for the engineers
and scientists of all rover missions. Scientists invariably
want to land on or adjacent to rocky outcrops, which
are prime targets for study but hazardous topography.
Entry, descent, and landing (EDL) engineers prefer a
safer flat surface.
Uncertainties associated with terrain risk, targeting, atmospheric density, and wind together produced
a 3-sigma uncertainty ellipse of about 100 km × 20 km
(about the area of the state of Delaware) for previous
missions (figure 2). Over decades, working closely with
planetary scientists and geologists, engineers and scientists became frustrated that the wonderful diversity of
Mars as discovered from orbit was unexplored because
engineers could not create a landing system that could
deliver a rover with sufficient safety.
In late 1999 engineering brainstorming sessions
led to a series of EDL innovations that were applied
to the MSL design. First, borrowing the same guided
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Earth entry techniques
used by the Apollo missions of the 1960s to “fly
out errors,” MSL significantly reduced the
uncertainty ellipse to
20 km × 7 km. A second
key development in early
2000 was the now famous
helicopter-like skycrane
(Prakash et al. 2008),
which eliminated the
need for airbags or landing legs (Rivellini 2004).
The ultraslow (0.65 m/s)
touchdown velocity combined with the rover’s
0.5 m rock clearance
and its highly compliant
landing gear (a 6-wheel
rocker-bogie mobility sys- FIGURE 2 Gale Crater landing ellipse comparison. MSL’s first use of aerodynamic entry guidance at
Mars borrowed from Apollo. Guidance can compensate for Mars’ very large atmosphere density variatem; Bickler 1998) signif- tion, greatly reducing the (3-sigma) uncertainty from that of prior Mars missions. This new capability
icantly improved landing enabled MSL to safely land at the foot of Mount Sharp in Gale crater. Image credit: NASA/JPLsuccess over the previous Caltech/MSSS & University of Arizona.
legged and airbag Mars
landing systems.
(18,000 ft) above the crater floor (figures 2 and 3). It is
This combination of innovations opened the door
composed of layered sedimentary rocks, similar to those
to many more possible safe sites that were geologically
seen in the US Grand Canyon, that show evidence of
interesting—a major step forward for science explorawater in their mineral structure as observed from orbit.
tion with a success rate better than 98 percent. For the
The challenge was that the science targets at Gale
first time, the landing site for a US Mars lander could
were located outside the safe landing ellipse and the
be selected based primarily on its scientific merits, creengineers would have to ensure that the rover could
ating the wonderful problem of scientists debating with
safely drive the distance from the landing ellipse to
scientists rather than with engineers.
the foothills of Mount Sharp, a trip that could take the
The landing site selection was eventually narrowed
better part of 2 Earth years. Could the rover make it
from more than 50 candidates to four finalists:
and could the science team and NASA accept the risk
Eberswalde crater, Gale crater, Holden crater, and
to mission success that an additional 2 years and more
Mawrth Vallis (Grotzinger et al. 2012). Each site was
than 20 km of driving would create? Experience driving
evaluated in detail for rock coverage, terrain shape,
Spirit and Opportunity did not bode well—they both
elevation, latitude, and other attributes. Armed with
encountered serious trouble at some point in their long
this information, the engineering team ran thousands of
drives (Lamarre and Kelly 2018).
simulated landings at each site and counted the number
To help mitigate this risk the MSL science team was
of times the simulated landing exceeded one or another
assigned to groups to study the geology of Gale’s landof the spacecraft’s specifications.
ing ellipse in more detail. What science targets could
At Gale crater—the front runner and eventual
be defined in the ellipse provided by the engineers?
winner—a novel challenge had to be addressed. The
What hypotheses could be tested at these targets? How
crater oddly has a mountain in its center that is much
was the science distributed spatially in each ellipse?
larger than the standard impact crater central peak.
What would be the routes to take, how long would it
Mount Sharp (formally Aeolis Mons) rises 5.5 km
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to be full of attractive
targets and, importantly,
on par with the science
targets identified in the
ellipses at other landing
sites. Most encouraging
was the Peace Vallis fan
and nearby high thermal
inertia that were within
a month’s drive of most
landing locations in its
ellipse. This was a critical
insurance policy against a
crippling anomaly.
Unlike the other landFIGURE 3 Mastcam composite image of the foothills and middle elevations of Mount Sharp (not
shown), Curiosity’s prelanding primary exploration site and current location. In the foreground, about ing sites, Gale crater’s
2 miles (3 km) from the rover, is a long ridge with stores of hematite, an iron oxide. Just beyond is an most promising science
undulating plain rich in clay minerals, and beyond that numerous rounded buttes are high in sulfate lay just a few kilometers
minerals. The different mineralogy in these layers of Mount Sharp suggests a changing environment
outside the ellipse in the
in early Mars, with exposure to water billions of years ago. The colors are adjusted so that rocks look
approximately as they would if they were on Earth, to help geologists interpret the rocks. This adjust- layered foothills of Mount
ment overcompensates for the absence of blue on Mars, making the sky appear light blue and some- Sharp. Gale had earned its
times giving dark, black rocks a blue cast. Image credit: NASA/JPL-Caltech/MSSS.
spot at the top of the list.
After
the
landing in Gale crater on
August 6, 2012, the
touchdown location was
quickly determined to be
an ancient river channel. The descent engines
used during the sky crane
maneuver blew the soil
away to reveal ancient
river 
p ebbles, a great
example of an engineerFIGURE 4 Mastcam mosaic image of the lowest-lying portion of the Yellowknife Bay clay formation ing subsystem inadverin Gale crater. Labeled are two drill targets, “John Klein” and “Cumberland,” in a geological region tently enabling a science
named “Sheepbed.” The rocks, exposed about 70 million years ago by removal of overlying layers due disc overy. Furthermore,
to erosion by the wind, record superimposed ancient lake and stream deposits that offered past envi- C uriosity l anded only
ronmental conditions favorable for microbial life. Image credit: NASA/JPL-Caltech/MSSS.
~500 m from what
appeared to be an ancient
lakebed (figure 4). The MSL science team chose to
take to drive them, and what measurements could be
explore this location before driving to Mt. Sharp and
made? And could the answers to these questions reveal
thus discovered the ancient habitability of Mars.
whether the Gale landing ellipse contains rocks that
Within a few months, the rover sampled the lakebed
might indicate past habitability?
clays and revealed that they had formed perhaps
The science team did something that had not been
3.5 billion years ago under aqueous conditions condudone for previous rover missions: the landing ellipse was
cive for the habitability of Earth-like microorganisms
divided into 1.5 km × 1.5 km quadrants and assigned
(Grotzinger et al. 2014, 2015; Vasavada et al. 2014).
to members with extensive experience mapping rocks
Ancient habitability had been proven, and all first-order
on Earth. It wasn’t long before the ellipse was revealed
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science objectives met.
This was a prime example
of flexible decision making on the part of the team
and its leadership.
Discovery and Mitigation
of Wheel Damage

Curiosity was just a few
kilometers into the long
drive to the foothills of
Mount Sharp when the
engineering team discovered, during a routine inspection, that its
wheels were slowly being
destroyed. To the team’s
shock, large holes and
tears were visible in the
aluminum wheels (figure 5). This was devastating news—it appeared FIGURE 5 Curiosity rover left front wheel damage caused by driving over sharp, embedded rock
that the rover wouldn’t (inset). Image credit: NASA/JPL-Caltech/MSSS.
survive the remaining
15 km or more to highOn Mars it looked like the sharp rocks had dragged
priority science targets beyond the ellipse.
themselves
over the surface of the wheel, tearing it open
What caused the damage? Clearly this result did not
as
if
by
a
can
opener. Investigation of the wheel motion
match the test result from years earlier when the rover
and kinematics revealed that the wheel controller
wheel design was being validated. Or did it? It turned
design for the rover’s mobility system created the conout that, years before launch, “Mars Yard” drive tests of
ditions for tears. The wheel controllers were designed
a full-scale rover showed significant damage similar to
to ensure that all the wheels turned at the same anguthat now seen on Curiosity on Mars. An investigation
lar rate, even while driving over a rock. This induced
concluded that, under Earth’s higher gravity, the wheels
a shearing action that tore the wheels. If Earth testing
had carried more than twice the weight expected at
of the wheels over sharp implanted rocks had used that
Mars. Subsequent tests under Mars conditions revealed
same wheel controller, the shear damage would have
no damage.
been discovered. Testing under Mars-like conditions
The question now was, What was different and what
soon validated this hypothesis, resulting in a flight softcould be done to save the mission? To address this
ware update to the wheel controller software so that
serious challenge, two “tiger teams” were formed. An
wheel torque could be controlled and allow variable
engineering team sought to understand the cause and
wheel speed (Lakdawalla 2014).
mechanics of the wheel damage, and a science team
The science team studied the terrain types the rover
looked for alternative, less dangerous routes to drive.
had driven across as well as those it would encounter
The engineering team immediately noted that, unlike
to find and predict terrains that would be easier on the
the testing performed on Earth, the rocks that the rover
wheels—with less bedrock, fewer large rocks, fewer
had been driving over on Mars were both sharpened by
sharp rocks, more gravel, and a little (but not too much)
wind and tightly packed into the surface. Although the
sand. Using high-resolution orbiter and rover image
earlier tests used similarly sharp rocks, they had simply
data, they compared terrain types and assessed the
been laid on the surface, not bonded to it. But there had
risk posed by each. This led to formulation of predicto be more to the explanation.
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tive guidance that could be implemented during future
drives to limit damage.
As a result of all these studies and the implementation
of predictive guidance, the Curiosity rover has driven
over 26 kilometers with only moderate additional
wheel damage. Over 30 drill samples have been analyzed, proving habitability in multiple environmental
settings.
The Payoff

The Curiosity mission, a resounding success both technically and scientifically, has greatly expanded understanding of Mars at scales ranging from kilometers
to millimeters and even at the molecular and atomic
levels. Its discoveries would not be possible without the
close cooperation and perseverance of engineers and
scientists with diverse skills and backgrounds.

The cultural gap between
engineering and science
practice can be bridged
only through
interdisciplinary empathy.
After over 3130 sols on Mars, Curiosity continues
to raise the bar for remote in situ exploration, proving
that Mars’ watery past was once geochemically habitable for life and discovering traces of organic molecules
that show that long ago the raw ingredients necessary
for life were present. Other discoveries such as mysterious occasional bursts of atmospheric methane and large
unexpected concentrations of silica continue to intrigue
scientists worldwide.
Endeavors of this complexity are successful only
if the people involved learn to trust, respect, listen,
and learn from each other. The standard engineering
formula—“specify it, design it, test it, and fly it”—is
wildly oversimplified. Success comes only with constant
trials, errors, new lessons, and new plans.
The resolution of the significant challenges described
illustrates the need for engineers, scientists, and managers to learn, replan, and adapt quickly. The cultural
gap between engineering and science practice can be
bridged only through interdisciplinary empathy. Engi-

neers must imagine the possibility that scientists might
not know for certain what they need to succeed until
they do. Scientists must imagine the many difficult and
imperfect decisions, trade-offs, and even mistakes that
engineers might make while trying to meet the launch
deadline. For these imaginings to happen at all requires
respectful conversation and patience.
Achieving respectful conversation and patience
requires leadership that encourages teamwork and
socialization between groups. Despite time pressures,
throughout the project’s lifecycle efforts were made on
all sides for people to get to know and understand each
other both professionally and personally. There were
regular science talks for engineering staff, and engineers
had long discussions with the science team about their
struggles to find design compromises. Open and honest
communication was essential. Over time, differences
between engineers and scientists faded to create a cohesive group whose ongoing communication and cooperation led to an unprecedented success.
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The story of Parker Solar Probe shows how engineers
and scientists navigated constraints to develop the
invaluable scientific powerhouse now flying by the Sun.

Parker Solar Probe:
A 60-Year Journey to Reach a Star
Nicola J. Fox and
Andrew S. Driesman

In July 1958, three months before NASA was created, the National
Nicola Fox

Andrew Driesman

Research Council issued a report with recommendations for future space
missions, including three focused on heliophysics (NRC 1958). Among
them: a mission to fly inside the orbit of Mercury to study the particles and
field environments near the Sun.
Sixty years after release of the NRC report, in the early morning hours of
August 12, 2018, NASA’s Parker Solar Probe lifted off from Cape Canaveral
Air Force Base in Florida. Mounted atop a Delta IV Heavy rocket was a science and engineering marvel, the culmination of 6 decades of preparation.
During the decades between the 1958 report and the launch, scientists
and engineers worked to make a solar probe mission a reality. The historic
challenge required engineering solutions with no precedent and testing
under conditions difficult to simulate. The mission—the first close-up study
of a star—would face an environment unlike any spacecraft before it.
In this article we analyze the history of Parker Solar Probe in terms of
solutions to three linked engineering challenges and their interplay with the
mission’s science objectives:

Nicola Fox is director of the Heliophysics Science Division in NASA’s Science Mission
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• Trajectory design: Develop a trajectory that would
bring the probe close enough to the Sun to capture
measurements to answer the science questions
• Thermal protection: Protect the spacecraft with its
sensitive scientific instruments from intense heat on
close solar passes
• Power: Power the spacecraft across a range of environments, both close and far from the Sun.
The story of Parker Solar Probe shows how engineers
and scientists navigated these constraints with available technology and uncertain funding environments to
develop the invaluable scientific powerhouse currently
flying by the Sun.
Scientific Motivations: Why Go to the Sun?

The scientific dividends of a mission to the Sun were
clear before 1958; later developments only increased
the urgency of the mission.
The first mystery to be addressed by a solar probe
emerged with the 1869 total solar eclipse, when
American astronomers Charles Augustus Young and
William Harkness observed a novel green emission line
with a wavelength of 530.3 nanometers in the solar
corona. At the time, scientists suspected they were
observing the chemical fingerprint of an undiscovered
element; they dubbed it Coronium. Advances in laboratory spectroscopy led to the surprising discovery in the
1940s (Edlén 1941) that the spectral lines came from
ionized iron, heated to such an extreme temperature
that it had lost 13 of its 26 electrons.
Such a highly ionized species of iron implied a c oronal
temperature of over 1.7 million degrees Celsius—several
hundred times hotter than the Sun’s visible surface
below it. The question of how and why the corona is so
much hotter than the surface of the Sun became known
as the coronal heating problem, and solving it was a key
goal for a solar probe.
Another solar mystery was soon recognized. In
1958 a young University of Chicago physicist, Eugene
Parker, published a paper predicting the existence
of a supersonic plasma flow (i.e., the solar wind)—
remnants of a hot corona too energetic to remain
trapped by the Sun that would continuously escape to
space. In 1962 NASA’s Mariner 2 spacecraft, on its
way to Venus, observed this wind and clocked it at
speeds up to 800 km/s, consistent with the Parker prediction. The solar wind was real, complex, and incredibly fast and hot.

These two questions—how the corona became so
hot, and how the solar wind is heated and accelerated—
became foundational in heliophysics. Answering them
would require exploring the Sun’s atmosphere relatively
close to the surface, beneath the Alfvén critical point,1
beyond which the plasma ceases to corotate with the
Sun (i.e., where the magnetic field loses its rigidity to
the plasma). Estimates of the location of the Alfvén
critical point varied dramatically from a few to tens of
solar radii (Rs) from the Sun. A proper solar probe had
to get within that distance in order to provide answers
(NRC 2003).
Early Designs: 1978–2005

Before 2008, the solar probe concept underwent five
major design revisions. Each addressed the engineering challenges described above in different ways, often
resolving problems in earlier iterations and sometimes
creating new ones.

The question of how and why
the corona is so much hotter
than the Sun’s surface was a
key focus for a solar probe.
Trajectory Design

The choice of trajectory is key to mission success. A wellengineered trajectory not only allows the probe to reach
a targeted orbital position close to the Sun but also sets
up the geometries for Earth communications, minimal
fuel usage, radiation exposure, timing for gravitational
assists, and generation of power, among other requirements. All these engineering and science factors generate a complex trade-space to be optimized. Failure to
satisfy all conditions leads to an unviable design option.
The first solar probe science definition study emerged
from a 1978 workshop at the California Institute of Tech1

The Alfvén critical point is where solar wind physics changes
because of the multidirectionality of wave propagation (waves
moving sunward and antisunward can affect the local dynamics
such as the turbulent evolution, heating, and acceleration of the
plasma). This is also the region where velocity gradients between
the fast and slow speed streams develop, forming the initial conditions for the formation, farther out, of corotating interaction
regions.
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Jupiter, it would use the
planet’s intense gravitational field to slingshot
itself out of the ecliptic
plane. In some variations
of the trajectory, several
Earth or Venus 
gravity
assists would be used
along with several propulsive maneuvers (figure 2),
necessitating additional
onboard power requirements and engineering
constraints. When it
got close to the Sun the
Starprobe would turn the
tip of its protective coniFIGURE 1 1982 Starprobe. RTG = radioisotope thermal generator; UV = ultraviolet. Image source: cal heatshield toward it
Randolph (1982).
to protect the delicate
spacecraft electronics and
scientific instruments.
The mission as proposed
was too costly and complex at the time. But the
trajectory—using a Jupiter
gravity assist, which
would put the solar probe
in a polar orbit about the
Sun—remained the primary focus of subsequent
solar probe missions until
scientists and engineers
brought to bear the latest
scientific understanding
and technology.
While a Jupiter g ravity
assist would take the
FIGURE 2 Trajectory option studied for the 1982 Starprobe. AU = astronomical unit. Image source: probe extremely close to
Randolph (1982).
the Sun, well inside the
Alfvén critical point, it
had costs and engineering complexities. Jupiter’s radianology. The papers from that symposium (Neugebauer
tion belts posed risks to the spacecraft’s electronics.
and Davies 1978) mostly focused on the science that a
The probe would also face extremely cold temperatures
solar probe might accomplish, but they triggered efforts
so far from the Sun, expanding the range of thermal
to develop and refine a solar probe concept that culmienvironments in which it would have to operate. For
nated in the 1982 Starprobe concept (figure 1).
similar reasons, the trajectory limited the options for
Starprobe would carry a huge suite of instruments for
powering the spacecraft. Finally, the trajectory allowed
gravity, optical, and plasma experiments to within 4 Rs
for only one or two close, very fast, and short passes of
of the Sun. To reach this perihelion, it would require an
the Sun.
extremely high energy trajectory: launching out toward
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Thermal Protection System Design

A solar probe’s survival depends on its thermal protection system. The intense thermal environment at 4 Rs
meant that the probe’s thermal shield would need to
operate at about 2500 K (3500°F), while—about a meter
behind the shield—sensitive spacecraft electronics had
to be kept below 50°C (122°F) at the extreme. An
effective shield would have to reject a maximal amount
of heat out to space. But at these temperatures the heat
shield would sublimate, creating a possible noise source
for some of the science instrumentation. An initial constraint was that the chosen material could shed no more
than 2.5 mg/s.
Early studies investigated ceramic shields, which
absorb low amounts of thermal energy at room temperature and are good insulators, but they were too brittle to
withstand the launch conditions and degraded severely
under intense UV light. Metals such as tungsten were
also explored but found to be too heavy unless reduced
to a thin shell, which was similarly brittle. By 1982 the
community had settled on carbon-carbon composites,
which had low mass, high strength, and high operating
temperatures, although their surface properties were not
as good as ceramics. This issue was later solved with a
custom coating (coating materials available at the time
faced the same UV degradation problem as ceramics).
The heat shield’s shape was also critical to its function. The 1982, 1989, and 2005 designs all used a
conical shape for the outer heat shield, backed by a secondary flat heat shield connected to the spacecraft bus.
The conical shape minimized the incidence of solar flux
per a given area and maximized the area to radiate heat
back out to space.
The conical heat shield design was massive and single-purpose. Two “small solar probe” designs in 1994 and
1999 tried another tack, using an elliptical shield that
doubled as a high-gain antenna. This design improved
signal transmission in what was expected to be an electrically noisy outer corona, while opening up room in
the shadow of the heat shield previously devoted to an
antenna.
By 2005 the conical heat shield’s design had reached
its most advanced level. A new low-emissivity ceramic
coating resolved issues with the carbon-carbon surface
properties and reduced the shield’s mass.
Still, the design faced challenges. Launching a
spacecraft on a high-energy trajectory to the Sun via
Jupiter required reducing mass wherever possible. The
heat shield’s conical design, with a 15-degree half angle

required to keep solar incident at the appropriate levels,
meant it had to be approximately 5 meters long. And
with the secondary shield it weighed about 133 kg, more
than 15 percent of the spacecraft’s total mass at launch.
Powering the Spacecraft

Solar power might seem the obvious choice for a solar
probe. But several aspects of the early mission designs
posed serious challenges for the use of solar arrays.
The Jupiter gravity-assist trajectory would take the
probe both extremely close to the Sun where solar flux
would be abundant, and extremely far where it would be
scarce. At perihelion the solar arrays would have to be
stowed almost completely behind the heat shield. But
to power the spacecraft at aphelion near Jupiter, they
would have to be extremely large—too large to adequately tuck behind the heat shield. Their required size
would also present challenges with stowing them safely
during launch. For these reasons solar probe concepts
through 2005 relied on radioisotope thermal generators
(RTGs), converting heat from the nuclear decay of plutonium into power for the spacecraft.

An elliptical heat shield
that doubled as a
high-gain antenna improved
signal transmission while
opening up room previously
devoted to an antenna.
By 2005 the power system and the mission as a whole
were considered technically feasible, albeit extremely
complicated and constrained. At a projected cost of
$1.1 billion (in FY07 dollars), however, the concept was
deemed too expensive in the existing funding environment. NASA’s Science Mission Directorate requested
a new study for a solar probe mission with two primary
constraints: a cost cap of $750 million (in FY07 dollars)
and an ability to power the spacecraft without RTGs.
These constraints forced the solar probe community to
rethink the mission wholesale, culminating in the 2008
report of the Solar Probe Plus Science and Technology
Definition Team (STDT) and a complementary mis-
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20 Rs increased tenfold
(figure 3). Coopera
tion
between the science and
engineering communities
allowed this reimagining of
the scientifically relevant
observation points, both
easing and enabling the
engineering solutions for
the mission. Parker Solar
Probe would not have been
possible without this.
The new perihelion distance no longer required a
Jupiter gravity assist. With
a suitably powerful launch
vehicle, the probe could
launch opposite Earth’s
orbital velocity and use
repeated gravity assists from
FIGURE 3 The Parker Solar Probe trajectory. Rs = solar radii. Image credit: NASA/Johns Hopkins APL. Venus to slow the spacecraft so that it gradually
“fell” toward the Sun.
sion concept study report (JHU APL 2008) outlining
Instead of one or two solar passes, the new mission
the design for what ultimately became the Parker Solar
would have 24, 17 of which would be within 20 solar
Probe mission.
radii. The gradual lowering of the orbit reduced risk and
allowed operators to learn how to manage the spacecraft
2008 Design: Solar Probe+
as it approached the Sun and prepare for upcoming solar
With the prohibition on RTGs, the search was on for a
encounters.
way to meet the solar probe’s science objective using solar
Heat Shield: From Cone to Flat Panel
power. The resulting adjustments in both the trajectory
and heat shield design produced a mission concept not
The new perihelion at 9.5 Rs reduced the maximum
only significantly less expensive but also scientifically
solar flux expected by almost a factor of 6, greatly opensuperior, prompting the name Solar Probe+.
ing up options for thermal protection. A simpler, flat
heat shield design based on the 2005 STDT report’s
Trajectory: From 4 Rs to 9.5 Rs
secondary shield would suffice; it would be a sandwich
In previous mission designs, the probe’s trajectory was
of carbon-carbon and carbon foam with a ceramic coatdesigned to pass within 4 Rs of the Sun. But with the
ing. At 11.4 cm thick and 2.4 m across, the heat shield’s
Jupiter gravity assist and the extreme proximity to
mass was cut by almost half, to 70.5 kg.
the Sun, attaining this perihelion constrained virtually
Power: Solar Panels
every other aspect of the mission, from the power source
to the heat shield to the number of potential perihelion
Because the trajectory of Solar Probe+ would remain
passes.
within 1 astronomical unit (AU) for the duration of the
The proposed Solar Probe+ design would not go as
mission, solar power became viable. Still, conventional
close to the Sun: its closest approach would be 9.5 Rs, just
solar arrays used for Earth-orbiting spacecraft would not
below the estimated location of the Alfvén critical point.
suffice.
What the mission design gave up in proximity it more
Solar Probe+ employed two solar arrays. Primary
than recovered in duration in the regions of interest: the
arrays would be used outside .25 AU and then, as the
total amount of time the spacecraft would spend within
probe approached the Sun, retract behind the heat
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shield, when smaller secondary arrays would deploy.
These secondary arrays would be actively cooled by a
closed-loop system of liquid ammonia.
Developments since 2008

The 2008 STDT report and 2008 mission concept study
report (JHU APL 2008) were accepted by NASA, and
soon the engineering team at the Johns Hopkins University Applied Physics Lab began working on technology development. Over the next 5 years, testing and
design improvements led to a few changes in the spacecraft design.
The final design placed the secondary solar arrays
at the end of the primary solar arrays on panels that
could be independently articulated. To cool the arrays,
deionized water was used instead of ammonia, as it has
much higher critical temperature and so could better
survive extreme temperatures.
Much has been said about the design of the spacecraft,
but scientific observations would not be possible without the exquisite instrumentation on board (table 1).
For the most part, instruments in the heatshield’s
umbra are kept at manageable temperatures. But to
directly sample the solar plasma and measure the electric field in the corona, it was necessary to place two
instruments—the FIELDS antennas and a Faraday
cup—outside the heatshield, where they experience
the full intensity of the Sun. To withstand this environment, the instruments are made of high-temperature
materials including niobium, tungsten, and sapphire.
Both instruments must also control their own thermal
environments, including protecting sensitive electronic
amplifiers. The development and test programs for both
these instruments were substantial.
During the design phase for Solar Probe+, scientists studied the solar wind processes using data from
the Helios mission, which reached a perihelion of
0.31 AU, just inside the orbit of the planet Mercury.
Extrapolations inward from Helios data and outward
using photospheric field measurements, together with
radio data, enabled scientists to constrain the Alfvén
speed at various distances from the Sun’s surface. This
new analysis showed that the Alfvén critical point is
typically about 20 Rs, farther out than the historical
predictions of 10 Rs. This meant that the probe would
spend much more time inside the Alfvén point than
previously expected.
Using advanced remote sensing techniques, scientists
were also discovering more about the workings of the

Sun, the intricacy of sunspot regions, and in particular
the complexity of the Sun’s magnetic fields and their
relevance to solar wind acceleration.
The mission, already steeped in history, had one more
milestone before launch (figure 4, left). In 2017 it was
renamed Parker Solar Probe in honor of Eugene Parker,
whose theoretical work on the solar wind helped spur
the mission. It is the first NASA mission to be named
for someone during their lifetime and the first launch to
be watched by its namesake (figure 4, right).
Conclusion

Through the many design changes, the significance
of meeting the solar probe’s scientific goals has only
grown. As the history of design iterations reveals, there
is no single way to send a spacecraft to the Sun; instead,
countless design decisions, each with advantages and
drawbacks, strike a balance to create a successful mission. The path from the first ideas of a solar probe to
implementation 60 years later required continued
interplay between scientific ambitions and engineering
possibilities.
Since its launch August 12, 2018, Parker Solar Probe
has not disappointed. On the very first orbit, during
solar minimum conditions, the probe returned measurements that shed new light on the Sun and its atmosphere. Critical data provided tantalizing clues as to the
cause of coronal heating and powering of solar wind.

As the history of design
iterations reveals, there is
no single way to send a
spacecraft to the Sun.
As the mission has progressed, it has revealed a dustfree region close to the Sun and a Venus orbital dust
ring. It is also providing dramatic new insights into the
location of the Alfvén critical point, enhancing understanding of how the Sun’s rotation slows over time and
of the lifecycle of stars, including the Sun.
Images have shown new features in the solar wind
known as switchbacks, rapid polarity flips in the Sun’s
magnetic field. These switchbacks have sparked a flurry
of studies and scientific debate as researchers try to
explain how these unexpected magnetic pulses form.
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TABLE 1 Instruments on board Parker Solar Probe
Instrument and PI

Function(s)

Fields Experiment
(FIELDS)

Direct measurements of electric
and magnetic fields and waves,
Poynting flux, absolute plasma
density and electron temperature,
spacecraft floating potential
and density fluctuations, and
radio emissions. MAGi = inner
magnetometer; MAGo = outer
magnetometer; SCM = search coil
magnetometer

PI: Stuart Bale (University
of California, Berkeley)

Integrated Science
Investigation of the Sun
(ISIS)
PI: David McComas
(Princeton University)

Image

Observations of energetic
electrons, protons, and heavy
ions that are accelerated to high
energies (10s of keV to 100 MeV)
in the Sun’s atmosphere and inner
heliosphere; correlated with solar
wind and coronal structures.
HET = high-energy telescope;
LET = low-energy telescope

High-energy Energetic
Particle Instrument (EPI-Hi)
Low-energy Energetic
Particle Instrument (EPI-Lo)

Solar Wind Electrons
Alphas and Protons
(SWEAP) Investigation
PI: Justin Kasper
(University of Michigan)

Measurement of velocity
distribution functions of the most
abundant particles in the solar
wind: electrons, protons, helium
ions, minor ions with mass/charge
resolution; bulk properties such as
velocity, density, and temperature
at 8 Hz, heat flux and phase
space variations at 150 Hz, field
line topology, heat flux
Solar probe
cup (SPC)

Widefield Imager for
Solar PRobe (WISPR)
PIs: Russell Howard
(through launch and
early operations), Mark
Linton (Naval Research
Laboratory)

Images of the solar corona and
inner heliosphere, and of the solar
wind, shocks and other structures
as they approach and pass the
spacecraft; complements other
instruments on the spacecraft by
imaging their plasma samples

Image sources: Bale et al. (2016), Kasper et al. (2016), McComas et al. (2016).

2 Solar Probe ANalyzers (SPAN)
SPAN B (electrons)
SPAN A+ (electrons & ions)
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FIGURE 4 (left) NASA’s
Parker Solar Probe lifts
off from Cape Canaveral,
August 12, 2018. Image
credit: NASA/Johns Hopkins
APL. (right) Eugene Parker
watches the launch. Image

credit: NASA/Johns Hopkins
APL.

Do they originate from a dramatic magnetic explosion
that happens in the Sun’s atmosphere? Are they a kind
of magnetic structure (a flux rope)? Do they form in
the solar wind as a byproduct of turbulent forces, or
when fast and slow streams of solar wind rub against
one another? Questions abound.
The research community will continue to debate
these and other exciting questions as Parker Solar Probe
blazes a trail through the Sun’s corona. The probe has
exceeded all NASA expectations and will continue to
provide scientists with spectacular data that will fuel
more mysteries and questions to be answered for many
years.
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The diverse science and engineering perspectives and
experiences of the OSIRIS-REx team were key to
overcoming the challenges of asteroid Bennu.

Collecting a Sample from Asteroid
Bennu: Science and Engineering
Enable OSIRIS-REx
Heather L. Enos and
Michael C. Moreau

O
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Michael Moreau

n October 20, 2020, the OSIRIS-REx spacecraft began a maneuver that
had been envisioned years prior by scientists and engineers at the University
of Arizona, NASA’s Goddard Space Flight Center, Lockheed Martin, and
KinetX Aerospace (Lauretta et al. 2017, 2021). For the preceding several
weeks, the 1400 kg (3000 lb) spacecraft had slowly orbited near-Earth
asteroid Bennu from 600 meters (0.37 mile) above the surface, with ground
controllers at Lockheed Martin’s facility in Littleton, Colorado, carefully
tweaking the plane and phasing of the orbit with millimeter-per-second precision to set up for this moment.
The mood in the OSIRIS-REx Mission Support Area at Lockheed Martin
was tense, but with excitement—just a few hours from an event that had
been more than 14 years in the making: the first attempt by NASA to collect
a bulk sample of material from the surface of an asteroid for return to Earth.
A few hours earlier, command sequences had been loaded on board the
spacecraft with final adjustments to the critical parameters that would guide
the spacecraft to contact with the surface of tiny Bennu (its mean diameter
is less than 500 m). From this point on, members of the operations team in
Denver could only listen for bits of telemetry sent back as the spacecraft
Heather Enos is OSIRIS-REx deputy principal investigator, University of Arizona.
Michael Moreau is OSIRIS-REx deputy project manager, NASA Goddard Space Flight
Center.
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FIGURE 1 OSIRIS-REx mission timeline. The spacecraft spent over 2 years in close proximity to Bennu, first conducting detailed
surveys and reconnaissance passes to characterize the asteroid and select the TAG site, then preparing for the sample collection activity.
It departed Bennu in May 2021 and will return the sample capsule to Earth in September 2023. TAGSAM = Touch and Go Sample
Acquisition Mechanism. Image credit: NASA/Goddard/University of Arizona.

autonomously navigated through the sample collection
sequence.
Sampling on the Asteroid

At about 10:30 am Mountain Standard Time, the spacecraft fired its attitude control thrusters to perform a
maneuver resulting in a 6 cm/s velocity change. In the
microgravity environment of Bennu, this small velocity
change caused the spacecraft to make a hard right turn,
leave the safety of the terminator plane orbit, and venture out over the sunlit side of Bennu.
A 3-meter-long robotic arm was deployed, with a
mechanism for sample acquisition attached to the end
(figure 1). The Touch and Go Sample Acquisition
Mechanism (TAGSAM; Bierhaus et al. 2018) was specifically designed to solve the unique problem of sample
acquisition from the microgravity environment of a
small asteroid. It acts as a reverse vacuum cleaner, with
high-pressure nitrogen gas mobilizing surface material
that is then forced into the containment area of the
“head.” “Touch and go” describes the concept of operations for sample collection: the TAGSAM head is in
contact with the surface for only a few seconds.
The spacecraft next pointed its navigation camera
toward Bennu and began recording images to process
in the natural feature tracking autonomous navigation

system. About 4 hours after leaving orbit, the spacecraft slewed to the sample collection attitude with the
TAGSAM arm and cameras pointed toward the surface.
At about 125 meters above the surface, the spacecraft
fired its thrusters again to start a steep descent to the
surface at a velocity of about 16 cm/s. Ten minutes later
and at an altitude of about 40 meters, a 6 cm/s maneuver
slowed the spacecraft to a descent rate of 10 cm/s and
matched the spacecraft velocity with the surface of the
rotating asteroid below.
While these final maneuvers were being computed,
the predicted spacecraft trajectory was propagated forward to the time of surface contact and compared against
a map of the hazardous locations on the surface. As the
spacecraft passed below 5 meters altitude, it performed a
final check against the hazard map—and the predicted
contact point was safe! Seconds later the TAGSAM
touched down on Bennu (figure 2) and began to penetrate the surface. The spacecraft continued its downward
velocity as a storm of particles and dust were mobilized
around and inside the TAGSAM head. Just 6 seconds
after contact was detected the spacecraft fired its backaway thrusters to arrest its descent and leave the surface.
By all accounts the sample collection event executed
flawlessly, likely yielding hundreds of grams of a steroid
material captured in the TAGSAM. The sampling
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FIGURE 2 Contact with Bennu: Two images from the OSIRIS-REx SamCam imager, taken about 2 seconds apart. The frame on the
left was shuttered just after initial contact with the surface of Bennu and milliseconds before the TAGSAM high-pressure nitrogen gas
bottle fired; the image on the right shows the scene just milliseconds after the TAGSAM gas bottle fired. Image credit: NASA/Goddard/
University of Arizona.

event and subsequent firing of thrusters to back away
excavated an area covering several square meters to a
depth of half a meter or more, and dislodged meterscale boulders in the vicinity of the contact point. The
spacecraft contacted less than 1 meter from the targeted
location, avoided all nearby hazards, and touched the
surface in a place that had an abundance of fine-grained
material ingestible by the TAGSAM. The TAGSAM
sank into the regolith several centimeters to ensure
that asteroid particles would be forced into the head
once the high-pressure nitrogen gas bottle fired. The
surface of the asteroid responded in a dramatic fashion
to the imparted forces, and scientists will be studying
the resulting imagery for years to come to gain insights
into the regolith properties and cohesion of the surface.
Importance of Science and Engineering
Partnership

Notwithstanding thorough preparation, the path to
successful sample collection at Bennu was littered with
surprises and obstacles. Since the earliest days of the
mission, the OSIRIS-REx team has benefited from the
tight integration of science and engineering disciplines
to inform flight system and mission design, interpret
surprises, and respond to the unexpected.

It is not uncommon on a NASA mission for scientists
and engineers to work closely together. The scientists
typically pose the key questions about the natural world
or the universe that the mission seeks to answer, and
draw conclusions from the data collected; the engineers
develop the machinery and systems to accomplish the
observations with an eye toward optimizing performance and minimizing risk.
A first example of this partnership between science
and engineering began before OSIRIS-REx was selected
as a NASA mission. Extensive Earth-based observations of Bennu, combined with scientific models of the
asteroid, were used systematically to constrain over 100
asteroid parameters, covering orbital, bulk, rotational,
radar, photometric, spectroscopic, thermal, regolith,
and environmental properties. These scientific data
were essential to accurately plan the encounter with
the asteroid and specify the key performance parameters
of the spacecraft before its assembly and launch, and
helped ensure that the spacecraft had sufficient capabilities to handle some of the surprises encountered.
We examine some of the best examples of science and
engineering disciplines working together to enable the
success of OSIRIS-REx.
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Adapting to Mission Challenges and Surprises

The unique nature of a sample return mission to a
very small planetary body created significant operational challenges. These included accurate spacecraft
navigation in the microgravity environment, precision
delivery of the spacecraft to the asteroid surface, and
schedule-driven scientific data generation based on
operational milestones to enable sample-site selection.
Good communication and coordination between science and engineering team members were essential.
The small size of Bennu and corresponding large
navigational uncertainties meant that science planning and implementation tools required very specialized capabilities. As multiple off-the-shelf planning
tools were investigated, the team came to the conclusion that a customized tool was required. The J-Asteroid
tool (Christensen et al. 2018) implemented capabilities
and features unique to each of the observational phases
at Bennu.
Moreover, the overall planning of science observations required tight coordination between navigation
team members and science planners to balance operational complexity with science return. Navigation team
members needed to understand the objectives of the
science motivating particular observations. S
 cience
planning team members needed to understand the
navigational uncertainties and how to trade between
improving science value and minimizing the risk of data
gaps. Successful science observation planning required
a sophisticated understanding of these concepts, and
team members had to spend a lot of time outside their
traditional lanes.
Another complicating factor was that most science
observations during proximity operations at Bennu
required a “late update” to compensate for navigation uncertainties. A late update involved a complex
handoff of the products required to generate updated
spacecraft command sequences between the navigation
team, science operations team, and spacecraft control
center in the 24 hours leading up to execution of every
maneuver or science observation to retarget the precise
pointing and timing.
The TAGSAM sample collection mechanism and
the performance of the whole flight system to target a
TAG location on the surface were based on a fundamental assumption that Bennu was similar to a sandy
beach, uniformly covered in relatively fine-grained
material, and with large flat areas suitable for safely
navigating the spacecraft to the surface. This under-

FIGURE 3 First global mosaic of Bennu, constructed from
PolyCam images acquired December 2, 2018, revealing a boulder-strewn surface and no obvious locations for a safe descent to
the surface for sample collection. Image credit: NASA/Goddard/
University of Arizona.

standing was developed largely from an extensive Earthbased observational campaign conducted before launch:
low observed thermal inertia pointed to a uniform surface and fine-grained particles (Emery et al. 2014).
TAGSAM was designed to ingest particles 2 cm and
smaller (Bierhaus et al. 2018).
The flight system was designed to set down within a
50-meter diameter landing zone. But imagery recorded
by the PolyCam (Rizk et al. 2018) during the spacecraft’s approach in November 2018 was a shock to the
team: Bennu was littered with boulders, from meterscale to some the size of multistory buildings (figure 3).
In fact, in the first global mosaic of Bennu it wasn’t clear
that there was sampleable material anywhere on the
asteroid. There were certainly no hazard-free locations
that came even close to the 50-meter diameter landing
zone the spacecraft had been designed to target. The
correlation between low thermal inertia and fine-grain
surface material was false, for reasons that may not be
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fully understood until the Bennu sample is analyzed on
Earth.
The realization of an extremely rocky Bennu dramatically affected the plans for the site selection and TAG.
To land safely in a location with sampleable material,
the spacecraft would have to make contact in an area
10 times smaller than the system was designed for—
essentially TAG in the center of a bull’s-eye—requiring
a new onboard navigation method and a major effort to
fine-tune the performance of the spacecraft.
This was just one of many curveballs thrown by
asteroid Bennu! The next was within days of the first
orbit insertion on December 31, 2018, when navigation
images showed hundreds of millimeter- to centimeterscale particles emanating from the asteroid’s surface
(Lauretta et al. 2019), potentially creating a hazard for
the spacecraft. The activity is modest enough that it
could only have been detected by a nearby spacecraft
(not by telescopes). It was a huge surprise and an exciting scientific discovery.

Safety was the highest
priority, even if it meant
there was a possibility of
collecting less sample.
Analysis revealed that some particles escape into
space, others temporarily orbit the asteroid, and most
fall back onto Bennu’s surface (Hergenrother et al.
2020). The management team scrambled to verify that
it was safe for the spacecraft to remain in orbit. The
science and navigation teams developed independent
tools and techniques to attempt to characterize the size
and origin points of particle ejections. Members of the
navigation team developed autonomous techniques
to identify and track these particles, while navigation
and science team members collaborated to fit orbits to
individual particles (Hergenrother et al. 2020). With
a better understanding of the particle ejections, it was
determined that the spacecraft was safe.
The serendipitous discovery of Bennu’s activity would
not have happened if not for the particular application
of optical navigation adopted by the team and the fact
that the spacecraft was just a couple of kilometers from
the surface. The navigation concept called for the use

of a very wide field-of-view (FOV) camera, 33 × 44
degrees—comparable to a Go-Pro—and used short and
long exposures to resolve both Bennu (short) and stars
(long) in pairs of immediately successive images. The
design decision to continue the use of long-exposure
stellar imaging for pointing corrections after the spacecraft entered orbit and the selection of the wide FOV
camera both enabled the particle detections.
The particles contributed to another scientific
bonanza for the team: their reconstructed orbits made
it possible to estimate the gravity field of Bennu—a
key science objective—to a fidelity that could not have
been achieved with observations of the spacecraft’s orbit
alone (Scheeres et al. 2020). The discovery of the particle ejection phenomenon and the ability to recognize
and interpret the scientific implications would not have
been possible without the tight integration between science and engineering on the mission—and this turned
out to be a trial run for the type of collaborative effort
required for the site selection and TAG.
Scientific Observation and Criteria for Sample
Site Selection

To select a sample site on Bennu’s rocky terrain, coordi
nated observations were combined into four thematic
maps of decision-making properties: deliverability,
safety, sampleability, and science value. The site selection team considered the probability of success as indicated by each map; the best site would be where the
maps intersected, indicating the best chance of collecting a sample on the first TAG attempt.
The much more rugged surface than predicted created a significant challenge in identifying potential
sample sites that satisfied the deliverability and safety
criteria. Only a small number of hazard-free regions,
about 5–8 m in radius, were identified.
As the site selection team assessed the candidate TAG
sites, the engineering team worked to enhance the capabilities of the spacecraft, allowing more of the potential
sites to become viable options for sample collection.
Refined deliverability and safety maps led to revised relative scoring of the candidate sites. Sample sites that had
the highest probability for safely contacting the surface
rose to the top. Safety was the highest priority, even if it
meant there was a possibility of collecting less sample.
The team then focused on the sampleability of the
potential sites. The objective was to select a site that
offered a high probability of collecting at least 60 grams
of material on the first attempt. As described earlier,
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Bennu’s uniform thermal inertia meant that such data
could not be a discriminator to identify centimeter-scale
particles.
Finally, careful mapping of resolved and uningestible particles provided the quantitative assessment
of sampleability of four candidate sites (Burke et al.
2021; Lauretta et al. 2021), two of which, known as
Nightingale and Osprey, were selected as the primary
and backup sampling sites, respectively.
Engineering the TAG at Nightingale Site

The Nightingale sample site was only about 16 meters
across, much less than the 50-meter diameter TAG zone
for which the spacecraft had been designed (figure 4).
The TAG design had originally incorporated a simple
lidar-based range update to correct trajectory errors during the descent to the site. Prelaunch analysis showed
that lidar-based navigation would be sufficiently accurate for a 50-meter diameter landing zone, but not for
the much smaller area.
To execute a bull’s-eye TAG, the team pursued three
parallel activities. First, the lidar-based technique was
abandoned in favor of natural feature tracking (NFT),
originally developed as a backup to the lidar. The NFT
capability relied on optical navigation images and preplanned maps for landmark navigation (MLNs).
For the original mission sufficient imagery was collected to generate and validate maps for NFT use at
orbital altitudes (600–1000 m), but the use of NFT during TAG would require much higher resolution maps
that could be used all the way to the surface. While
NFT would provide more precise navigation updates, it
required a whole new effort to conduct additional highprecision observations of the candidate TAG sites and
develop high-resolution MLNs. This effort involved
contributions from the navigation and science planning
teams to design new close reconnaissance observations
of the primary and backup TAG sites, and from the
spacecraft guidance, navigation, and control team and
science altimetry working group to develop and validate
the MLNs for use during TAG.
The second activity involved work by the navigation
and spacecraft teams to revise and refine all of the analysis and modeling of the spacecraft to extract maximum
possible performance. Thanks to extensive characterization of Bennu’s gravity, solar radiation pressure, thermal
reradiation forces, and other small forces acting on the
spacecraft, the navigation team improved the predictive accuracy from tens of meters to only a few meters.

FIGURE 4 Visualization showing the size of the Nightingale
TAG zone (blue) compared to the original area the spacecraft
was designed to target (orange), with a sketch overlaid of typical
parking lot spaces to provide scale. A large rock formation at
about 4 o’clock in the image is the height of a two-story building.
Image credit: NASA/Goddard/University of Arizona.

Navigation and spacecraft team members calibrated the
performance of the spacecraft thrusters such that velocity change maneuvers were performed with millimeterper-second precision.
These modeling improvements pushed the envelope
for deep space navigation performance and reduced the
levels of error for TAG to be very close to the bull’s-eye
goal. But the team still had to deal with the problem
that any small error causing the spacecraft to drift off
course could be potentially disastrous given the hazardous rocks surrounding the targeted TAG location.
The third activity therefore related to protecting the
spacecraft from hazards. Centimeter-level precision
topographic maps developed by the science altimetry
working group made it possible to map all the rocks and
slopes that could damage the spacecraft during TAG.
The hazard map can be thought of as a grid of points
overlaid on the topographic map of the site; grid points
that represented a hazard were shaded red and those
that were safe green. This hazard map was implemented
on the spacecraft as a final check during TAG (figure 5):
the spacecraft could proceed to the surface only if it was
projected to contact a green area.
The entire site selection process entailed dedicated
teamwork and a carefully calibrated interplay between
the capabilities of the spacecraft to touch down in a haz-
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FIGURE 5 A successful “touch and go” (TAG) at Nightingale required both an autonomous onboard navigation system, known as
Natural Feature Tracking (NFT), and an abort capability to keep the spacecraft safe if it predicted contact in a hazardous location. The
left portion of the graphic illustrates the concept for NFT, in which preidentified topographic features are located in optical navigation
images and used to update the spacecraft position and velocity. The right portion of the graphic shows two scenarios involving the hazard
map: if the NFT system predicts contact in an area of the map shaded green it will proceed to contact and sample collection; if contact
is predicted in a red area the result will be an abort 5 meters above the surface. Image credit: University of Arizona.

ard-free location and the characteristics of the selected
TAG site.
Conclusion

When OSIRIS-REx successfully collected its asteroid sample, it was the culmination of extensive collaboration between scientists and engineers working
to overcome the challenges presented by tiny asteroid
Bennu—those that were anticipated and those that
were a surprise to the team.
Any successful mission of planetary exploration
involves a very high degree of teamwork and compli-

cated interfaces between the scientists focused on collecting certain observational data, and the engineers
responsible for designing and operating the spacecraft
and keeping it safe. But it is uncommon for these disciplines to work as closely together as was the case on
OSIRIS-REx, and the diversity of perspectives and
experiences of this broader team were key to over
coming the challenges of Bennu.
On May 10, 2021, OSIRIS-REx departed Bennu,
commencing a 2-year, 289 million km journey to return
its precious asteroid sample cargo to Earth in 2023.
Analysis of the sample will advance understanding of
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these primitive bodies and the very origins of this solar
system.
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Engineering supports the science objectives of JUICE:
to investigate Jupiter, its magnetosphere, the icy moons,
and their interrelations in all their complexity.

The JUICE Mission:
Challenges and Expectations
Athena Coustenis, Olivier Witasse, and Christian Erd
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Olivier Witasse

Christian Erd

The first large mission in the European Space Agency’s Cosmic Vision

2015–2025 program is the Jupiter Icy Moons Explorer (JUICE), which
will study the largest planet in this solar system, with emphasis on three
of the Galilean1 icy moons—Ganymede, Callisto, and Europa—to determine whether they might be habitable environments. Building on previous
investigations by space missions and ground-based observatories, JUICE is
1

In 1610 Galileo was the first to observe the four largest of Jupiter’s moons, Callisto,
Europa, Ganymede, and Io.
Athena Coustenis is director of research of the French Centre National de la Recherche
Scientifique (CNRS) at the Laboratoire d’études spatiales et d’instrumentation en astrophysique (LESIA) of the Paris Observatory. Olivier Witasse is the JUICE project scientist
and Christian Erd is the JUICE system engineering manager, both at the European Space
Agency’s Science Directorate at the European Space Research and Technology Centre
(ESTEC) in the Netherlands.
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FIGURE 1 Artistic impression of JUICE in the Jupiter system showing the planet and Galilean satellites. Image credits: Spacecraft:
ESA/ATG Medialab; Jupiter: NASA/ESA/JPL. Nichols (University of Leicester); Ganymede: NASA/JPL; Io: NASA/JPL/University of
Arizona; Callisto and Europa: NASA/JPL/DLR.

expected to revolutionize understanding of the Jovian
system.
Historical Context

Much was revealed about the Jupiter system by NASA’s
Galileo mission from 1995 to 2003. Among other
things, Galileo found strong evidence for the existence
of subsurface oceans beneath the icy crusts of Europa
and Ganymede, as well as perhaps in the partly differentiated interior of Callisto, leading to a new paradigm
that considers the icy satellites as potentially habitable. It also discovered an internal magnetic field at
Ganymede. It soon became clear that the icy moons
around the giant planet harbored many mysteries that
begged for further exploration.
In 2008 NASA and the European Space Agency
(ESA) began jointly exploring the possibility of a large
mission to study the satellite systems of the giant planets.
Two mission concepts were considered, from which one
would be selected: the Europa Jupiter System Mission
(EJSM) and the Titan Saturn System Mission (TSSM;
ESA 2009). They resulted, respectively, from the ESA
“Laplace” mission to Jupiter proposal (Blanc et al. 2009)
and a joining of the ESA Titan and E
 nceladus mission

(TandEM; Coustenis et al. 2009) and from NASA’s
Titan Explorer concepts.
The EJSM mission was selected. The reference mission architecture consisted of two independent flight
elements: the Jupiter Ganymede Orbiter (JGO), to
be developed, launched, and operated by ESA; and
the Jupiter Europa Orbiter (JEO), to be developed,
launched, and operated by NASA. The two spacecraft
had complementary trajectories and instruments to perform synergistic observations. Eventually the JEO was
abandoned by NASA because it was evaluated well
beyond its expected cost envelope.
ESA reformulated its element of EJSM to become
JUICE (figure 1) and conducted further studies in preparation for its implementation in 2012 as the agency’s
first large mission in the Cosmic Vision program, along
with a science payload selection the following year. In
2015 NASA announced the selection of the Europa
Clipper mission concept (Pappalardo et al. 2013) and
entered a formulation phase to be implemented by JPL
with a launch in late 2024 and arrival expected in spring
2030,2 at about the same time as JUICE.
2

https://www.jpl.nasa.gov/missions/europa-clipper
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TABLE 1 Main events of the JUICE trajectory, 2022–35
Events

Date

Launch window

End-August/mid-September 2022

5 planetary flybys: Earth-Moon, Earth, Venus, Earth, Earth

September 2023–January 2029

Jupiter orbit insertion

July 2031

1st Ganymede flyby (400 km, closest approach)

July 2031

1st Callisto flyby (3500 km, closest approach)

June 2032

Two Europa flybys (400 km, closest approach)

July 2032

Jupiter inclined phase (250 days above 25° inclination)

October 2032–June 2033

Callisto 17 flybys

July 2032–November 2033

Ganymede orbit insertion

December 2034

Ganymede 500 km circular orbit

May 2035

End of nominal mission

September 2035

Impact on Ganymede

October 2035

Based on studies in previous phases that d emonstrated
that the mission was feasible (Grasset et al. 2013a), in
2014 JUICE was adopted by the ESA Space Program
Committee to proceed in development. This was followed with an invitation to tender, and an industrial
prime contractor (Airbus) was selected with a kickoff
of industrial implementation in 2015. Over the next
5 years, Ariane 5 was chosen as the launcher, scientific
instruments were developed and delivered, and spacecraft verification tests started.
JUICE is planned to launch from the ESA spaceport Kourou in French Guiana, South America, in the
August–September 2022 period for arrival at Jupiter in
mid-2031 after five planetary gravity assist flybys.
Mission Architecture and Operations

JUICE is a 3-axis stabilized spacecraft carrying ten
instruments (described below). It will use Venus and
Earth gravity assists in its nearly 9-year cruise to Jupiter
(table 1). After the orbit insertion in July 2031 the
spacecraft will perform a 3½-year tour in the Jovian
system, making continuous observations of Jupiter’s
atmosphere and magnetosphere. Gravity assists from
Callisto and Ganymede will shape the trajectory, while
providing opportunities for close science observations of
the planet’s moons.
Two planned Europa flybys will target regions of
interest where the ice may be thin and allow not only
examination of the surface composition but also sub
surface sounding of the moon. Additionally, gravity
assists at Callisto will be used to raise the orbit inclination up to 33° above Jupiter’s equatorial plane, where all
the Galilean moons are, and will allow for observations

of the planet’s polar regions. The main events of the
trajectory are listed in table 1.
The mission will culminate in a dedicated
9-month orbital tour around Ganymede (December
2034–September 2035) during which JUICE will perform detailed investigations of this moon and its environment. The orbits will include an elliptical phase,
then a circular orbit at 5000 km altitude, followed by a
second elliptical phase. A final maneuver will put the
spacecraft into a circular orbit at 500 km altitude.
Mission extension at the final or lower orbit (target
200 km) may be feasible, depending on available propellant, the state of the solar array, and the spacecraft’s
overall performance. Once the mission ends, JUICE
will eventually impact the surface of Ganymede in an
uncontrolled way.
Scientific Goals of the Mission

The science objectives for JUICE (table 2) span a
variety of disciplines—from geology to astrobiology and
magnetospheric/plasma and atmospheric science—and
call for a large number of measurements. The high-level
goals are to investigate the gas giant, its magnetosphere,
the icy moons, and their interrelations in all their
complexity.
The mission will seek to characterize the conditions
that may have led to the emergence of habitable environments around gas giants and in particular on three
Galilean satellites—Ganymede, Europa, and Callisto—
that are expected to harbor liquid water oceans beneath
their surfaces. Ganymede and Europa are believed to be
internally active, due to a strong tidal interaction with
Jupiter and to other energy sources present.
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TABLE 2 Scientific objectives of the Jupiter Icy Moons Explorer (JUICE) mission
Explore habitable zones: Ganymede, Europa, and Callisto
Ganymede as a planetary object and
possible habitat

Characterize the extent of the ocean and its relation to the deeper interior
Characterize the ice shell
Determine global composition, distribution, and evolution of surface materials
Understand the formation of surface features and search for past and present activity
Characterize the local environment and its interaction with the Jovian magnetosphere

Europa’s recently active zones

Determine the composition of nonice material, especially as related to habitability
Search for liquid water under the most active sites
Study recently active processes

Callisto as a remnant of the early Jovian Characterize the outer shells, including the ocean
system
Determine the composition of nonice material
Study past activity
Explore the Jupiter system as an archetype for gas giants
The Jovian atmosphere

Characterize the atmospheric dynamics and circulation
Characterize the atmospheric composition and chemistry
Characterize the atmospheric vertical structure

The Jovian magnetosphere

Characterize the magnetosphere as a fast magnetic rotator
Characterize the magnetosphere as a giant accelerator
Understand the moons as sources and sinks of magnetospheric plasma

The Jovian satellite and ring systems

Study Io’s activity and surface composition
Study the main characteristics of rings and small satellites

Source: Reprinted from ESA (2014).

A particular emphasis is on Ganymede, the largest natural satellite in the solar system, as a planetary
body and potential habitat. It provides a natural laboratory for the investigation of a possible habitable world,
exhibits unique magnetic and plasma interactions with
the surrounding environment, and plays a role in the
Laplace resonance with Io and Europa, permitting tidal
heating (Showman and Malhotra 1997).3
The instruments on board JUICE will enable investigation of the formation, evolution, and chemical
composition of the planet’s and icy moons’ surfaces
and subsurface oceans, and of the processes that have
affected the satellites and their environments through
time. Study of the subsurface oceans will enhance
understanding of their chemical composition and the
possible sources and cycling of chemical and thermal
energy.
The mission will also characterize the diversity of
processes in the Jovian system that may provide a stable
3

https://en.wikipedia.org/wiki/Orbital_resonance#Laplace_
resonance

environment on the icy moons at geologic time scales,
including gravitational coupling between the Galilean
moons and their long-term tidal influence on the system
as a whole.
This study will be supplemented by information about
Io and the smaller moons, acquired through remote
sensing. The tidal response of the satellites’ icy shells
strongly depends on the properties of the shell and the
ocean thickness. The Galilean moons Io, Ganymede,
and Europa are locked in a stable 1:1 spin-orbit resonance, but slight periodic variations in the rotation
rate (physical librations) and the amplitudes associated with these librations may provide further evidence
for subsurface oceans and their characteristics. JUICE
will measure precisely the rotation rate, pole position,
obliquity, and libration amplitude of Ganymede. This
will define the dynamical history of the satellite (e.g.,
effects such as despinning, resonance capture, non
synchronous rotation of the icy shell) besides yielding
information about the subsurface ocean and deeper
interior.
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Engineering Challenges

The JUICE spacecraft will carry 10 state-of-the-art
remote sensing, geophysical, and other instruments
engineered to the challenge of performing measurements in Jupiter’s intense radiation environment
(table 3, figure 2). It will also include an experiment
that uses the spacecraft telecommunication system with
ground-based instruments.
The remote sensing suite includes imaging (JANUS)
and spectral-imaging capabilities from ultraviolet to
submillimeter wavelengths (MAJIS, UVS, SWI).
A geophysical package consists of a laser altimeter
(GALA) and radar sounder (RIME) for exploring the
surface and subsurface of the moons, and a radio science
experiment (3GM) to probe the atmospheres of J upiter
and its satellites and to measure the gravity fields. The
PRIDE experiment will use ground-based very-longbaseline interferometry to precisely determine the
spacecraft position and velocity data for complementary
gravity science. Particle and field investigations will be
performed by the particle environment package (PEP),
a magnetometer (J-MAG), and a radio and plasma wave
instrument (RPWI), including electric field and magnetic field sensors and a Langmuir probe. This suite of
instruments is provided by multinational teams led by
institutes in France, Germany, Italy, the Netherlands,
Sweden, the United Kingdom, and the United States,
illustrating the large international collaboration around
the project.

JUICE will build on scientific and technological knowledge from previous ESA and NASA missions engineered
for harsh planetary environments. Aside from the programmatic challenges to maintain cost and schedule,
the most challenging engineering problems are the
solar array performance in a cold and intense radiation
environment, protection of electronics against Jupiter’s
harsh radiation environment, and electro
magnetic
cleanliness on the spacecraft so as to not disturb the
sensitive measurements to be obtained.
The 85 m2 solar arrays consist of two wings each with
five solar panels, protected from the high-radiation environment by a 150 µm cover glass. Following extensive
tests and careful selection, power production relies on
a specific solar cell modified from telecommunication
technology (triple junction GaAs cells) tuned for use in
the low-intensity, low-temperature application.
JUICE is designed for Jupiter’s radiation environment, which is dominated by high-energy electrons
in the magnetosphere; about 50 percent of the radiation dose will result from the Ganymede orbital phase
and 20 percent from the two Europa flybys. Sensitive
electronics are installed in two protective vaults in the
spacecraft, and significant shielding (>200 kg) will limit
the radiation effects, with spot shielding for less tolerant
components.
The strong scientific interest in icy moons in the outer
solar system, based on recent findings by the Cassini

TABLE 3 JUICE instruments listed by function (remote sensing, geophysics, and in situ)
showing main characteristics, principal investigators, and lead institutes
Instrument

Principal
investigator

acronym

Short description

JANUS

P. Palumbo
Jovis, Amorum ac Natorum Undique Scrutator
Optical camera to study moon geology and to map clouds on Jupiter.
JANUS will have 13 filters covering 350–1050 nm, a 1.3-degree
field of view, and spatial resolution better than 10 m on Ganymede
at 500 km altitude and about 15 km on Jupiter from a 1 million km
range.

MAJIS

Moons and Jupiter Imaging Spectrometer
Hyperspectral imaging spectrometer to observe tropospheric cloud
features and minor species on Jupiter and to characterize ices and
minerals on the surfaces of icy moons. MAJIS will cover the 0.4–5.7
µm range, with spectral resolution of 3–7 nm. Spatial resolution will
be 75 m/pixel at 500 km distance from Ganymede and about 130
km on Jupiter from Ganymede’s orbit.

F. Poulet

PI institute
Università degli Studi di
Napoli “Parthenope,”
Naples

Institut d’Astrophysique
Spatiale, Orsay, France
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TABLE 3 (continued)
Instrument

Principal
investigator

acronym

Short description

UVS

UV Imaging Spectrograph
To characterize the composition and dynamics of the exospheres
of the icy moons, study the Jovian aurorae, and investigate the
composition and structure of the upper atmosphere. UVS will cover
the wavelength range 55–210 nm with spectral resolution of <0.6
nm. Spatial resolution will reach 1.4 km at 500 km and 735 km at
700,000 km from Jupiter.

R. Gladstone

Southwest Research
Institute, San Antonio,
Texas

SWI

Submillimeter Wave Instrument
To investigate the temperature structure, composition, and dynamics
of Jupiter’s stratosphere and troposphere, and the exospheres and
surfaces of the icy moons. SWI is a heterodyne spectrometer using
a 30 cm antenna and working in two spectral ranges, 1080–1275
GHz and 530–625 GHz, with spectral resolving power of ~107.

P. Hartogh

Max Planck Institute for
Solar System Research,
Göttingen, Germany

GALA

H. Hussmann
GAnymede Laser Altimeter
To study the tidal deformation of Ganymede and the morphology and
topography of the surfaces of the icy moons. GALA will have a 20 m
spot size at 200 km altitude and 0.1 m vertical resolution.

RIME

Radar for Icy Moons Exploration
Ice-penetrating radar to study the subsurface structure of the icy
moons to a depth of 9 km with vertical resolution of up to 50 m in
ice. RIME will work at a central frequency of 9 MHz and will use a
16 m dipole antenna.

J-MAG

M. Dougherty
JUICE MAGnetometer
To characterize the Jovian magnetic field and its interaction with the
internal magnetic field of Ganymede, and to study subsurface oceans
of the icy moons. J-MAG will use fluxgate sensors and a scalar
magnetometer (for absolute calibration) mounted on a 10.6 m boom.

PEP

Particle Environment Package
Sensors to characterize the plasma environment in the Jovian system.
PEP will measure density and fluxes of positive and negative ions,
electrons, exospheric neutral gas, thermal plasma, and energetic
neutral atoms in the energy range from <0.001 eV to >1 MeV with
full angular coverage. The composition of the moons’ exospheres will
be measured with a resolving power of more than 1000.

S. Barabash

Swedish Institute of Space
Physics, Kiruna

RPWI

Radio & Plasma Wave Investigation
To characterize the radio emission and plasma environment of
Jupiter and its icy moons. RPWI will use (i) Langmuir probes to
measure DC electric field vectors up to a frequency of 1.6 MHz and
to characterize thermal plasma and medium- and high-frequency
receivers, and (ii) dipole antennas and magnetometers to measure
electric and magnetic fields in radio emission in the frequency range
80 kHz–45 MHz.

J.E. Wahlund

Swedish Institute of Space
Physics, Uppsala

3GM

Gravity & Geophysics of Jupiter and Galilean Moons
To study the gravity field and the extent of internal oceans on the icy
moons, and to investigate the structure of the neutral atmospheres
and ionospheres of Jupiter (0.1–800 mbar) and its moons. This
radio science package comprises a Ka-band transponder and an
ultrastable oscillator.

L. Iess

Sapienza Università, Rome

PRIDE

Planetary Radio Interferometry & Doppler Experiment
To perform precise measurements of the spacecraft position and
velocity, using the telecommunication system of the spacecraft and
ground-based very long baseline interferometry.

L. Gurvits

Joint Institute for VLBI ERIC
and Delft University of
Technology

L. Bruzzone

PI institute

German Aerospace
Center, Berlin

University of Trento, Italy

Imperial College London
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FIGURE 2 JUICE spacecraft with annotated science instrument accommodations. Kat = Ka-band transponder; USO = ultrastable oscillator; see table 2 for other definitions. Image credit: ESA/Airbus Defence and Space.

mission on Saturn’s satellites and on Europa from the
Hubble Space Telescope for instance, led to a series of
studies (e.g., Raulin et al. 2019) that resulted in recommendations inviting a revision of the planetary protection requirements for missions to Europa and Enceladus,
given their strong habitability potential. These were
validated by and implemented in an updated policy of
the Committee on Space Research (COSPAR) Panel
on Planetary Protection.4
Ganymede is a Category II object in the COSPAR
Planetary Protection Policy: a target body for which
there is significant interest in the chemical evolution
and origin of life, for all types of missions (gravity assist,
orbiter, lander), and only a remote chance that contamination carried by a spacecraft could compromise future
investigations (Grasset et al. 2013b).
Europa (and Enceladus) are now classified in Category III for orbiters and Category IV for landers: they
are protected target bodies of interest for chemical evolution and/or the origin of life, but scientific studies
indicate a significant chance of contamination that
could compromise future investigations. It is therefore
4 https://cosparhq.cnes.fr/assets/uploads/2021/07/PPPolicy_2021_
3-June.pdf

strongly recommended to avoid any interference with
these bodies, which is the reason for ending the Europa
Clipper mission on Ganymede rather than risking an
encounter with Europa (similar to what was done with
Cassini, when it was sent into Saturn instead of remaining in the vicinity of the Kronian icy moons).
On the operation side, the mission controllers will
need to perform a complex satellite navigation in both
the inner solar system and the Jupiter system. The cruise
phase includes four flybys of Earth and one of Venus
(table 1). The first Earth flyby will see the spacecraft
skimming over our Moon at only 300 km distance.
The Jupiter system tour (a first for an ESA mission)
comprises two orbit insertions and a moon flyby nearly
every month, with the Europa flybys spaced by about
2 weeks. The design of the trajectory required a lot of
effort and iterations to optimize propellant use, reduce
radiation dose, limit solar eclipse durations, and maximize the science return by optimizing the operation
of the ten instruments. These were all governed by
limitations in power and data volume, possibilities for
accurate pointing, scientific priorities depending on the
mission phase, and navigation constraints.
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Exciting Expected Outcomes from Multiple
Missions

The complex system around Jupiter is the target of
several space missions and ground-based observations,
including NASA’s Juno mission (begun in 2016),
JUICE, and Europa Clipper. Juno is expected to continue its investigation of the solar system’s largest planet
through September 2025 (or until the spacecraft’s end
of life), exploring the full Jovian system—Jupiter and its
rings and moons—with multiple rendezvous performed
or planned for Ganymede, Europa, and Io.
Juno’s observations—mainly from far away, but also
from a limited number of flybys, such as the one of
Ganymede in early June 2021, which returned some
high-resolution close-up images—will be very helpful for the detailed planning of observations by JUICE
and Europa Clipper in a number of areas related to the
Jovian moons: identification of possible surface changes
since the Galileo flybys, properties of the surface material and composition, and latest information on the
radiation and space environment. In particular, Juno
will provide insights into Ganymede’s composition,
ionosphere, magnetosphere, and ice shell.
The detailed JUICE characterization of the wider
Jovian system will build on Juno’s focused study of Jupiter’s
interior and inner magnetosphere. ESA is looking forward to contributing to this multimission exploration
using proven engineering, science, and mission operation approaches demonstrated by Cassini and Galileo at
Jupiter in 2000, Cluster in the Earth’s m
 agnetosphere,
Mars Express, and the Trace Gas O
 rbiter around Mars
that combined observations of the same object by two
or more space missions. This extended multimission
approach is extremely useful for magnetospheric studies
because it makes it possible to disentangle spatial from
temporal variations, a necessity in plasma physics.
JUICE and Europa Clipper will provide groundbreaking information, through their monitoring of the
Jovian system elements, about the planet’s atmosphere,
magnetosphere, and plasma environment and about
the exospheres of the icy moons. Observations from the
two planned Europa flybys by JUICE, combined with
the more extensive Europa Clipper investigations, will
enhance confidence in the findings and yield breakthrough observations about habitability conditions of
the satellite as well as moon-Jupiter interactions via
Jupiter’s magnetic field lines.
Having two spacecraft at the same time around Jupiter
will also improve the data on the ephemerides, which

describe the position of the Galilean moons, increasing knowledge of the dynamics, resonances, and tidal
heating in the Jovian system. Finally, unique data—for
instance, from Europa Clipper’s SUrface Dust Analyzer
(SUDA) instruments, on dust particles, and based on
differences in spectral and spatial resolution provided by
the two missions—will significantly enhance scientific
understanding of the Jovian system. These advances
will be possible thanks to the operations of three missions in the same decade and at times simultaneously.
Conclusion

JUICE’s extensive new studies of Jupiter’s atmosphere
and magnetosphere and their interaction with the satellites will enhance understanding of the evolution and
dynamics of the Jovian system. Following in the footsteps of the Cassini-Huygens mission, JUICE is an especially exciting mission because it invites international
collaboration of a large number of people interested in
a variety of important science themes. JUICE is the
necessary step for future exploration of the outer solar
system, and it is on track for launch in 2022.

JUICE is the necessary step
for future exploration of the
outer solar system, and it is
on track for launch in 2022.
In the longer term, ESA’s future planetary program
will build on the strengths and capabilities that have
allowed it to achieve breakthroughs in understanding
of all bodies in the solar system—from the Sun (Solar
Orbiter) to Mercury (BepiColombo), Venus (Venus
Express and EnVision), Mars (Mars Express, ExoMars
Trace Gas Orbiter, and Rosalind Franklin rover), the
Saturnian system (Cassini-Huygens), and comets
(Rosetta/Philae).
ESA exploration is on the verge of a new era with
the Voyage 2050 program,5 which will include a thorough investigation of the habitability potential of one of
the icy moons in the outer solar system, building on the
findings of the Cassini-Huygens mission to Saturn and
5

https://www.esa.int/Science_Exploration/Space_Science/
Voyage_2050_sets_sail_ESA_chooses_future_science_mission_
themes
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JUICE (ESA 2021). Although the specific targets are
not yet identified, the mission will involve significant
international collaboration and use advanced instrumentation to characterize the association between
ocean-bearing moon interiors with their near-surface
environments and to search for possible biosignatures.
The mission profile might include an in situ element,
such as a lander or a drone, as in the case of NASA’s
Dragonfly mission to Titan (Lorenz et al. 2021).
Other possible investigations of the outer solar system might aim for longer monitoring of plasma processes (with possibly two or more probes at the same
time), characterization of the minor moons, and more
thorough investigation of Jupiter’s inner magnetic field
in the equatorial region. Such goals would require
long-lived orbiters in addition to landers on Europa or
Ganymede, for instance (current studies are examining
such in situ elements6; see also NASA 2017), as well as
the development of new technologies to enable landing on potentially rough terrain, radiation tolerance,
drilling capabilities deep into the ice crusts, delivery of
probes into subsurface oceans, power generation, and
communications improvements.
All of these missions and international collaborations have built technological expertise and talent that
enables the European Space Agency to undertake challenging future projects in the solar system and beyond.
Weblinks of Interest
https://sci.esa.int/web/juice
https://sci.esa.int/web/juice/-/59342-juice-mission-poster
https://cosmos.esa.int/web/juice
https://www.youtube.com/channel/UClK7xrwF0-XVl5IsG9
SFKEA
https://www.flickr.com/photos/europeanspaceagency/
albums/72157714008474857
https://twitter.com/esa_juice
www.esa.int/Science_Exploration/Space_Science/ESA_s_
Cosmic_Vision
https://cosparhq.cnes.fr/scientific-structure/panels/panel-onplanetary-protection-ppp/

6

The National Academies of Sciences, Engineering, and Medicine are conducting a Planetary Science and A
 strobiology
Decadal Survey 2023–2032 (https://www.nationalacademies.
org/our-work/planetary-science-and-astrobiology-decadal-
survey-2023-2032). The study committee members include this
article’s lead author as well as this issue’s guest editor, Steven Battel, and fellow contributor John Grunsfeld.
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MAIA breaks new ground with its emphasis on human
health applications and efforts to use commercial access
to low Earth orbit.

MAIA: Opportunities and
Challenges Associated with a Small,
Cost-Capped Satellite Mission
Stacey W. Boland and
David J. Diner

I

Stacey Boland

David Diner

n 2007 an Earth science decadal survey outlined a vision for “a decadal
program of Earth science research and applications in support of society”
and called for “a renewal of the national commitment to a program of Earth
observations from space in which attention to securing practical benefits
for humankind plays an equal role with the quest to acquire new knowledge
about Earth” (NRC 2007, p. 1). The report considered that “the societal
benefits accruing through improved human health should be fundamental
to defining the research and applications goals of the Earth science agenda,
including the need for an intellectual framework that directs bridging
research between the Earth system framework and the public-health response
and decision-maker community” (NRC 2007, p. 155).
An important outcome of the 2007 report was the establishment of
NASA’s Earth Venture program, a class of PI-led, low-to-moderate-cost
missions managed by the Earth System Science Pathfinder Program Office
(ESSPPO). With frequent calls for proposals, the Venture program provides flexibility to enable new research avenues, accommodate scientific
advances, demonstrate key application-oriented measurements, and explore
novel implementation approaches (NRC 2007; Peri and Volz 2013).
Stacey Boland is the MAIA project system engineer and David Diner the principal
investigator, both at the Jet Propulsion Laboratory, California Institute of Technology.
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The Multi-Angle Imager for Aerosols (MAIA) investigation was selected in 2016 in response to NASA’s
third Earth Venture Instrument (EVI) solicitation.
MAIA’s primary objective is to explore the human
health effects of exposure to different aerosol types1
(Diner et al. 2018). As noted by the National Research
Council (NRC 2004, p. 89), “a better understanding
of [the] characteristics of particles that modulate toxicity could result in targeted control strategies that would
specifically address [the] sources having the most significant effects on public health.” With a multidisciplinary
science team that includes epidemiologists, MAIA is
the first competitively selected NASA investigation
aimed specifically at societal benefit.

MAIA is the first
competitively selected
NASA investigation
aimed specifically at
societal benefit.
MAIA implementation is now in the final design and
fabrication phase.2 Development challenges that have
arisen since inception include several that are inherent to the Venture paradigm, some that result from the
unique nature of the MAIA investigation, and some
caused by unexpected disruptions beyond the project’s
control. This paper describes examples of such challenges, how scientists and engineers worked together to
address them, and lessons learned.3
Motivation for MAIA

According to a recent study, ambient particulate air pollution is the top environmental risk factor for worldwide deaths (GBD 2020). Epidemiological studies
have linked particulate matter (PM) to adverse health
1 Aerosol “type” refers to particulate matter mixtures composed of
different proportions of particle sizes, shapes, and compositions.
2

Phase C in NASA parlance.

outcomes such as chronic obstructive pulmonary disease, asthma, lower respiratory infections, lung cancer,
ischemic heart disease, heart attack, stroke, cognitive
impairment, kidney disease, diabetes, preterm birth, and
low birth weight.
The US Environmental Protection Agency and its
counterparts in other countries regulate PM2.5 and
PM10, particles with aerodynamic diameters less than
2.5 and 10 µm.4 But “One of the biggest gaps in our
knowledge relates to what specific air pollutants,
combination of pollutants, sources of pollutants, and
characteristics of pollutants are most responsible for
the observed health effects” (Pope and Dockery 2006,
p. 730). Because of the myriad PM sources and typical
atmospheric residence times of less than a week, tropospheric aerosols are complex mixtures of particles and
exhibit a high degree of spatial and temporal variability.
Researchers have cited the need to “find the particles
that are most dangerous to health.… The mix—and its
toxicity—varies…in ways that are not tracked, understood or managed” (Li et al. 2019, p. 437).
Surface-based monitors provide the most accurate
means for measuring PM mass concentrations and chemical compositions. But, as noted in the United Nations
Urban Air Quality Management Toolbook (UNEP 2005,
p. 54), “The principal disadvantage of direct ambient
air quality monitoring…is its cost in money, equipment
and skilled manpower.… The financial and technical
demands are usually the biggest constraint to ambient air quality monitoring in developing countries.”
Reliance on a sparse distribution of central fixed-site
(ground) monitors is thus a limiting factor in knowledge
of which PM types are most harmful.
Furthermore, neighborhood-scale (0.5–4 km) measurements are needed to better represent the conditions
in which people live and work (EPA 2013a,b). While
low-cost PM sensors can increase the density of total
PM mass concentration estimates, monitors capable of
assessing PM speciation are scarce because of the complexity and cost of the needed sample collection and
chemical analysis systems.
Observations from Earth-orbiting satellites can provide extensive spatial coverage to help address these
issues. A 2005 workshop jointly organized by the
National Institute of Environmental Health Sciences

3

The reader is also referred to an ongoing study of the N
 ational
Academies of Sciences, Engineering, and Medicine, Lessons
Learned in the Implementation of NASA’s Earth Venture
Class (https://www8.nationalacademies.org/pa/projectview.
aspx?key=52158).

4 Sources of PM include grinding processes and windblown soil,
10
while PM2.5 originates from combustion in motor vehicles, power
plants, residential wood burning, forest fires, agricultural burning,
and industrial processes.
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and EPA highlighted the value of remote sensing to
“augment ground-based air quality sampling and help
fill pervasive data gaps that impede efforts to study
air pollution and protect public health” (Tinkle et al.
2007, p. 2).
Technical and Scientific Elements

A follow-up decadal survey (NRC 2018) listed among
its most important objectives the estimation of global air
pollution impacts on human health, including impacts
due to speciated PM, and encouraged the use of combined remote and ground-based sensing and model data
to meet this objective. Each data source brings complementary attributes in terms of accuracy, capability, and
spatial and temporal coverage and resolution.
MAIA employs this combined approach to generate
daily maps of total PM10, total PM2.5, and PM2.5 species
(sulfates, nitrates, organic carbon, elemental carbon,
and dust) at 1 km resolution over globally distributed target areas. The NRC (2018) report cites MAIA’s unique
contributions to the program of record (POR) for aerosol observations and societal/health applications, showing how Venture class investigations can complement
other missions in the POR and serve as pathfinders to
components of comprehensive future programs, such as
NASA’s new Earth System Observatory.5
Key elements of the MAIA investigation—made possible by recent advances in remote sensing and health
science, computational and geostatistical modeling,
sensor engineering and networking, and space qualification of novel measurement technologies—are briefly
described in the following sections.
Satellite Instrument

Satellite-based techniques for estimating aerosol properties over land have advanced significantly over the
past 2 decades (Dubovik et al. 2019; Kokhanovsky and
de Leeuw 2009) and demonstrate the value of combining multiangular, multispectral, and polarimetric
observations for mapping column aerosol optical depth,
physical characteristics (e.g., particle size distribution),
and optical properties (e.g., light absorption efficiency).
Leveraging this heritage, the MAIA instrument contains a spectropolarimetric camera that is pointable in
two axes (figure 1, left). The along-track axis enables
observations of selected targets at multiple view angles
as the satellite passes overhead; the cross-track capability enables revisits of these targets 3–4 times per
5

https://science.nasa.gov/earth-science/earth-system-observatory

week. Using technologies developed with support from
NASA’s Earth Science Technology Office and Research
Program (Diner et al. 2013) the targets can be imaged
with moderately high spatial resolution in 14 spectral
bands (three of which are polarimetric) from the ultraviolet to shortwave infrared.
As noted in a report on the impact of air pollution
on children (UNICEF 2019, p. 9), “Integration of satellite-based estimates with reliable ground-based measurements is…necessary to…[enhance] understanding
of local and regional air quality.” MAIA is designed to
provide the required observational capabilities.
Surface Monitor Network

Satellite-based aerosol microphysical and optical attributes are only indirectly related to chemical composition.
Transformations between satellite aerosol information
and near-surface PM properties will be derived by generating geostatistical regression models (GRMs) that use
colocated surface and MAIA satellite measurements.
Once the coefficients and predictor variables are established (an ongoing process that improves in quality as
the mission progresses), the models will be applied to
the rest of the satellite imagery to produce spatial maps.

MAIA epidemiologists
will use the project’s PM
exposure maps to examine
health outcomes in globally
distributed target areas.
The surface network to be used by MAIA includes
existing PM2.5 and PM10 monitors and filter-based
chemical speciation samplers operated by government
agencies and research organizations, supplemented
by filter-based samplers, black carbon aethalometers,
and low-cost sensors deployed by the MAIA project
(figure 1, right).
Chemical Transport Model (CTM) and Other
Ancillary Data

A CTM is a computerized simulation of the aerosol
lifecycle, gas phase chemistry, and atmospheric flow.
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FIGURE 1 The observational component of the MAIA investigation combines space- and surface-based data. Left: MAIA camera during assembly and testing at the Jet Propulsion Laboratory. Light enters from the right (the red protective cover will be removed before
flight) and is brought to a focus at left rear. Right: Rooftop air quality station at JPL with several ground-based monitors. PM = particulate
matter. Image credits: NASA/JPL.

MAIA uses the mesoscale weather research and forecasting model coupled with chemistry (WRF-Chem) to
generate estimates of PM10, PM2.5, and speciated PM2.5.
The CTM is primarily used for spatial and temporal gap
filling in places where satellite retrievals are unavailable
(e.g., because of cloud cover) or on days when a particular target area is not observable from orbit.6
The CTM is also a source of meteorological information that, along with ancillary surface data such as
human population and roadway density, will be used as
PM predictors in the GRMs.

areas.7 Acute (short-term) exposure is generally associated with premature mortality and increased hospital
visits. Subchronic exposure studies are aimed at birth
outcomes and pregnancy complications, such as low
birth weight and preeclampsia. Chronic exposure studies track health effects resulting from PM inhalation
over many years.
The study designs will be based on the predominant
PM species present, types of health records available,
and previous studies of the effects of particulate air
pollution.

Health Studies

Target Areas

MAIA epidemiologists will use the total and speciated PM exposure maps generated by the project to
examine health outcomes associated with different
time scales of exposure in globally distributed target

To fit within Venture program resource constraints, the
MAIA investigation was scoped to address investigation
goals achievable within a discrete set of target areas,
as described in table 1 and illustrated in figure 2. The
criteria used to select the primary target areas (PTAs)
are enumerated in table 2.

6

Raw WRF-Chem estimates of PM concentrations will be bias
corrected using surface monitor measurements in a GRM framework similar to that used with the satellite data. Gap-filled PM
estimates will consist of weighted averages between the satellitebased retrievals (where available) and the CTM-based results.

7 While the satellite, surface monitor, and CTM data products and
datasets will be publicly available, health records will be handled
only by professionals trained in procedures for m
 aintaining
patient privacy and data security.
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TABLE 1 MAIA target types
Primary target areas
(PTAs)

Regions around the world designated for investigating particulate matter (PM) exposure impacts on
health, including major population centers that will be routinely observed 3–4 times/week throughout
the mission

Secondary target areas
(STAs)

Regions of interest for air quality or aerosol and cloud climate research; STAs are not guaranteed to
be observed as frequently as PTAs

Calibration/validation
target areas (CVTAs)

Regions to be observed routinely for instrument calibration and stability monitoring, calibration of the
camera and gimbal geometry, and aerosol/PM product validation

Targets of opportunity
(TOOs)

Regions where observations may be scheduled because of an episodic event, such as a volcanic
eruption, major wildfire, or dust storm

FIGURE 2 MAIA target map showing geographic distribution of primary target areas (PTAs; blue), secondary target areas (STAs;
green), STAs that might be converted to PTAs ( purple), and calibration/validation target areas (orange). Designations are current as of
July 2021 and subject to update as the project matures. Map data © 2001 Google.

Opportunities, Challenges, and Lessons
Learned

NASA’s Venture program provides frequent opportunities for PI-led cost-capped investigations to “focus on
establishing new research avenues or on demonstrating
key application-oriented measurements” (NRC 2007,
p. 12). The EVI line supports projects for which the
PI is responsible for the investigation, while access to
space is coordinated through the ESSPPO.8
The 2017 decadal survey recognized both opportunities and challenges associated with small missions, c iting
the benefit of opening the door to “nontraditional ven8

In contrast, Earth Venture Missions include spacecraft and
launch services as part of the proposal package, and the Earth
Venture Suborbital line enables campaign-based investigations
typically involving aircraft platforms.

dors and providers [in] both the government and the
private sector” while also identifying “risks that must be
acknowledged and accepted, as would be the case with
any evolving technology in its early stages of realization” (NRC 2018, p. 185).
MAIA’s development experience as part of EVI has
elucidated several practical lessons, as described below.
Optimization vs. Flexibility

The hosting services paradigm trades optimization for
flexibility. The MAIA instrument is planned for launch
aboard a commercial spacecraft in late 2022. The
ESSPPO awarded the MAIA hosting services contract
in August 2018, 4 months after the instrument’s preliminary design review. The launch provider was only
recently selected. The timing of these events relative
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TABLE 2 Selection criteria for MAIA primary target areas (PTAs)
Scientific merit

Criteria include high-population density and likelihood of spatial and/or temporal variability in aerosol
type in the region. Variation in particulate matter (PM) concentrations and prevalent particles from one
PTA to another is also factored into the selections.

Health record
availability

Spatial granularity appropriate for the MAIA health investigation(s) includes in order of preference
(highest first): home address, zip code, census block group, municipality, or similar geolocations of study
subjects.

Epidemiologist
availability

One or more epidemiologists on the MAIA science team assume responsibility for the health studies
to be conducted in each PTA. Other epidemiologists associated with non-US PTAs are identified as
collaborators and assist with access to health data.

PM data availability

Access to continuous PM10, PM2.5, and speciated (continuous or filter-based) PM2.5 data and
identification of individuals who will be responsible for operation of the PM samplers are essential.

Ability to meet
revisit requirements

Instrument operations must meet the revisit requirement of at least three satellite data acquisitions per
week, after resolving observing conflicts with other targets.

Sunphotometer
availability

Sunphotometer data will assist with initial training of the geostatistical regression models (GRMs), provide
climatological constraints on regional aerosol properties, and contribute to postlaunch validation of
MAIA’s aerosol optical depths and other particle properties.

Ancillary data
availability

Ancillary data include emissions inventories for the chemical transport models and spatially resolved
elevation, roadway density, urban development, and human population density for use in the GRMs.

Cloud cover

Regions with high probability of cloud cover throughout the year are undesirable because the entire
aerosol column needs to be observed.

to instrument development means that instrument
engineering proceeded without knowing many technical details about the launch vehicle, host spacecraft, or
orbit, requiring resilience to a wide range of scenarios.
This implies that the EVI line’s quest for programmatic
flexibility comes at the expense of engineering (and
cost) optimization. It also requires a level of risk tolerance from engineers and project and program managers
not typically associated with NASA flight projects.
Cost, Schedule, and Performance Trade-offs

Trade-offs between cost, schedule, and performance tilt
toward cost. On any cost-capped project, implementation issues encountered during the project design phase
(unless they are outside of the project’s purview, such
as host platform interfaces9) must be handled within
the project’s cost and schedule commitment, leaving
performance trades as the remaining means of problem
resolution.
As an example, during the design phase it became
clear that the original plan to have two side-by-side
cameras would lead to significant engineering challenges. Once the science team had selected most of the
PTAs, however, analysis showed that critical require9 The ESSPPO maintains a separate “accommodations” budget
that is outside of the PI-managed cost cap, helping defray costs
associated with late-developing interfaces and mitigating associated risks.

ments could be met with a single camera, though at the
expense of cross-track coverage and engineering redundancy.10 While it is not uncommon for cost-capped
projects to implement descopes, this decision was made
more difficult by not yet knowing the host spacecraft’s
orbit altitude (which affects ground coverage and target
revisit frequency). The science and engineering teams
worked closely together to protect core mission science,
meet high-level requirements, preserve engineering
margins, and reduce project risk.
Resource Limitations

Limited resources encourage and even require creativity. Detailed design during the development phase can
uncover limitations in the plans envisioned during the
proposal phase. For a cost-capped project, this means
either finding ways to meet the identified needs with
existing resources or addressing them by other means.
MAIA has taken advantage of both approaches.
For example, to ensure statistical robustness of the
GRMs, the science team recommended increasing
the surface monitor sampling frequency. The project
addressed this by (i) reconsidering the equipment
deployment plans to make use of samplers with different
10

The MAIA proposal included elimination of one camera as
a potential descope, but evaluation of the science/applications
impact was not possible until the primary target areas were
selected.
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designs, capabilities, and costs; (ii) establishing a partnership with the US State Department to handle the
logistics and costs of overseas shipments11; (iii) leveraging support from the US Agency for International
Development to fund surface monitor deployments and
filter chemical analyses in Africa12; and (iv) making
arrangements in several PTAs to access speciated PM
data from organizations that operate existing samplers.
Complexity

Coordination of multiple project elements adds complexity. The MAIA engineering effort includes the
typical disciplines associated with implementation of a
flight instrument, but adds the technical and logistical
complexities of coordinating the deployment of PM
monitoring equipment, access to health records, and
study cohorts in numerous national and international
target areas. While these elements are somewhat
decoupled from the instrument delivery schedule, they
are linked to launch date, which in the early phases of
the project was uncertain and still holds the prospect
of fluidity.13 Similarly, lining up suitable health data
sources and collaborators requires adjusting plans in the
event of a change in launch date or other unexpected
events.14
Project Team Stability

Maintaining a stable core project team is essential.
Minimizing disruptions to project staffing is necessary
to ensure continuity of knowledge and avoid schedule
delays. This can be challenging for small missions that
do not have sufficient funding to maintain key staff at
full-time support. MAIA benefits from individuals with
flight mission experience who are accustomed to work11

The State Department is assisting with the shipment of MAIA
equipment overseas via diplomatic pouch, and will host certain
instruments at embassies or consulates.

12

USAID is funding these and capacity building in Ethiopia and
South Africa.

ing across disciplinary boundaries, in combination with
more junior personnel. Careful management has been
required to deal with demands on their time from other
projects.
Proactive Management

Contention for facilities requires proactive management. Competition for facilities can be a challenge
for small missions, particularly at an institution where
access to clean rooms, environmental test facilities, and
prioritization in the delivery queues of commonly used
subcontractors compete with the needs of larger, highly
visible, and more expensive missions. As an example,
the contractor responsible for the MAIA telescope
received a high-priority order for rework of an optical
system for another project that delayed the telescope
delivery and incurred unexpected cost to MAIA.

Some requests from the
user community had to be
declined because of the
project’s limited resources.
Expectations vs. Resources

User community expectations are not always consistent
with resources. A number of candidate observing targets
have been identified and proposed beyond those shown
in figure 2, but enlarging MAIA’s target set might
reduce the frequency of PTA observations because of
scheduling conflicts and the need to manage onboard
data storage. Consequently, some target requests from
the user community had to be declined because of the
resource-limited nature of the investigation. Such limitations, while undesirable, are necessary to maintain
project integrity.

13

Ground monitor deployments need to be accomplished well in
advance of launch to (i) generate an initial set of GRMs (using
ground-based aerosol sunphotometers as a proxy for MAIA)
and (ii) give the operators ample time to become familiar with
equipment and prepare for routine operation in synchrony with
the satellite overpasses. Deployment too early consumes limited
project resources; deployment too late risks unpreparedness for
mission start.

14 The ESSPPO accommodations budget helps offset the impacts of

certain circumstances external to the project (e.g., launch delays,
government shutdowns—or coronavirus pandemic lockdowns).

Conclusion

The 2007 and 2018 decadal surveys envisioned an Earth
observation program that advances both basic scientific
research and societal applications. The Earth Venture
class has provided opportunities for PI-led investigations to contribute in novel ways.
MAIA is a small, PI-led, cost-capped mission that is
also complex and ambitious. Enabled by years of sci-
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entific heritage and technology maturation, it breaks
new ground for the NASA Earth science program
with its emphasis on human health applications, direct
involvement of epidemiologists on the science team,
and engagement with the ESSPPO’s efforts to use commercial access to low Earth orbit.
Accomplishment of investigation objectives within
the EVI cost cap, management of programmatic complexity associated with interfacing with a commercial
host, and integration of a multicomponent system of
space-based instrumentation, ground measurements,
atmospheric models, and ancillary data sources all present a variety of challenges. Addressing them requires
sustained focus on the investigation’s primary objectives, diligent and creative project management, and
active communication and negotiation among the science, engineering, and user communities.
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Planning of the Dragonfly mission to Saturn’s moon
Titan benefited from decades of scientific observations
and technological progress.

The Dragonfly Mission to Titan:
Enabled by Scientific Discovery and
Engineering Development
Elizabeth P. Turtle and
Ralph D. Lorenz

“N

Elizabeth Turtle

Ralph Lorenz

ASA plans amazing thing for Destination X” is a frequent attentiongrabbing headline format. Many possible mission concepts are considered for
many places in (and beyond) this solar system. But how does a concept make
the transition from idea to mission project—with a detailed engineering
design, budget, and schedule—and eventually to hardware on another world?
The idea that a robotic rotorcraft (imagined early on as a helicopter) might
be the best platform to explore Saturn’s largest moon Titan arose in the
1990s (e.g., Lorenz 2000; Young 2001), stimulated both by contemplation
of Titan in preparation for the joint NASA-ESA Cassini-Huygens mission
(launched in 1997) and by the engineering development of progressively
more capable robotic aerial vehicles for terrestrial applications.
But it was still too early. Titan was largely a mystery (Lorenz 2020). At
5150 km in diameter—larger than the planet Mercury—it was the largest
unexplored body in the Solar System.
What Was Learned from Early Exploration?

Titan’s thick, hazy atmosphere—four times denser at the surface than Earth’s
atmosphere—hid the surface from scrutiny by the Voyager 1 spacecraft that
Elizabeth Turtle is a planetary scientist at Johns Hopkins Applied Physics Laboratory
(JHUAPL) and Dragonfly principal investigator. Ralph Lorenz is a planetary scientist at
JHUAPL and Dragonfly mission architect.

60

The

BRIDGE

FIGURE 1 (Left) Cassini Imaging Science Subsystem map of Titan’s surface at 938 nm (Karkoschka et al. 2018). Dark areas near the
equator are vast fields of dunes of organic sand, and dark areas near the poles are lakes and seas of liquid methane. Image credit: NASA/
JPL-Caltech/University of Arizona. (Right) Huygens Descent Imager/Spectral Radiometer image of Titan’s surface (Karkoschka and
Schröder 2016). Image credit: ESA/NASA/JPL/University of Arizona.

made a close flyby in 1981. Voyager revealed that the
atmosphere was mostly nitrogen with a few percent
methane, with a surface temperature of 94 K (−189°C)
such that methane might condense on the surface as a
liquid; it was even speculated that Titan’s surface could
be covered by a global ocean (Lunine et al. 1983).
Telescopic data in the mid-1990s had revealed the
surface at scales of only several hundred kilometers. But
they showed that some areas were darker than others
and that these albedo features persisted, demonstrating
that large portions of the surface were solid as opposed
to a global surface ocean of methane and ethane.
In 2005 the Huygens probe parachuted down near
Titan’s equator into what turned out to be a streambed,
with a methane-damp, soft surface strewn with (waterice?) cobbles, possibly rounded by tumbling in some past
flash flood. Off in the distance were a couple of long
streaks that turned out to be dunes of organic sand (figure 1). Even in the tiny area viewed by Huygens, the
terrain was diverse, and it took several years for Cassini
mapping to reveal the broad distribution and relationships of geological features, including methane seas and
lakes largely confined to areas near the poles.
Cassini, designed for a 4-year mission at Saturn
(2004–08) with brief flybys past Titan roughly once a
month, had its mission extended twice: first to 2010 to
cover the Saturn system’s equinox season, and then by
another season, ending in September 2017 just after

the northern summer solstice (Titan years are 29.5
Earth years long, and the obliquity of the Saturn system
is 26.7°).
The fleeting glimpses of Titan during Cassini’s
13 years and 120+ flybys did not permit nearly the complete survey possible with an orbiter around Titan. In
some respects they only elevated the question of Titan’s
unknown surface composition, compared to other Titan
science goals on which Cassini made more headway
than had been expected.
What Would Be the Right Type of Mission?

The “right” mission type for Titan was far from certain;
figure 2 illustrates a variety of options considered. NASA
and ESA commissioned concept studies of large “flagship” missions to Titan (Coustenis et al. 2009; Leary et al.
2008; Reh et al. 2009), Enceladus (Razzaghi et al. 2007),
Europa (Clark et al. 2007, 2009), and Jupiter S
 ystem/
Ganymede (Kwok et al. 2007), of which the E
 uropa
studies eventually led to the Europa Clipper mission
scheduled for launch in 2024 (Pappalardo et al. 2021).
The Titan studies, confronting interesting scientific
questions at a range of scales and altitudes, proposed a
suite of platforms to match: a lander to analyze the surface chemistry and record weather and seismic activity
over a long period; an orbiter to make global observations of the surface and atmosphere; and a balloon to
bridge the gulf between these scales.
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FIGURE 2 (Top left) Montgolfière or hot air balloon. Image credit: NASA/Tibor Balint. (Top right) A Pathfinder/Beagle-2–inspired
dune lander concept using airbags for landing. Image credit: James Garry. (Bottom left) Discovery Phase-A (Titan Mare Explorer, TiME)
capsule floating on a Titan sea. Image credit: Johns Hopkins Applied Physics Laboratory. (Bottom right) Aerial Vehicle for In-situ and
Airborne Titan Reconnaissance (AVIATR) drone concept. Image credit: Mike Malaska, CC-BY-SA2.0.

Balloons for Titan, exploiting its dense atmosphere,
had been considered since the 1990s. One neat aspect
was that a radioisotope power supply—which would be
needed to power the instruments and systems since Titan
is so far from the Sun that solar power is unviable—would
also provide “waste” heat, which could be used to generate buoyancy (just as with hot air balloons on Earth).
But a balloon mission architecture always raises
concerns about lack of control authority. Even experienced hot air balloon pilots who exhibit a remarkable

degree of control, exploiting subtle clues like bird flight
or smoke plumes to judge wind patterns, cannot fly
upwind. For a Titan mission, there would be little hope
that an autonomous system—a necessity because light
and radio signals take more than an hour to reach Titan
from Earth, making direct control of flight i mpossible—
could achieve the capabilities of a human pilot, especially in an unfamiliar environment.
But the selection of another type of mission depended
on resolution of a number of other factors.
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How Would Power Be Provided?

A vital element in any long-term Titan in situ mission
is radioisotope power. The Huygens probe relied on
about 50 kg of batteries for its ~4 hours of operation
on Titan, but chemical stored energy is not practical
for anything lasting more than a fraction of a Titan day/
night cycle (which takes 16 Earth days). The dense,
cold atmosphere chills external surfaces and demands
both thick insulation and internal heating to maintain
benign temperatures for equipment.
Radioisotope power systems, using the decay of
plutonium-238 as a heat source for an energy converter,
enable long-term missions. However, the thermo
electric converters on Voyager and Cassini (using
silicon-germanium semiconductors) function only in a
vacuum, and in the early 2000s there was no ready solution to powering Titan landers.

An autonomous system is
necessary because light and
radio signals take over an
hour to reach Titan from
Earth, making direct control
of flight impossible.
One promising system, central to the design of the
proposed Titan Mare Explorer (TiME; Stofan et al.
2013)—a capsule that would float in a Titan sea and
measure aspects of its composition, bathymetry, local
weather, and air-sea interactions (studied in Phase A
under NASA’s Discovery program in 2011–12)—was the
Advanced Stirling Radioisotope Generator (ASRG1).
This technology was also enabling for the autonomous
airplane mission concept Aerial Vehicle for In-situ and
Airborne Titan Reconnaissance (AVIATR), which
would have studied Titan’s surface and atmosphere, flying continuously for a year while beaming aerial camera
views and spectroscopic data back to Earth (Barnes et
al. 2012). But development of the ASRG stalled.
Only in 2011, when the first multimission radio
isotope thermoelectric generator (MMRTG) was
1

https://rps.nasa.gov/resources/65/advanced-stirling-radioisotopegenerator-asrg/
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launched on the Curiosity Mars rover, with converters
designed to operate in an atmosphere, was an off-theshelf power system ready for the Titan surface environment. Like the concept that would become Dragonfly
(Lorenz et al. 2018), Curiosity exploits the waste heat
from the MMRTG both to keep warm during the cold
Martian night and to provide about 100 W of electrical
power. Curiosity further showed that the engineering
challenge of incorporating an MMRTG in an aeroshell,
and rejecting the heat from it during the interplanetary
cruise with a pumped fluid loop, was tractable.
Where Should a Lander Go to Answer Key
Science Questions?

In the mid-2010s Cassini made some remarkable radar
observations of Titan’s northern seas (Le Gall et al.
2016; Mastrogiuseppe et al. 2014): it detected an echo
not just from the sea surface but also from the sea floor.
Not only did this technique measure the depth of that
sea at 160 m (a measurement that was to have been
done in situ by sonar on TiME), but the very detectability of a bottom echo revealed that the liquid was
exceptionally radar-transparent.
Titan’s seas had been expected to be a mix of methane
and ethane with various dissolved organic compounds,
raising the question of whether some kind of alternative life chemistry could exist in such a liquid. But the
transparency showed that the liquid had to be nearly
pure methane. Such a composition, probably resulting
from methane distilled as rainfall, indicated that the
chemistry measurements to be made by TiME might
have proven less complex than hoped.
Titan’s surface is far too cold for liquid water to persist, but Cassini data suggest that, beneath the moon’s
50–150 km thick ice crust, there is an internal global
water ocean, and some isolated areas at the surface
may have seen transient water environments that
resulted from either the eruption of internal water (a
cryovolcano) or melting (due to crater-forming comet
impacts).
Even before Cassini’s arrival, the most interesting
places to explore from an astrobiological point of view
were expected to be those where liquid water might
have interacted with the abundant organic compounds
produced in the atmosphere (Neish et al. 2018). The
breakup of methane and nitrogen in Titan’s upper atmosphere by radiation and solar ultraviolet light leads to
the formation of ethane, acetylene, hydrogen cyanide,
and a host of compounds, many of which form Titan’s
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atmospheric haze layers
and eventually accumulate on its surface (e.g., as
part of its dune sands).
But astrobiologically
speaking the compounds
in Titan’s atmosphere
are something of a dead
end because they do not
incorporate oxygen (as do
most molecules in living
things)—the atmosphere
has only traces of o xygen
in the form of carbon
dioxide and 
monoxide.
However, when analogues of Titan’s haze are
exposed to liquid water
in the laboratory, they
can form amino acids
and pyrimidine bases, the FIGURE 3 Dragonfly’s initial landing site is among the equatorial dunes near the 80 km diameter
building blocks of proteins Selk impact crater, where carbon-rich surface material may have had the opportunity to mix with
and some of the molecules liquid water impact melt (Neish et al. 2018). Image credit: Johns Hopkins Applied Physics Laboratory.
that encode information
much better information obtained in situ to find the
in DNA (Cable et al. 2014; Hörst et al. 2012).
most scientifically valuable spots nearby (Lorenz 2019).
How Could a Lander Best Access Areas of
This is the approach used by rover missions on Mars,
Scientific Interest?
and indeed for seafloor exploration on Earth.
A Titan rover is conceivable, but between sand dunes
As project start dates moved into the mid-2010s, the
and damp streambeds, the trafficability of much of the
prospect of a mission reaching Titan during the icy
moon’s surface might be doubtful, and even on dry Mars
moon’s northern summer in the early 2020s began to
the Spirit rover got irretrievably stuck in 2010.
fade. This season had been favorable for exploration of
Titan’s high northern latitudes not only in terms of solar
Aerial Mobility
illumination but also because direct transmission of data
Titan’s low gravity—one seventh that of Earth (a little
from the surface is possible only when Earth is above the
less than our Moon’s)—and dense atmosphere make it
horizon. (With an orbiter to act as a relay, a northern seas
a uniquely easy place to explore using heavier-than-air
mission can be done any time, but at much higher cost.)
flight, as was recognized in the 1990s (Lorenz 2000). For
Attention therefore turned to Titan’s lower latitudes.
these reasons, when NASA solicited mission concepts
Although Cassini’s maps show the locations of target
in 2016, the idea of a Titan rotorcraft (re)emerged and
features of interest, the best data have a resolution of no
seemed a demonstrably feasible prospect.
better than 300 m (roughly comparable to Mars imaging
No individual technology can take credit here,
prior to the Viking landers in 1976), so there would be no
although
one might generalize “the drone revolution”—
guarantee that a single landing site would be safe to access
the ubiquity of cheap camera-toting quadcopters in
or offer exposures of chemically interesting deposits (figgadget stores enhances the perception that the achieveure 3). As elsewhere, the solution is in situ mobility.
ment of autonomous flight on another world is a natuGround Mobility
ral extrapolation. The details of the drone revolution
are somewhat prosaic—better batteries, better motors
Surface mobility makes it possible to land where it is
with rare-earth magnets, and better speed controllers
reasonably likely the terrain is safe, and then to exploit
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Scientific Context, More Data, Effective Power

FIGURE 4 Illustration of Dragonfly rotorcraft lander on the
surface of Titan. The radial line slot array antenna folds down flat
on top of the vehicle during powered flight. Image credit: Johns
Hopkins Applied Physics Laboratory.

to push power through the motors, among others. Some
consumer drone advances have made components
that have long been part of space systems cheaper and
smaller, such as the gyros and accelerometers that let a
drone fly stably.
One can also point to significant engineering progress
over the last decade, in NASA’s lunar and Mars landers,
in machine vision for navigation, and in sensors such as
lidar for autonomous hazard detection and avoidance.
These capabilities (which have also been exercised
by the Chinese moon landers, and to some extent in
consumer drones that optically track targets for movie
making) mean that a Titan lander, whether relocatable or not, is not at the mercy of random encounters
with adverse terrain. One can use terrestrial analogue
environments (as did planners of the Viking landers)
to assert that a landing site will probably be safe, but
the specter of an unlucky rock in just the wrong place
keeps planetary explorers awake at night. Hazard avoidance technology brings terrain risks down to much more
acceptable levels.
What Finally Led to the Dragonfly Mission
Concept?

What enabled the transition from a few speculative
concept papers to a fully developed mission proposal
(Lorenz et al. 2018), with preliminary designs, test
plans, budgets, schedules, and significant investment by
the Johns Hopkins Applied Physics Laboratory?

First, of course, was the scientific context. Cassini’s
discoveries at Enceladus and Titan, and interest in
Europa, drove a unifying theme of “Ocean Worlds” for
the NASA solicitation.2 The theme focuses on habitability of these distant worlds and encompasses aspects
of Titan such as chemical interactions with water and
geophysical (e.g., seismological) study of the interior
ocean. Compared to other Ocean Worlds, Titan’s thick
atmosphere makes it easier to deliver instrumentation
directly to its surface.
Second, Cassini-Huygens data and a greatly improved
understanding of meteorology (e.g., global circulation
models) gave much higher confidence in the Titan
environment. The arrangement of Titan’s dunes could
be understood in terms of its wind patterns, and similarities of its duneforms to some dunefields on Earth allow
terrestrial landscapes to be used as analogues to predict
slopes and other terrain characteristics, even though the
composition is different. This meant that confident and
realistic requirements and constraints could be devised
for engineering design.
Finally, the MMRTG is the sine qua non of sustained
Titan surface operation. This power system offers unique
capability, but has not always been available. A mission to fly half a decade after Perseverance (Curiosity’s
successor rover at Mars) fit well with the overall radio
isotope power system program.
Other Enabling Advances

Additional developments that facilitate the Dragonfly
design include the radial line slot array antenna (figure 4). Mounted on a two-axis gimbal, it offers design
simplicity and an extremely low profile; a conventional
parabolic dish and antenna feed would cause much
more drag in flight.
Dragonfly also benefits from augmented reality tools
that simplify design, fabrication, and integration of
spacecraft components.3
Machine vision, a modest advance on systems used
in cruise missiles since the 1980s, allows more accurate
guidance than would be possible with inertial sensing
alone (e.g., gyros). Without the GPS navigation taken
2

There is reasonable evidence that many planetary moons in
the outer solar system—including Callisto, Enceladus, Europa,
Ganymede, and Titan—are “Ocean Worlds” harboring interior
liquid water oceans.

3

http://parkersolarprobe.jhuapl.edu/News-Center/Show-Article.
php?articleID=36

FALL 2021

for granted in terrestrial applications, a Titan rotorcraft
would be limited to hops of only a few hundred meters.
Through onboard correlation of images with those
taken in previous flights, it is possible for Dragonfly to
be directed to specific sites of interest several kilometers
from the takeoff site.
But no artificial intelligence is planned or needed:
scientists on the ground will determine where the interesting places are in terms of lander-relative coordinates,
and will command Dragonfly to fly there. The onboard
autonomy simply ensures adherence to the designated
path.
Even in Titan’s dense atmosphere and low gravity,
where in principle a suitably equipped human being
could flap wings with her own muscle power and fly, a
vehicle needs much more than 100 W of power. A practical vehicle could use a large battery to fly for about
half an hour and recharge the battery with MMRTG
power over the 8-day Titan night, when it is dark and
geometry precludes communication with Earth (Lorenz
2000).
More than 99 percent of the time, Dragonfly, like
the Viking landers, will stay on the ground performing occasional imaging, surface sampling, and chemical
analyses, as well as ongoing seismic and m
 eteorological
monitoring. But in one brief flight it will be able to fly
several kilometers—conceivably farther than a Mars
rover has driven to this point.
Conclusion

The prospect of aerial vistas much like those from a
balloon, coupled with a lander whose science value is
multiplied by being able to access dozens of locations,
proved irresistible. Combined with the largely evolutionary rather than revolutionary technological and scientific developments described above, the opportunity
arose to propose Dragonfly. A few years earlier it would
have been impossible.
The mission is scheduled to launch in June 2027 and
projected to land on Titan in the mid-2030s.
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JWST’s engineering advances and scientific discoveries
will set the course for the future of astrophysics and
space-based observatory development.

The James Webb Space Telescope:
Where Engineering and
Science Merge
Kenneth Sembach and
Lee D. Feinberg

T

Kenneth Sembach

he decision to stare at a “blank” region of the sky with the Hubble Space
Telescope (HST) for several weeks in 1995 forever changed perceptions
of the universe. The purpose was clear—to see whether the sky really was
devoid of light as it appeared to be—and motivated by an underlying question about whether distant (younger) galaxies look the same as those in the
nearby (older) universe.
The Hubble Deep Field showed that the universe is dynamic, a fabric of
organized chaos with galaxies colliding, merging, and evolving. Within this
image—encompassing no more sky than can be seen by looking through a
drinking straw—were thousands of galaxies, each composed of hundreds of
billions of stars (figure 1). It was soon hypothesized that even Hubble may
not be able to see all that was in the Deep Field,1 for if the universe were
expanding as predicted by the Big Bang theory, galaxies would appear redder

Lee Feinberg
1

Hubble’s vision is limited to ultraviolet, optical, and near-infrared light in the wavelength range of 0.1–1.8 mm.
Kenneth Sembach is an astronomer and director of the Space Telescope Science
Institute in Baltimore. Lee Feinberg is the senior large optical systems engineer in the
Instrument Systems and Technology Division at the Goddard Space Flight Center in
Greenbelt, MD.
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FIGURE 1 (Left) The Hubble Deep Field, containing thousands of galaxies. (Right) The Orion Nebula, a star-forming region shrouded
in gas and dust. Image credits: NASA/STScI.

the farther they were from Earth, until eventually the
nascent galaxies would be so red that Hubble could not
see them.2
A question naturally arose that could not be answered
without technological innovation and an observatory more advanced than Hubble: When did the first
galaxies form?
Background

Motivated by earlier observations preceding the Deep
Field, the Association of Universities for Research in
Astronomy commissioned the “HST and Beyond”
Committee to formulate a vision for ultraviolet-opticalinfrared space astronomy after Hubble. The committee
recommended that NASA develop a large space observatory optimized for imaging and spectroscopy at infrared wavelengths. Such an observatory would “be an
essential tool in an ambitious program of study in many
areas of astronomy” and “especially powerful in study2

The redshift of light is given by z = (lobs − lrest) / lrest, where lobs
is the observed wavelength of light and lrest is the wavelength of
light emitted or absorbed by the redshifted source. Redshift and
distance are related through Hubble’s Law, vr = HoD, which links
the observed recession velocity (vr) of a galaxy to its distance (D),
with Ho being Hubble’s constant. The relationship between redshift and recession velocity is z = square root [(1 + vr/c)/(1 − vr/c)],
where c is the speed of light in vacuum.

ing the origin and evolution of galaxies” (Dressler et al.
1996, pp. ix–x).
Ultraviolet and optical light can penetrate only so
deeply into, or escape from, regions that are heavily
obscured by cosmic dust, a fundamental component of
galaxies and star-forming regions. A telescope with sensitivity at infrared wavelengths would see into, or even
through, this interstellar screening material to reveal
stars and planetary systems embedded therein, as well
as galaxies in the distant universe.
In 2001 the National Academies’ decadal survey in
astronomy and astrophysics identified a next-generation
space telescope as an imperative for the decade because
it would “reveal the first epoch of star formation and
trace the evolution of galaxies from their birth to the
present...and provide a unique window onto the birth of
stars and planets in our own galaxy” (NRC 2001, p. 36).
The recommended large space telescope, with 100 times
the sensitivity and 10 times the image sharpness of the
HST at infrared wavelengths, began development in
2002 as the James Webb Space Telescope (JWST).3 The
JWST astronomical observatory is being developed by
NASA with substantial contributions from the Europe3 “NASA Announces Contract for Next-Generation Space
Telescope Named after Space Pioneer,” Sep 11, 2002 (https://
hubblesite.org/contents/news-releases/2002/news-2002-20.
html?Year=2002)
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FIGURE 2 The engineering-science cycle in space exploration.

an and Canadian Space Agencies and will be launched
into space in late 2021 after nearly 2 decades of development and preparation.
The scientific impetus to understand how galaxies
formed in the early universe was the seed for a partnership between engineering and science that is advancing
both disciplines. Its aspirational science goals led to a
notional experimental architecture with accompanying
technical specifications, and then development of the
requisite technologies (figure 2). Iterating with science
requirements, the architecture was built and verified
through rigorous testing to be capable of achieving the
observatory’s science goals.
The engineering-science cycle comprising JWST’s
engineering advances and forthcoming scientific discoveries is setting the course for the future of astro
physics and space-based observatory development.
Engineering Specifications and Technologies

Because the first galaxies to form in the universe are
fainter and redder than can be observed with Hubble, a
larger space telescope is needed to collect more light,4
equipped with instrumentation sensitive to near- and
mid-infrared wavelengths (1–28 mm), and cooled to
cryogenic temperatures to limit thermal backgrounds
4

Hubble can detect objects approximately 10 billion times f ainter
than observable with the human eye. The first galaxies to form
are probably >10 times fainter still.

to manageable levels. These requirements drive choices
of telescope size, observatory architecture, orbit, power,
and so forth, resulting in a slew of new technologies
necessary for JWST to achieve its science goals (Stockman 1997).
Many technologies that enabled breakthrough science with Hubble are not suitable for JWST. For example, scaling Hubble’s 800 kg fused silica glass mirror up
to the 6.5 m diameter specified for JWST would consume over 90 percent of the 6500 kg mass budget of the
entire observatory. Furthermore, a monolithic mirror
of this size would not fit in available rocket shrouds.
This led to the eventual choice of a lighter, segmented,
deployable primary mirror design.
To meet the stringent wavefront and temperature
requirements driven by science, NASA had to develop
a new isotropic form of optical-grade beryllium, called
O-30, for use on JWST. Achieving a 10x lower areal
mass than Hubble’s primary mirror was key to properly
sizing the telescope, as was the development of a deployable secondary mirror at the end of a 25-foot lightweight tripod boom that folds for stowage in the rocket
shroud until deployment in space. This engineering
contributed to an overall observatory weight roughly
half that of Hubble, despite JWST being a much larger
observatory.5
5

JWST’s launch mass is ~6500 kg, compared to Hubble’s launch
mass of ~11,000 kg.
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FIGURE 3 JWST field of regard and orientation relative to the Sun. Proper sunshield orientation and judicious scheduling to avoid
moonlight result in an instantaneous field of regard confined between 85° and 135° of the Sun-Earth line, but all points on the sky are
visible at some time during the year. Reproduced from JWST documentation online at https://jws t-docs.stsci.edu.

Cooling the telescope is a primary driving requirement to ensure that light detected is truly astronomical
in nature rather than heat from the observatory itself.
This requirement ripples through specifications for
other systems and technology choices.
For example, the telescope must be shielded from
sunlight, earthlight, and moonlight, all of which would
heat the observatory. JWST uses a five-layer deployable
sunshield made of a mylar-like material (aluminum and
doped-silicon-coated Kapton) that blocks these heat
sources and reduces the heat impinging on the telescope by a factor of approximately 106, allowing the
telescope to cool passively to ~40 K (−233°C) by radiating its residual heat into empty space.
All instrumentation is also thermally shielded from
the telescope. Operating at a distance of about a million
miles at a location in space coaligned with the Sun and
Earth (the Lagrange L2 point) rather than orbiting the
Earth makes shielding the telescope from heat sources
easier and dramatically reduces time-variable thermal
loading on the observatory (figure 3).
The need to cool JWST to cryogenic temperatures
strongly constrained the materials that could be used
for its mirrors and optical telescope assembly. B
 eryllium
and carbon fiber, the two materials of choice for the
mirrors and structure, respectively, have low coefficients
of thermal expansion. Both can be formed into stiff
lightweight structures, which is important because
nearly every material property, from damping to stiff-

ness to adhesion, changes as temperature becomes cryogenic. All material properties had to be engineered with
adequate margin using new levels of integrated modeling with unprecedented mesh fidelities. The need for
mechanism deployment, latching, and operation at
cryogenic temperatures posed design and fabrication
challenges as well.
To achieve high sensitivity to faint sources of infrared light requires infrared detectors more advanced than
previous generations on Hubble and other missions.
The JWST instruments incorporate two types of infrared detectors: 4-megapixel mercury-cadmium-telluride
(HgCdTe) detectors in the near-infrared instruments
and 1-megapixel arsenic-doped silicon (Si:As) detectors in the mid-infrared instrument. In both cases, new
generations of detectors with superior noise properties
and larger formats make it possible to detect faint light
with greater efficiency.6
While passive cooling yields sufficiently low temperatures to limit thermal emission by the telescope optics
and enable near-infrared detector operation, further
active cooling by an advanced mechanical cryocooler
is needed to cool the detector arrays in the mid-infrared
(5–28 mm) instrument to an operating temperature of
6.7 K (−266°C).

6 See https://jwst.nasa.gov/content/about/innovations/infrared.
html
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Building and Testing: Challenges and Design
Trade-Offs

JWST is an extraordinarily complex observatory with
many unique parts and software developed by different
teams in several countries. This assemblage of parts and
systems has to work seamlessly in space for a decade
or more, which necessitated an extensive testing program involving three cryovacuum campaigns for the
instruments, a complex end-to-end optical test, and
numerous integrated (spacecraft-sunshield-telescope)
environmental test campaigns. Not surprisingly, with its
stringent system requirements and constraints, building
and testing JWST was an extensive series of engineering
challenges.
Leading up to testing, trade studies to address a challenge or requirement on one subsystem had to consider
the system performance ramifications for others. For
example, the decision to choose a long-life m
 echanical
cryocooler over a limited-life solid hydrogen sublimation dewar saved mass, which was a critical system
resource early in the program. However, it introduced
additional vibration that consumed image motion budget and added to spacecraft power consumption while
trading away some complexities (e.g., loading and
handling of dangerous solid hydrogen) for others (e.g.,
thermal rejection, vibration, and thermal isolation).
From early technology considerations through final
testing, the science-driven requirements and system
constraints required constant iterative attention. In
the end, all system performance requirements were met
with adequate margins, but it took several iterations of
trade studies and design improvements to achieve this
success.
An important challenge early in development was
meeting the mass and volume constraints imposed on
the observatory’s wavefront sensing and control system,
which is needed to ensure that a single, focused image
is formed when the light beams from the 18 mirror segments that constitute the primary mirror are combined
coherently. NASA considered a dedicated wavefront
sensor as used at the Keck Observatory in Hawaii, but
the tight mass and volume requirements precluded
its use.
The solution was the addition of optical elements to
JWST’s near-infrared camera (NIRCam) and the development of wavefront sensing and control algorithms
that enabled this architecture. At the critical final stage
of this process, the algorithms are an adaptation of those
developed by NASA in the early 1990s to determine
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the prescription of Hubble’s primary mirror aberration,
modified to work with a segmented telescope using
information from images obtained with NIRCam. The
efficient approach to wavefront sensing and control
incorporating the Hubble-derived algorithms is not only
a lasting legacy of JWST but also likely to be adapted
and improved to help future segmented space telescopes
address new science questions.
A primary lesson learned from the Hubble spherical
aberration experience was to make sure the optical system was vetted using both independent crosschecks and
end-to-end testing (Feinberg and Geithner 2008). Endto-end testing of the telescope with the instruments
was one of the most significant challenges in the testing
program.

End-to-end testing of the
telescope with the instruments
was one of the most
significant challenges in
the testing program.
The need for a vacuum chamber capable of cooling
the entire telescope to 40 K while performing an endto-end optical test spawned numerous architectural and
optical innovations. These included a new test device
that used multiwavelength interferometry to measure
ultraprecise relative positions of the telescope primary
mirror segments and illumination source, and development of a new helium shroud in the NASA Johnson
Space Center Chamber A. This shroud had to be large
enough to cool and support the optical test equipment
and telescope.
Basing the test architecture on previous programs
would have required a large and massive stainless steel
tower in the chamber between the telescope and complicated optical test equipment—a truss structure that
would take weeks to cool down. Instead of being hung
pointing downward as originally planned to ease particulate contamination fallout concerns, a new test
architecture was adopted that positioned the telescope
“cup up” so it could be rolled into or out of the chamber
on tracks, thereby eliminating the need for the internal tower and its accompanying complexities. Once in

72

The

BRIDGE

did not have sufficient
margin. A deployable
radiator adopted for the
entire instrument suite
improved passive cooling
and provides a better view
of cold space (Yang et al.
2018). This resulted in
adequate thermal margin
but came at the cost of an
additional deployment.
Another notable challenge was assembling,
testing, and stowing the
large (22 m × 10 m) sunshield, whose five layers
each have to be carefully
controlled during testing,
launch, and deployment.
FIGURE 4 James Webb Space Telescope with secondary mirror deployed outside Chamber A at The effects of gravity,
NASA’s Johnson Space Center in December 2017. Photo credit: NASA/Chris Gunn.
criticality of single point
failures, and overall size
created unique challenges.
place “cup up,” the telescope was hung from rods that
The sunshield design and fabrication were driven by
attached above the chamber (figure 4).
temperature and straylight requirements that dictated
Preparing and executing the thermal vacuum test was
its overall shape, deployment choreography, and tena monumental effort to ensure that every possible consioning requirements. All of these complexities flowed
tingency had been considered. Extensive planning and
directly from the infrared nature and scientific needs of
infrastructure improvements were essential. The team
the observatory.
treated the test similar to a Hubble servicing mission
Future systems, like a warm telescope optimized for
and developed contingency flow charts for everything
detecting extrasolar planet biosignatures, will require a
from the optical support equipment to the chamber syssunshade that blocks the Sun but will not face many of
tems. The addition of a large cleanroom at the entrance
the critical constraints needed to maintain tight therto Chamber A, extensive cleaning and refurbishment of
mal control at the cryogenic temperatures necessary for
existing vacuum chamber systems, and system modificaJWST. Nonetheless, the deployment and testing methtions and additions added redundancy and robustness.
ods developed for JWST have set a standard for large
All of this preparation proved its worth and allowed
deployed membrane systems of this type (figure 5).
testing to proceed when Hurricane Harvey settled on
Science and the Next Big Question
Houston for 5 days in 2017, just as the telescope reached
its cold temperature 30 days into the 100-day test.
Nearing the end of its development cycle, JWST is
Incredibly, some of the most critical tests of the primary
poised to revolutionize all areas of astronomical study,
mirror and the closed-loop guiding system occurred just
from faint galaxies whose light beams began their jouras the hurricane bore down.
ney to Earth more than 13.5 billion years ago to giant
As development proceeded, it was necessary to
planets and icy bodies on the fringes of the solar system
ensure an adequate thermal margin to cool the detec(Kalirai 2018). The science community has brought
tors. This challenge took many forms, from modeling
forward its best ideas and most pressing questions, and
heat transfer to designing efficient radiators. Early on,
the science program for the first year of observations is
detailed studies showed that the cryogenic budget for
full of innovative uses for the observatory (O’Callaghan
the cold region of the telescope, measured in milliwatts,
2021).
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This isn’t to say that
science has stood still in
the interim. If anything,
the science potential for
JWST is greater now than
ever. Engineers and scientists worked together
throughout JWST’s development to respond to a
changing astronomical
landscape while retaining the core requirements
and capabilities of a telescope originally designed
to explore the distant
universe.
For example, upgraded
instrument capabilities and
operational enhancements
to enable extrasolar planetary atmosphere studies FIGURE 5 Fully integrated JWST in cleanroom at Northrop Grumman Space Park with deployed
were introduced well into sunshield, secondary mirror support structure folded back against the primary mirror in its position
the development cycle.7 stowed for launch, and six primary mirror segments (three on each side) also folded back in their
These late-stage additions launch positions. Photo credit: NASA/Chris Gunn.
to the technology-science
trade space increased science potential, but have their
habitable worlds elsewhere seems to be a natural step
limitations. JWST will take an unprecedented step forin the progression of space telescope investigations of
ward in the characterization of extrasolar planetary atmothe universe.
spheres for Neptune and Jupiter-sized planets around stars
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Active engagement of humanists in discussions of
the social dimensions of space science will enrich
understanding and produce more thoughtful decisions
and policies.

Social Issues in Space Exploration:
A Call for Broader Dialogue
Kelly C. Smith
“Inclusivity means not just ‘we’re allowed to be there’ but we are valued.”
– Claudia Brind-Woody

W

Kelly Smith is a professor
in the Departments of
Philosophy & Religion
and Biological Sciences at
Clemson University.

hat policies should govern the exploration of other worlds? Should offworld human settlement be attempted? If so, how should those settlements
be constituted and governed?
Progress in space science is raising many complex social issues, and
researchers in the humanities and social sciences are increasingly seeking
inclusion in these discussions. But space science remains dominated by scientists and engineers.
To address this problem, I begin with an overview of how “humanists”
think and how their approach can be helpful to the sciences in addressing
complex social and conceptual questions. Then I explain the exclusion of
their voices and why it’s problematic. Finally, I offer some suggestions as to
how the two communities can better work together.
I use the term scientist to refer to natural scientists and engineers and
humanist to refer to humanities scholars and social scientists.1 Neither term
is perfect; in particular, “humanist” here should not be confused with secular

1

These groups include philosophers, historians, theologians, anthropologists, psychologists, and political scientists, among others.

The

BRIDGE

76

humanism, and I recognize that social scientists may
chafe at being lumped in with the humanities.

anyone (including the author) shows how easily important perspectives can be overlooked.

What Is the Humanist Perspective?

The Case for Inclusion

The humanist approach is different from science in
its problem set, approach, and concept of success. In
particular, humanists often seek to complicate existing
answers, especially if they appear to be, as H.L. M
 encken
put it, “clear, simple, and wrong.” To scientists, who are
self-selected to prefer clean answers, this approach can
seem like a waste of time.
But there are two critical points to keep in mind
here. First, the fact that some humanist concerns have
resisted solution for a very long time does not mean that
debating them is useless, just that they are very difficult
to resolve—an observation that applies equally to unified field theory.

It’s important to keep in mind that the two camps are
ultimately on the same team. Both are dedicated to the
goal of discovering truths through systematic, rational
investigation. And both are committed to the idea of
rational convergence, believing that when diverse experts
share and debate their perspectives, they move closer to
those truths. For these reasons, scientists and humanists
alike should strive for more inclusive discussion, especially when it comes to questions that are extremely difficult to resolve.
Readers would do well to reflect on the many missed
opportunities to include a humanist voice. How many
collections discussing the social dimensions of science and engineering contain a contribution from a
humanist?2 How many grants include humanists as coPIs (or in any capacity)? How many guiding documents
of federal, professional, and other organizations (e.g.,
NASA’s Astrobiology Roadmap; Des Marais et al. 2008)
call for inclusive interdisciplinary collaboration beyond
the sciences?
Robust collaboration requires more than expressions of personal support for inclusion. As a colleague
observed, “Everyone will say this stuff is important, but
if you want to know whether they mean it, look at their
budget.”
Of course, most scientists don’t intend to be exclusive.
But establishing interdisciplinary connections requires
effort, since humanists are often something of a mystery
to scientists who lack easy opportunities to interact with
them—humanists are creatures of academia and, even
there, they inhabit different departments and colleges.
Benign neglect is nonetheless still neglect and, once
established, it creates a feedback loop (‘Why should I
go out of my way to include those people if nobody else
is doing it?’).

Humanists often seek to
complicate existing answers,
especially
if they appear to be
“clear, simple, and wrong.”
Second, for many humanistic questions, refusing
to attempt a thoughtful answer is simply not a viable
option. Ethical discussion can certainly be frustrating,
but ethical opinions shape everyone’s perceptions and
actions in important ways. Choosing not to engage with
ethics ultimately means that important influences on
personal and professional behavior are not subjected to
critical scrutiny.
Humanists thus often see their primary job, especially
in interdisciplinary contexts, as arguing for the inclusion of diverse perspectives, especially unpopular ones.
Unlike their science colleagues, they consider vigorous
debate between an array of viewpoints a success even
when it fails to produce an “answer” (Smith and Abney
2019), because such exchanges can enrich understanding. For example, an anthropologist has argued for considering the possibility that attempts to message alien
worlds might be dangerous to the aliens (Traphagan
2017). The fact that this had not previously occurred to

Benefits of Including a Humanist Perspective

While both sides can be guilty of overconfidence, scientists rarely experience the off-hand dismissal of their
expertise that every humanist has encountered when
attempting interdisciplinary work. This lack of appreciation is frustrating and ultimately counterproductive to
2

The Bridge is to be applauded for regularly including humanist
perspectives, but this is very unusual in scientific and technical
publications.
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the goal of inclusion. Consider this interaction between
faculty in a humanities college and a vice president for
research with a background in engineering. Asked about
their research, the humanists explained the projects
they were working on. Puzzled, the VPR followed up
with, “OK, that’s nice, but what about your research?”
While he deserved credit for asking the question, he
clearly lacked the frame of reference to understand the
answer.
The bottom line is that humanists do bring important expertise to the table. For example, though anyone
can think about ethics, and ethicists have no corner on
ethical truth, most scientists know little about ethics as
a field of study. The danger is that, not knowing what
they don’t know, they may overestimate their ability to
resolve these issues on their own, or apply an answer
that is appropriate in one context to another, importantly different, context. Such overconfidence helps
explain the long history of scientists with (putatively)
good intentions doing really bad things (Jones 1993;
Kopp 1999; MacDonald 2014).
Public perception of science should be a major consideration for all scientists, since science is a publicly
funded enterprise. This poses a real challenge, as the
scientifically illiterate public often embraces unrealistic
concerns and unscientific beliefs. (As someone who has
spent years in the trenches fighting creationism, I share
scientists’ frustration.) But refusal to engage with the
public on decisions with social import is not a viable
long-term strategy (Smith 2017). And, since humanists
study people, they are well positioned to address potential social impacts of scientific developments in ways
that better relate to the public.
There are also structural advantages to involving
humanists in interdisciplinary contexts. For one thing,
humanists require relatively little support and are thus
not pressured to promise outside agencies quick returns.
This allows them to explore issues that are not a priority
for scientists, especially questions about the long-term
future.
As in Earth-based research and development, responsible planning for missions to other worlds (especially
crewed missions) must take account of social/
environmental/ethical issues. Their consideration
requires the involvement of those with relevant expertise. For example, the main goal of planetary protection is often taken to be “protecting the science” (NRC
2006, p. 6). This approach may be fine for now, but its
implicit social and ethical commitments require careful
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attention as more invasive missions are pursued. The
strategy assumes that scientific knowledge is the most
important consideration and ignores inevitable tradeoffs between scientific investigation and other values.
Hard choices will have to be made when the time comes
to explore the oceans of Europa (which may contain
a scientific treasure trove of complex life) as this will
require the use of probes contaminated with terrestrial
microbes. Humanists can help identify the many complex trade-offs and their impacts ahead of time.

Public perception of
science should be a major
consideration for all
scientists, as science is a
publicly funded enterprise.
There is real risk in postponing discussions about longterm implications since decisions, once taken, tend to
be reified. Such concerns motivated the establishment
of the Ethical, Legal, and Social Implications (ELSI)
research program of the Human Genome Project, which
encouraged humanists to think ahead to a future when
genetic technology will be commonplace.
Finally, scholars who are not directly involved in the
pragmatic details of an issue can be more objective and
thus better positioned to identify and critique the systematic biases that every discipline engenders.
Messaging Extraterrestrial Intelligence (METI)

Until recently, the search for extraterrestrial intelligence (SETI) was limited to passive listening. Messages
have been sent to potentially inhabited alien worlds,
but they have mostly been publicity stunts. However,
planning is underway for more systematic, and thus
potentially more problematic, attempts. These range
from the work of serious scientists (e.g., METI International) to private initiatives (e.g., the Interstellar
Beacon Project).
Great care should be taken in any attempt to message
aliens, since it could pose a major (even existential)
risk to humanity (Smith 2020). Yet there are no agreements of any kind in place to govern METI attempts,
largely because the scientific community has sought, for
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political reasons, to distance itself from the UFO craze.
That may have been defensible 50 years ago, but recent
developments (e.g., advances in astrobiology, the debate
over the ’Oumuamua object,3 the Pentagon’s report on
“unidentified aerial phenomena” [ODNI 2021]) make
clear the need to distinguish between UFOlogy and
legitimate scientific investigation of extraterrestrial
life. The current stance of the scientific community is
not even consistent, since there is a tacit agreement
(albeit a vague one) that scientists should not unilaterally respond to any signals SETI might receive, but
no restriction on more concerning attempts to initiate
contact.
Since the scientists involved in METI are not trained
in ethical analysis, public policy, law, or even basic
principles of social science such as informed consent,
experts in these (and other) areas are clearly needed.

Scientists typically are not
trained in ethical analysis,
public policy, law, or basic
principles of social science
such as informed consent.
The scientific community’s approach to METI has
been strangely political, which challenges the model of
science as the disinterested search for truth (Brin 2014;
Smith 2020). Given the potentially high stakes of contacting alien intelligence, this needs to change. At the
very least, there is no reason to put off developing commonsense safeguards, such as requiring registration of all
METI attempts in a public database (nothing like this
exists, though see Quast 2018) and imposing minimal
restrictions on content and targeting (Gertz 2016). Scientists should certainly be involved in these decisions,
but developing responsible policies will require a much
more inclusive discussion.
Encouraging Developments

The good news is that there is strong interest in social
issues in the space sciences and there have been encouraging developments.
3

https://solarsystem.nasa.gov/asteroids-comets-and-meteors/
comets/oumuamua/in-depth/
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NASA and the Library of Congress have established
the Blumberg Chair at the library to support researchers
investigating “the range and complexity of societal
issues related to how life begins and evolves and to
examine philosophical, religious, literary, ethical, legal,
cultural, and other concerns.…”4
Similarly, NASA’s Astrobiology Roadmap got off to
a promising start with a guiding question inviting consideration of “the future of life in the Universe” (though
recent iterations have focused on empirical questions).
In addition, a number of publications have effectively articulated the case for more robust inclusion: a
white paper helped establish the new, explicitly inclusive European Astrobiology Initiative (Capova et al.
2018); the NASA (2015) Astrobiology Strategy includes
a humanities and social science appendix; and a workshop and focus group drafted an (unofficial) societal
impact roadmap for astrobiology (Race et al. 2012).
These calls should be heeded.
Fortunately, the community of humanists both interested in and knowledgeable about these issues is growing rapidly, with a veritable explosion in research over
the last 15 years (e.g., Cockell 2014; Schwartz 2020;
Smith and Mariscal 2020). There is now a ready s upply
of humanists well positioned to serve in this role. For
example, Steven Dick is the former NASA historian
and perhaps the person most involved in the growth
of this community. He has published numerous articles,
anthologies, and monographs on these issues, including
his most recent book, Astrobiology, Discovery, and Societal
Impact (2018). He has also worked extensively with
NASA, the SETI Institute, American A
 stronomical
Society, US Naval Observatory, and International
Astronomical Union, among others.
Another good example is Kathryn Denning, a
social scientist who has worked with the International
Academy of Astronautics, International Space University, NASA Astrobiology Institute, and Just Space Alliance. She was also a member of a Mars Desert Research
Station crew. She has published extensively on humanistic issues including interstellar message composition,
the evolution of intelligence and interspecies communication, potential public reactions to future detection
of extraterrestrial life or intelligence, and the ethics of
space exploration.
Finally, several scientists have done significant work
on the humanistic side of things, including Chris McKay
4 https://aas.org/posts/news/2019/11/library-congress-invitesapplications-blumberg-astrobiology-chair
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of NASA Ames, Margaret Race of the SETI Institute,
and Carl Pilcher of NASA’s Astrobiology Institute.
Getting to Greater Inclusivity

Fortunately, lack of inclusion is a fixable problem if both
scientists and humanists make a concerted effort.
What Scientists Should Do

• Be aware: Many opportunities for inclusion are missed
simply because it doesn’t occur to scientists to engage
with humanists.
• Avoid tokenism: The point of collaboration is not to
involve humanists per se, but to involve them substantively. Choose collaboration partners carefully, as
humanists are no more interchangeable than scientists (the Society for Social and Conceptual Issues in
Astrobiology can assist here; an important part of its
mission is to connect scientific researchers and organizations with the right experts to address these complex issues).
• Plan carefully: Do not simply throw a few dollars at
a random humanist and ask them to “organize something on the social stuff.” As with anything else, substantive and effective collaboration requires time,
effort, and communication.
What Humanists Should Do

• Learn the science: Humanists must better understand the science of the issues they discuss to ensure
that their contributions are rooted in their best
understanding.
• Be practical: Humanists need to adapt their arguments to the hard-nosed pragmatic concerns that
space science cannot ignore, resisting the urge to
indulge in the abstract theory their own disciplines
often require.
• Recognize the work: The humanist community must
recognize the importance of this kind of collaborative
work so the careers of early adopters don’t suffer.
Conclusion

The contributions of humanists are presently both
undervalued and underrepresented. There are complex reasons for this, which means that change requires
intentional, concerted action. Because scientists are far
better resourced and positioned to advocate for change,

I believe they need to lead the way. Scientists’ tendency
to shy away from collaboration is understandable, as
interdisciplinary interactions can be messy and frustrating. But humanists play an essential role in highlighting
uncomfortable dilemmas that already exist (sometimes
implicitly) and compelling attention to them to reduce
unintended consequences.
Whatever the reasons for it, lack of inclusion sends a
clear message: social issues are not that important. But
time and again history has shown that they are, so inclusion is ultimately worth the effort.
An inclusive approach that actively and substantively involves humanists in discussions of the social dimensions of space science will enrich understanding, better
reflect diverse opinion, and produce more thoughtful
decisions and policies.
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An Interview with . . .
Bill Hammack,
Engineer Guy
DR. HAMMACK: The first transition was to public
radio and communicating to the public. That would
have been about 20-plus years ago.
I was a young professor at Carnegie Mellon, doing the
standard research and things. But there was a kind of a
push and a pull.
The pull was that it interested me. My mother was
a botanist, my father was a theater professor. Talking
to people and working in media felt natural to me, and
obviously talking about science.
The push was that chemical engineering was undergoing a lot of changes with biological and nano people
moving in. I had to retool, I couldn’t just continue the
research I was doing. If I were going to retool, I thought
deeply about how I would want to build a career. What
would I want to do that was different? Instead of retooling in one of the new areas, which would have been
difficult, I chose to pick this area of communicating to
the public. The first part of it was on public radio and
the second part has been on new media and YouTube.
That’s the larger part now.
RON LATANISION (RML): We’re delighted to have
an opportunity to talk with you, Bill. Your degree is from
the University of Illinois, is that right?
BILL HAMMACK: My bachelor’s degree in chemical
engineering is from Michigan Tech and I have a master’s
and a PhD from UIUC, also in chemical engineering. I
taught at Carnegie Mellon for a decade before returning here.
RML: What distinguishes you from other chemical
engineers are things like your public radio broadcast
and your Engineer Guy videos. How did that transition
occur?
Bill Hammack is the William H. and Janet G. Lycan Professor
in the Department of Chemical and Biochemical Engineering at
the University of Illinois at Urbana-Champaign. This conversation took place February 25, 2021. It has been edited for length
and clarity.

CAMERON FLETCHER (CHF): Did you approach
public radio to offer your skills?
DR. HAMMACK: Yes. I had read a book on sales and
how to sell things and the ways you go through your
pitch. I went to the program director’s office and said, ‘I
would like to do these short commentaries on engineering.’ He looked at me and said yes. I said, ‘But I’m not
done. I have all these steps I have to go through to sell
it to you.’ He said, ‘No, let’s start tomorrow. The way
you do these things if you’re going to do them is you
just start.’ That was a guy named Jay Pierce who’s still in
public radio. That was a lot of fun. Radio is a wonderful
medium.
CHF: Are you still doing public radio?
DR. HAMMACK: No. After about a decade I took
a year’s leave to work at the State Department as a
Jefferson Fellow, in a program to integrate scientists into
the department and the foreign policy mission.
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CHF: Did you feel that you made a difference, that you
had an impact, while you were there?
DR. HAMMACK: That’s hard to tell. First of all, there
are some impactful things that I can’t tell you, which is
frustrating and alien obviously to what I normally do.
CHF: How did you get assigned to the Korea desk?
DR. HAMMACK: They were looking for people and
it sounded interesting to me. A number of sections had
scientific support already; this one did not.
RML: I want to follow up on the question of engineers
or technologists in Congress. When you look at all the
impacts of science and technology, doesn’t it seem to
you unacceptable that policy decisions are being made
largely by people who have no understanding of engineering? Doesn’t it seem like there should be better
representation?
Secretary of State Condoleezza Rice and Bill Hammack during
his Jefferson Fellowship at the State Department, 2005.

RML: What was your mission?

DR. HAMMACK: It absolutely does. In fact, Sam
Florman wrote in an article that engineers are always
“‘on tap,’ never ‘on top’” in relation to the political
process.1

DR. HAMMACK: I had two things. I was part of
the Korea desk. The desks deal with the embassies
and answer questions for them. One of the interesting
issues was the nuclear weapons program of North Korea
(the DPRK, as we said). I also served in nuclear safety
and security, as the point of contact for Department of
Energy people who were gathering up unenriched uranium at research reactors.

RML: Sam is a great guy. He is sort of the godfather of
this column, to be honest.

RML: I’m curious about outreach in terms of informing
the public of the merits of engineering but also public
policy issues associated with engineering. Why do you
think there are so few engineers who seem to be interested in getting involved in politics, in elected office,
for example? There are at most a handful of people in
Congress who have backgrounds in engineering. Why
do you think that is and do you think it should change?

RML: Tell us about Engineer Guy.

DR. HAMMACK: I suspect it’s just because it’s messy.
If you’re an engineer, you’re used to ‘let’s start this’ and
‘let’s do this.’ You’re bound by all sorts of things.
The most I’ve done with public policy was at the State
Department. The idea there was to get engineers more
involved in the decision making. Most of the Jefferson
Fellows worked in scientific offices in the department,
and they actually had large impacts on export controls
and that kind of thing.

DR. HAMMACK: I still draw on some of his ideas.
For example, why is the last engineer everybody can
name Thomas Edison? What has happened? I suppose
today we could mention Elon Musk. There’s something
poignant and something important about the question.
It’s partly a measure of our success, isn’t it?

DR. HAMMACK: While I was in Washington, which
is well over a decade ago, I discovered this thing called
YouTube. It seemed really interesting. Part of its appeal
was that it was new media, which I will define.
There are two components to making what people
our age call new media: means of production and of
distribution. Before the digital revolution, you had no
means of production. You couldn’t get a good camera
and film without spending a lot of money. Now, though,
you can use an iPhone if you need to. And we didn’t
have means of distribution. You could make something,
but you couldn’t get a theater to run it, and you certainly couldn’t get it on NBC, ABC, PBS, or CBS.
1

Florman SC. 1989. The civilized engineer. Issues in Science and
Technology 5(4):82–88 (p. 85).
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Bill Hammack in his Engineer Guy video studio at the University of Illinois at Urbana-Champaign. Photo credit: L. Brian Stauffer.

Now I can flip on a live YouTube feed and reach a
million viewers right from my office. In fact, I accidentally broadcast an oven mitt out of focus when I was
trying to play with livestreaming not long ago. I was a
little surprised because I was trying the live broadcast
and I thought I had set it to private and people started
commenting on it. I took it down and people got to
hypothesizing what it was so I just put it back up.
Anyway, after that time in Washington I came back
and I thought about options. When I was in public
radio we had a lot of gatekeepers. I had my local station where I produced commentaries, which would
play regionally. If I wanted to be on Marketplace, we
would pitch them a piece. There was an editor named
Celeste who would then take it to Barbara and take
it to one more level and they would decide whether
to accept the proposed piece. That’s how old media
works.
In new media, there are no gatekeepers. Of course,
there’s a huge downside to that—we can see that with
people who Tweet and post things that they regret.
Gatekeepers would have helped them!

But the possibility of directly reaching an audience
appealed to me. I had never worked in video so I read
a book called the Grammar of the Film Language. I got
a camera. My department gave me an old lab, which I
turned into a studio. I still have it. I sat on the floor and
tried different angles and different things and made six
or seven videos. And I utterly failed in YouTube land.
I started by making videos that were kind of goofy,
because at the time on YouTube that’s what was really
popular, like all those cat videos. I was treating it as if it
were not a serious medium at all.
Humor, as I knew from public radio, distances people. It attracts some people but puts off about an equal
number. So I rethought it and we did videos that are
a little more serious, they’re authentic. It’s the same
advice you get for dating: Be yourself. If you’re an obese
middle-aged man and you like to talk about pop cans
then do that.
But this is also an interesting thing about new media.
If I had to pitch my idea to ABC, CBS, NBC, maybe
even PBS—‘how about if a middle-aged man talks
11 minutes about a pop can?’—that wouldn’t make it
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anywhere. But with new media failure is cheap and we
can try things and see what works. That appealed to me.
That and just be yourself, talk about things you enjoy—
your passion and authenticity will come through. That
turned out to be extremely successful.
CHF: I watched your Engineer Guy video on the
engineering of a disposable diaper because it’s such an
unlikely topic. You’re right: You come across as serious,
authentic, and genuinely interested. You’re very clear
and effective in explaining everything. And, as I’m sure
you already know, you have a fabulous radio voice—
that helps.
DR. HAMMACK: The origins of that video were that
I have small children. I had changed at that point 2000
diapers.
CHF: You counted them?
DR. HAMMACK: My wife, who’s a veterinary oral
surgeon now, trained and previously worked as an engineer. So we estimated it: how many times a day, how
often…. Changing diapers was one of my tasks, so I got
to thinking: ‘How do these things work?’ My natural
inquisitiveness led to the video.

I had changed 2000 diapers
and I got to thinking,
‘How do these things work?’
It’s nice of you to say that it’s clear. We make storyboard
versions of each video (they’re on engineerguy.com).
We send them out to sets of viewers—1000 people have
signed up to look at these and maybe 100 look at them.
We use their comments to find out what they didn’t
understand, streamline the video, or we get an expert
who corrects us. We like both ends of the spectrum, the
people for whom this is new and the people for whom
it’s old. For example, in the early draft of the video we
used yellow food coloring and we got a clear message:
Don’t do that. We changed to blue.
CHF: A little too realistic.
DR. HAMMACK: Once it was pointed out to me, I
could see that also.
RML: What kind of film crew do you have?

DR. HAMMACK: Over the years I’ve made them with
two or three undergraduate students. They stick with
me for a couple of years. I wrote a book with two of them
and still pay them royalties!
Remember that these kids are saturated in the digital age. They’ve probably been making videos since
age 12 on mom and dad’s phone. They’ve also watched
YouTube and they want to be part of something big
on YouTube. Most of the videos include their names at
the end. I’ve done a few by myself, but usually it’s with
a group of undergraduate students.
RML: And they participate either in the filming or
onscreen?
DR. HAMMACK: The roles vary from developing
the ideas to writing the scripts to making the props and
things. It depends on the student. Everything you see
in a video is usually modified. We have a machine shop
and often have things that are specially made to allow
you to see them a little better, for example. In the shop
they can cut things open and make models for us.
RML: How do you choose the subjects of your videos?
DR. HAMMACK: That is difficult. The overarching
thing that I want to communicate is that engineering is a creative thing, like Richard Blanco writing a
poem.2 You’re being creative and using the creative
parts of your mind. We want to highlight something
that’s c lever, that’s unexpected, and that reminds you
of that c reativity. We would really like it to be something that you can have or hold.
A pop can is an ideal example of one of our subjects.
Most people haven’t ever really looked at it. I hear from
people who never noticed the numbers on the bottom
of the cans—they tell me they now look at them. Or
when they go to the store, they pick something up and
look at it and think about it in ways they didn’t think
about it before—and that takes them back to the creative process of designing. Those are the main criteria.
Obviously, the object has to interest me too.
Because the items are touchable, we end up doing a
lot more mechanical engineering. The hard part actually is chemical engineering. The closest I’ve gotten to
that is the diaper. That is really quite difficult to communicate visually in an interesting way.
CHF: You did a great job with the polymer in the disposable diaper.
2

Richard Blanco, poet and civil engineer, was interviewed in the
fall 2014 issue of The Bridge.

FALL 2021

DR. HAMMACK: Those things are fantastic. They’re
amazing. I have a colleague here who helped me quite a
bit in developing some of the things used in the diaper
video.
My next videos are based on this book that I just sent
to the publisher, there will be a set of companion videos
that go with it. It’s a book about how engineers think—
what are the principles and methods and heuristics they
use in order to do things? It’s filled with stories about
engineers, how they’ve created things with this superstructure of the engineering method.
CHF: Who’s your intended audience?
DR. HAMMACK: It’s a popular book. As I like to
point out, it may not be popular, but it’s a popular book
in the sense in that it’s for a general audience. Same as
the YouTube videos. I like introducing people to things.
For example, I tend to teach freshman and sophomore
courses. I like the first time somebody is seeing something. That may be because I get confused with mathematical details in the higher-level courses, or it may be
because I prefer it.
Once an Uber guy picked me up (this was pre
pandemic) and when I got in the car he said, “Man, I
love your videos.” That’s who I’m making them for. I’m
not making them for my fellow engineers. I’m making
them for somebody who’s driving Uber and wants to
think. That was a nice moment.
RML: Let me follow up on that. I know you’ve been
the recipient of some prestigious awards.3 That kind
of “feedback” is obviously very good. What about the
public? Do people write to you and say, “You explained
something I’ve been thinking about for decades and
never understood.” What kind of feedback do you get?
DR. HAMMACK: I get lots of feedback, especially
on YouTube. I also have a text number for Engineer
Guy and people text me. They’re very polite. And I get
emails, from young people to the most recent one from
somebody who was 75 and watching the videos. The
feedback is almost completely positive. I also hear from
people who say they’ve become an engineer because of
this, which always feels good to me. That’s part of the
purpose: to broadly educate the public.
3 Bill Hammack has most recently received the 2021 National
Science Board’s Public Service Award, the 2020 Hoover Medal
from the American Institute of Chemical Engineers, and the
2020 Ralph Coats Roe Medal for Significant Contribution to the
Public Understanding and Appreciation of the Engineer’s Worth
to Society from the American Society of Mechanical Engineers.
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The videos are licensed under Creative Commons,
which allows anyone to use them without asking permission, and hidden in the large number of views is a
stunning range of uses. A small sample (from the few
who asked permission!) demonstrates how the videos
exemplify the key reasons for communicating engineering to the public.

I like introducing
people to things.
I like the first time somebody
is seeing something.
The videos have been used to create a technologically savvy workforce: Around the globe large industrial firms use them to train their employees—General
Motors, Disney, Hitachi, telecommunications giants in
the US and Japan, and aluminum can manufacturers
in Spain and Brazil. Small firms essential to the industrial supply chain also use them to train their workers:
an Ohio injection molding firm that supplies Toyota,
one in Michigan that serves the automotive sector, and
a Texas manufacturer of figurines. A fire safety company
uses the Faraday video series to educate and train firefighters on the science of flame.
They’ve been used in classrooms in the US and
around the world—Germany, Canada, the Netherlands,
and Turkey—to demonstrate and clarify for students
central concepts for engineering science and to introduce K-12 students to engineering. So in a sense these
videos are a public service—as done in this digital age.
RML: We live in such a technologically intense world.
People have questions and don’t know where to turn to
get information that they can understand. I think what
you’re doing is very important.
Let me ask another question. I’m thinking of the
engine failure on a recent United Airlines flight.4
People saw pieces of engine shrapnel, but the parts that
fell to the ground were not the failure. The failure was
in the engineering, apparently, in some of the turbine
4 On February 20 a Pratt & Whitney engine on a Boeing 777
failed shortly after takeoff from Denver International Airport;
engine debris fell in a residential area 18 miles north of the city.
There were no fatalities or injuries.

The

BRIDGE

86

blades. Do you deal in your broadcast with engineering
failures and try to put the public mind at ease in terms
of what happened?
DR. HAMMACK: We did a series on failure, but it was
a different angle. It was more to debunk urban myths. I
tackle that a little bit in the book.
When we judge engineers and their performance,
we need to look at what was the state of the art at the
time, because an engineer is solving with incomplete
information and doing the best they can. If you want to
wait for complete information, then you are not going
to have, for example, some of the medicines and other
products that people rely on. Part of being an engineer
is solving with incomplete information.

Engineering is never more
successful than when it’s
invisible. In a video I like to
make something apparent
that wasn’t apparent before,
to make it visible.
Another point I make in the book is to understand
engineering methods. It helps to understand how a failure might have happened and how it might be fixed and
what are reasonable expectations.
That brings us to that old joke: If it’s a success, it’s a
scientific marvel. If it doesn’t work, it’s an engineering
failure.
Actually, engineering is never more successful than
when it’s invisible. How often do most people think
about their furnace or what it is? I didn’t think about
mine until it failed. So our success as engineers can
make us anonymous because of the reliability of the
things we do. What I like to try to do in a video is
make something apparent that wasn’t apparent before,
to make it visible.
CHF: Have you done a video on how refrigerators
work?
DR. HAMMACK: I have an air conditioning unit the
machine shop has helped me cut up and take apart. I
haven’t gotten around to doing that yet.

CHF: Are you still doing the Engineer Guy videos?
DR. HAMMACK: Yes, although I’ve slowed down a
bit, what with writing the book, and being at home with
two small children during the pandemic—my wife was
as busy as ever since animals’ jaws did not stop breaking
during the pandemic. But I’m anticipating getting back
in the studio in a few weeks to produce the videos that
go with the book. I’m excited about that.
CHF: Did you choose your moniker, Engineer Guy, as
an intentional counterpart to Bill Nye the Science Guy?
DR. HAMMACK: No. At the time, it had to be
tied into a domain name. We struggled with finding a
domain name that was a reasonable kind of title and
that was available and we ended up there. I didn’t think
of that connection; it was probably somewhere in the
back of my head.
CHF: Like you, he was a winner of the Carl Sagan
Award for Public Appreciation of Science.5
DR. HAMMACK: Yes. I’m pretty sure he’s a mechanical engineer.
RML: Bill, I have a pragmatic question. You produce
videos basically on your own schedule, you don’t have
any contractual obligation to produce x number of videos every month, is that right?
DR. HAMMACK: Right. Just as professors have a
research program, the department regards this as my
research program. They would not monitor whether you
published your paper yet or not; they’re interested in the
integral over time.
CHF: Do your students get credit for helping you with
the videos?
DR. HAMMACK: They’ve gotten credit if they
worked on tasks that involve technical aspects of working out the problem—like maybe the polymer chemistry
in that diaper video. Then yes, they can earn credit.
CHF: You’ve done some interesting travel for some
of your presentations—the sewers and Eiffel Tower in
Paris, the Icehotel in Sweden, which I personally want
to go see. Obviously, all travel was called off during the
past year. Do you have other travels and sites in mind?
DR. HAMMACK: No. The Icehotel is the favorite of
all the pieces I’ve done. It was −40° Fahrenheit. The
5

Bill Hammack won the award in 2019, Bill Nye in 1997.
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Bill Hammack in his studio at the University of Illinois with a student (Sahil Patel). Photo credit: L. Brian Stauffer.

batteries in my recorder would last 3 minutes at a time.
It took me 3 or 4 hours to realize this; ‘Why,’ I said to
myself, ‘do I keep bringing bad batteries?’
We don’t have much travel scheduled now. We’ve
debated whether to bring the cameras out and see if
we could go around the world and look at engineering
things. I would like that. I think you could go all over
the world and find things that you haven’t seen before
that are engineered.
In Russia, there’s a statue of Peter the Great on a
horse, and it’s mounted on a huge rock that weighs
1500 metric tons. Somebody had to move that rock in
the 17th century, and the apparatus they used is fascinating. I think there are all sorts of stories like that out
there to tell.

rosion around the base, and I said to her, “I don’t think
this thing is going to last.” [laughter]

RML: I agree with that. I’m a corrosion engineer. The
first time my wife and I were in Japan, we were visiting
in Kamakura, where there’s a giant Buddha built in the
13th century. Carolyn, who’s a painter, was looking at
this Buddha, taking photographs from 100 yards away to
try to capture it all. I was up close looking at all the cor-

DR. HAMMACK: I worked in that a little bit years
ago when I was studying some materials in high pressure. The way you make a liquid metal amorphous is to
put it on a wheel going 60 miles an hour.

DR. HAMMACK: There’s a famous ancient iron pillar
in Delhi that doesn’t corrode.
RML: Some structures are made with materials that
appear to have the characteristics of what are today
called metallic glasses. These materials are non
equilibrium solids and they’re produced by rapid solidification; if you cool a liquid fast enough, you can inhibit
its crystallization. How the ancients did this, we don’t
know, but they constructed mirrors and other structures
that have resisted corrosion for centuries. When you
look at their structure, they seem to be amorphous, as
in amorphous glasses.

RML: That’s right. You get rates that are tens of thousands of degrees per second. It’s fascinating.
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DR. HAMMACK: But how do you do that in the 13th
century?
RML: That is exactly the question.
DR. HAMMACK: I think that would be interesting to
look at in the context of our buildings, things, cars….
RML: My point was that some of this is obviously in
the eye of the beholder. My wife was looking at the
aesthetics and the beauty and the art involved and I
was looking at the structure. We both appreciated these
magnificent pieces of ancient history, but we looked at
them from different perspectives.

With every medium I need to
play with it to understand it,
otherwise the temptation with
a new medium is to make it
like the old one.
We all have different perspectives on what we do,
what we see, how we see things, how we express our
views of things. I think that’s symptomatic of what it
means to be a human being.
DR. HAMMACK: I think so. Remember Henry
Petroski’s great phrase, To Engineer Is Human.
RML: Oh yes. Henry’s a wonderful writer.
CHF: Bill, looking at the long term and given
what you’ve done—books and videos and radio
commentaries—where do you see yourself going with
your interests in outreach and communication?
DR. HAMMACK: I’m not sure. It’s only in the last
4–5 years that we’ve been able to go live. I can go up to
my studio, we have the computers and the apparatus,
we can stream high-resolution live video. That’s been
on my mind, although I don’t know what to do with it.
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live. But I’m fascinated by it.
Is some kind of real-time interactivity possible? Can
something happen in real time that attracts a viewer or
a listener to engage in real time? I don’t know.
I find with every medium that I need to play with it
to understand it, otherwise the temptation with a new
medium is to make it like the old medium. My favorite example is early movies, which had curtain drops in
them because that’s how stage shows worked.
So I tend to get in there and play with a new medium
and find out what use evolves. My longer-term horizon
is figuring out what “live” means and asking what can
be done with that.
RML: My sense, Bill, is that much of what you’re doing
is instructional in both the topics you choose and the
way you treat them. And with any instructional process, people usually have questions. If you could do this
live, I think it would further improve understanding
because people could express their uncertainties and
get a reaction or an answer.
DR. HAMMACK: That’s one aspect. Also, you can
make an event somehow. On Twitch, for example,
there’s a guy with an engaging personality and 100,000
viewers commenting as they go along. You get very raw
thought there. It’s fascinating to me.
CHF: Cool. Another idea that occurred to me for one
of your Engineer Guy videos is the engineering of dentures, since your wife works on veterinary dentistry and
orthodontistry, jaws and that kind of thing.
DR. HAMMACK: I did a little bit based on her work
in the Nitinol video I did, which is what they make drills
out of for doing root canals. She does a lot of root canals.
One recent thing that’s interesting to me, I bought a
sous vide and have been using it. We’ll see where that
goes.
RML: Bill, we’re approaching the end of our hour and I
want to say I’ve enjoyed this enormously.
CHF: Thank you, Bill. This was a pleasure.
DR. HAMMACK: Thank you for inviting me to chat.
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NAE News and Notes
NAE Newsmakers
Robert D. Braun, director for
planetary science, Jet Propulsion
Laboratory, received the National
Space Society’s Space Pioneer
Award, which he shared with Rob
Manning, JPL’s chief engineer. The
award was presented in recognition of contributions to solving the
problem of entry, descent, and landing for the Mars rovers Curiosity
and Perseverance, one of the most
difficult challenges facing robotic
exploration in the 20th century.
The award was presented at the
NSS annual International Space
Development Conference held virtually in June.
At the Compound Semiconductor
Week Conference held May 9–13,
two NAE members were honored.
Steven P. DenBaars, professor
and codirector of the Solid-State
Lighting Center, Materials Department, University of C
alifornia,
Santa Barbara, received the ISCS
Quantum Devices Award “for the
development and commercialization of nonpolar and semipolar
quantum well laser diodes in laser
lighting, automotive and general
illumination.” The award is given
to individuals for pioneering contributions to the fields of compound
semiconductor devices and quantum
nanostructure devices that have
made a major scientific or technological impact in the past 20 years.
John E. Bowers, director, Institute
for Energy Efficiency, and professor,
Department of Electrical and Computer Engineering at UCSB, was
given the IPRM Award for “contributions to the development of III-V/

Si p hotonics and heterogeneous integration techniques with the pioneering demonstration of hybrid indium
phosphide/Si laser.” This award recognizes individuals who have made
an outstanding contribution to the
indium phosphide community.
Charles Elachi, professor emeritus of electrical engineering and
planetary science, California Institute of Technology, has received
the Distinguished Alumni Award,
“for his distinguished leadership in
space exploration and planetary science as the longtime director of the
Jet Propulsion Laboratory, where he
was instrumental to realizing missions across the solar system including our own planet Earth, and for
his many contributions helping to
map out NASA’s long-term scientific future.”
Andrés J. García, executive
director and Regents’ Professor,
Petit Institute for Bioengineering
and Bioscience, Georgia Institute
of Technology, is the 2021 recipient
of the Class of 1934 Distinguished
Professor Award, the highest honor
given to a Georgia Tech professor.
The award is presented to a professor who has made significant, longterm contributions to teaching,
research, and public service.
David Harel, William Sussman
Professor of Mathematics, W
 eizmann
Institute of Science, was elected
president of the Israel Academy
of Sciences and Humanities. He
began his new role on September 7.
The Israel Academy of Sciences and
Humanities was chartered by law in
1961 to bring together the best sci-

entists and researchers to foster and
promote science in Israel.
The SME International Honor
Awards recognize leaders from
industry and academia for their
contributions to manufacturing,
research, education, scientific
publications, and service to SME.
Thomas R. Kurfess, chief manufacturing officer, Manufacturing
Demonstration Facility, Oak Ridge
National Laboratory, received the
2021 Albert M. Sargent Progress
Award for the fundamental development of large-scale computing
capabilities leveraging low-cost,
high-performance computing systems to analyze large-scale manufacturing metrology datasets.
Cato Laurencin, University
Professor and Albert and Wilda
Van Dusen Distinguished Professor
of Orthopaedic Surgery, University of Connecticut Health C
 enter,
Farmington, has been awarded
the prestigious Spingarn Medal
by the NAACP, the nation’s oldest civil rights organization. The
medal is presented for the “highest
or noblest achievement by a living
African American during the preceding year or years in any honorable field.” The award recognizes
Dr. L
 aurencin’s accomplishments
in tissue regeneration, biomaterials
science, nanotechnology, and
regenerative engineering, a field he
founded. He is the first engineer, the
fourth physician, and the fifth scientist to receive the Spingarn Medal,
and one of just 25 individuals and
the only surgeon to be elected to all
three National Academies.
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Asad M. Madni, retired president, chief operating officer, and
CTO, BEI Technologies Inc.,
and independent consultant, has
been elected an international fellow of the Canadian Academy of
Engineering. He has also received
the 2021 IEEE Sensors Council
Advanced Technical Achievement
Award in the area of Sensor Systems and Networks for “seminal
contributions to the development
and commercialization of electronic
sensors, systems, and instrumentation for aerospace and automotive
safety.”
Susan S. Margulies, professor
and chair, Coulter Department of
Biomedical Engineering, Georgia
Institute of Technology and Emory
University, has been chosen by the
National Science Foundation to
head the Engineering Directorate, which supports fundamental
research in emerging and frontier
basic research areas. Dr. Margulies
is internationally recognized for
spurring paradigm shifts in pediatric
traumatic brain injury and lung
injury associated with mechanical
ventilators, with the goal of opening avenues for prevention, intervention, and treatment of these
injuries. She is the first biomedical
engineer to lead the engineering
directorate.
Margaret R. Martonosi, Hugh
Trumbull Adams ’35 Professor,
Department of Computer Science,
Princeton University, received
the 2021 ACM/IEEE CS EckertMauchly Award at the ACM/IEEE
International Symposium on Computer Architecture in June. The
award is known as the computer
architecture community’s most

prestigious. Professor Martonosi
was recognized “for contributions to
the design, modeling, and verification of power-efficient computer
architecture.”
Gary S. May, chancellor, University of California, Davis, was
recognized with the 2021 AAAS
Lifetime Mentor Award. The
award honors researchers who have
positively impacted a department
or institution over the course of
25 years through mentoring students who are underrepresented
in STEM fields, such as women,
African American, Native American, and Hispanic men, and people
with disabilities. During his 30 years
as a professor of engineering and an
administrator, May has founded several programs that support underrepresented minority students in
STEM. He received the award in a
virtual ceremony February 10 during
the 187th AAAS annual meeting.
Chad A. Mirkin, George B.
Rathmann Professor of Chemistry
and director of the International
Institute for Nanotechnology at
Northwestern University, will
receive the 2022 Acta Bio
materialia Gold Medal. The award
recognizes demonstrated leadership in the field of biomaterial science and engineering. The medal
will be presented at the Society
for B
 iomaterials annual meeting in
April 2022.
Sanjit K. Mitra, professor
emeritus, Electrical and Computer Engineering, University of
California, Santa Barbara, has been
elected a corresponding member of the Academia Nacional de
Engenharia (Brazilian Academy of
Engineering).

Sumita B. Mitra, founder and
partner, Mitra Chemical Consulting
LLC, has won the European Inventor Award 2021 in non-European
Patent Office countries. Dr. Mitra
is the first to have successfully integrated nanotechnology into dental
materials to produce stronger and
more aesthetically pleasing fillings.
José N. Reyes Jr., cofounder and
chief technology officer, NuScale
Power LLC, was honored by the
American Nuclear Society with the
2021 Walter H. Zinn Medal during
the ANS annual meeting in June.
The award celebrates an individual’s
outstanding contributions to the
advancement or implementation
of nuclear technology. Dr. Reyes
received the medal for “revolutionizing 21st century nuclear power” by
cofounding NuScale and designing
its innovative power module.
Moshe Y. Vardi, the Karen
Ostrum George Distinguished Service Professor in Computational
Engineering, Department of Computer Science, Rice University, has
won the 2021 Donald E. Knuth
Prize, one of theoretical computer
science’s most prestigious annual
awards. He was honored for “highimpact, seminal contributions to the
foundations of computer science.”
Robert S. Ward, president and
CEO of ExThera Medical Corporation, has received the 2021 Award
for Innovation in Healthcare and
Bioscience from BioMedSA. He is
recognized for his lifetime achievements that have benefited millions
of patients, including most recently
the development of the Seraph 100,
a groundbreaking device that saved
the lives of patients with covid-19.
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2021 Japan-America Frontiers of Engineering Held Virtually
The 2021 Japan-America F rontiers
of Engineering Symposium (JAFOE)
was held virtually June 23–26. It
brought together approximately
60 early-career engineers from US
and Japanese universities, companies, and government labs to discuss
leading-edge developments in four
engineering fields: soft robotics,
mitigating sea level rise, blockchain,
and machine learning and AI for
mental health. The organizing committee was cochaired by David Tse,
Thomas Kailath and G
 uanghan Xu
Professor in the School of Engineering, Stanford University, and
Hidemitsu Furukawa, professor of
mechanical systems engineering,
Yamagata University.
Whereas conventional robots
are built from rigid parts and joints,
humans and other organisms found
in nature consist primarily of soft

Screenshot of a virtual breakout room.

materials. Building soft robots is
motivated by the need for robots that
can carry out delicate tasks, such as
handling bread or picking fruit, and
interact safely with humans, for
example, holding a hand or assisting the disabled. In addition, robots
built from soft materials have a much
greater degree of freedom of movement, which allows them to navigate
complex pathways or grasp a variety
of objects (an octopus is an exceptional example). The first speaker
gave an overview of the field, and
this was followed by a presentation
on the role of soft robotics in industry.
The next talk discussed bioinspired
robots, that is, robotics inspired from
movements, mechanisms, and capabilities found in nature. The session
closed with a talk on the importance
of soft materials and chemistry in
emerging robotics.

The session on Mitigating Sea
Level Rise (SLR) noted that SLR is
a major factor impacting resilience
and sustainable development around
the world. These impacts are more
noticeable in coastal urban areas
where millions of people and critical infrastructure are concentrated;
they may include disappearance of
low-lying islands, coastal erosion,
nuisance flooding, and saltwater
intrusion to freshwater aquifers.
The session addressed state-ofthe-art scientific and engineering
technologies to better understand,
adapt to, and mitigate impacts of
SLR in a world undergoing climate
change. The first speaker discussed
SLR adaptation and mitigation
pathways illustrated by a case study
in Miami-Dade County. The next
presentation reviewed technologies to characterize and commu-
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nicate global impacts of SLR and
vulnerability of coastal communities. The third speaker explained
that, although in the geological past
hyperthermals helped Earth recover
from rapid global warming, it is difficult to apply similar mechanisms
to current human-caused global
warming, so geoengineering and
social adaptation solutions must be
considered. The final presentation
covered the current status, problems, and future challenges of carbon capture and storage techniques
as one solution to reducing anthropogenic CO2.
Blockchains were originally
designed as a tool for maintaining
a shared financial ledger without
needing to trust a single central
party, such as a bank. However,
in the decade since blockchains
were proposed, their potential uses
have expanded from financial systems to more general applications
like computation engines and supply chain management platforms.
Despite the promise of blockchains,
they have not achieved the widespread adoption that was initially
projected. Although cryptocurrencies are widely held, they are not
used for everyday payments, and in
nonfinancial domains blockchains
are still viewed as a fringe technology. The goal of the session was to
explain what blockchains are, why
they can be useful, how technological limitations fit into the picture,

and what innovations are most
likely to impact real-world blockchain adoption. The presentations
covered four areas: (1) an introduction to blockchains and an overview
of their major technical challenges,
(2) how blockchains can be used to
implement decentralized identifiers,
(3) the technical underpinnings of
building secure data-sharing applications supported by blockchains,
and (4) scalability challenges
for transaction processing, given
restrictions by the block transfer
speed between nodes and the limit
of block size.
The final session, Machine
Learning and AI for Mental Health,
introduced challenges and solutions
experienced in this area in Japan
and the United States. The first talk
discussed automatic mental disease
diagnosis from the natural language
processing point of view. The next
speaker focused on how clinical psychoinformatics approaches
can detect individual physical and
mental health patterns. The session
concluded with a presentation on
the use of machine learning to evaluate memory decline and autism.
NAE president John Anderson
and Yoshimitsu Kobayashi, president of the Engineering Academy
of Japan (EAJ), welcomed the group
to the symposium. To accommodate
multiple time zones, the meeting
was held in 4-hour segments over
3 days, and, to allow more time for

discussion, networking and breakout groups were scheduled.
The NAE partners with the EAJ
to carry out JAFOE symposia, which
started in 2000 and are modeled on
the US Frontiers of Engineering
Symposia. Funding for the meeting was provided by The Grainger
Foundation and the National Science Foundation. The next JAFOE
meeting will be held in 2023 in
Japan.
The NAE has additional bilateral
Frontiers of Engineering programs
with Germany, China, and the
European Union. The FOE meetings bring together outstanding
engineers from industry, academia,
and government at a relatively early
point in their careers since participants are generally within 12 years
of receipt of an advanced degree.
Frontiers provides an opportunity
for them to learn about developments, techniques, and approaches
at the forefront of fields other than
their own, something that has
become increasingly important as
engineering has become more interdisciplinary. The meeting also facilitates the establishment of contacts
and collaboration among the next
generation of engineering leaders.
For more information about this
activity, go to www.naefrontiers.
org or contact Janet Hunziker at
JHunziker@nae.edu.

93

FALL 2021

Donor Spotlight

Wesley L. Harris ’95, a member of
the NAE Council, has established
the Wesley and William Harris
Endowed Fund for Underserved
Populations in Engineering to support NAE activities that promote
racial justice, diversity, equity, and
inclusion in engineering. It was
also set up in honor of Wes’s twin
brother, William M. Harris.

“I’m always mindful of the privilege afforded to me by participating, by serving, and by giving to the
National Academy of Engineering,
to be a part of something where the
outcome is for the common good.”
Dr. Harris is the Charles Stark
Draper Professor of Aeronautics
and Astronautics at the Massachusetts Institute of Technology, where
he was previously associate provost
(2008–13) and head of the Department of Aeronautics and Astronautics (2003–08).
Before coming to MIT, he was
a NASA associate administrator,
responsible for all programs, facilities, and personnel in aeronautics
(1993–95); vice president and chief
administrative officer of the University of Tennessee Space Institute (1990–93); and dean of the

School of Engineering and professor
of mechanical engineering at the
University of Connecticut, Storrs
(1985–90). In his early career at
MIT (1972–85), he held several
faculty and administrative positions,
including professor of aeronautics
and astronautics.
Dr. Harris was elected to the
NAE for contributions to understanding helicopter rotor noise,
the encouragement of minorities in
engineering, and service to the aeronautical industry. He also served on
the blue-ribbon committee that
named the 14 Grand Challenges for
Engineering.
He earned his BS in aerospace
engineering at the University of
Virginia and MS and PhD in aerospace and mechanical sciences at
Princeton.
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EngineerGirl Announces 2021 Writing Contest Winners
The 2021 EngineerGirl writing
competition asked students in
grades 3–12 to write an essay saluting engineering’s role in meeting
and defeating the challenges presented by covid-19. Prizes were
awarded to students based on grade
level.
Among 3rd to 5th grade students, Madeleine Gamson-Knight,
a 5th grader at Chabot Elementary School in Oakland, California, placed first for her essay about
the creative mindset of engineers.
In the next grade category, grades
6–8, 6th grader Vivian Foutz from
Joseph T. Henley Middle School in
Charlottesville, Virginia, won first
place for her essay exploring the

ingenuity and resilience of engineers as they designed innovative
solutions to help those impacted
by covid-19. Among 9th to 12th
graders, Siena Lee, an 11th grader
at Asia Pacific International School
in Seoul, South Korea, placed first
for her essay about the global engineering community’s solidarity and
collaborative effort to help end the
covid-19 pandemic.
The 2021 EngineerGirl writing
contest was sponsored by Chevron
Corp. and the Kenan Institute for
Engineering, Technology, and Science. Awards are $500 for first
place, $250 for second place, and
$100 for third place. Certificates are
given for honorable mentions.

All the winners and their essays are
posted at https://www.engineergirl.
org/142108/2021-contest-winners.
EngineerGirl is designed for girls
in elementary through high school
and offers information about various engineering fields and careers,
answers to questions, interviews of
engineers, and other resources on
engineering. Surveys of contest participants indicate that 40 percent
of girls say they are more likely to
consider an engineering career after
writing their essay. EngineerGirl is
part of the NAE’s ongoing effort to
increase the diversity of the engineering workforce.
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Calendar of Meetings and Events
June 22

NAE and Gulf Research Program’s
Offshore Energy Colloquium: Lessons
(Sometimes) Learned and Often Forgotten

September 23–24 EngineerGirl Ambassadors Meeting:
Choosing and Designing High-Quality
STEM Activities

July 14

Laying the Foundation for New and
Advanced Nuclear Reactors in the
United States: Open 2-hour Session with
NuScale Power

October 1

NAE Council Meeting

October 2–4

NAE ANNUAL MEETING

October 6–7;
20–21

Workshop on Promising Practices and
Innovative Programs in the Responsible
Conduct of Research

October 20–21

EngineerGirl Ambassadors Meeting:
Equity and Gender Responsiveness

November 4–5

EngineerGirl Ambassadors Meeting:
Cultural Responsiveness

July 19–20

July 23

September 9

Laying the Foundation for New and
Advanced Nuclear Reactors in the
United States: Meeting #6
Engineering Innovations Empowering
Recovery from the Pandemic
(coorganized with the Chinese Academy
of Engineering and Royal Academy of
Engineering)
Forum on Complex Unifiable Systems
(FOCUS) Virtual Forum on Complex
Food and Agricultural Systems:
Engineering for Sustainability and
Resilience

September 22–24 US Frontiers of Engineering Symposium
(hybrid)
Beckman Center, Irvine, California

November 15–17 2021 EU-US Frontiers of Engineering
(to be determined)
November 18–19 EngineerGirl Ambassadors Meeting:
STEM Community Building Activity
November 30–
December 2

DEPS-NAE Workshop on Infusing
Advanced Manufacturing in Engineering
Education (tentative)

Meetings are held virtually unless otherwise noted.

In Memoriam
Chun-Yen Chang, 81, National
Endowed Chair–Professor and president emeritus, National Chiao Tung
University, died October 12, 2018.
Dr. Chang was elected as a foreign
member in 2000 for contributions to
Taiwanese electronics industry, education, and materials technology.
Paul M. Cook, 96, retired founder and chair, Promptu Corporation, died Decenber 14, 2020. Mr.
Cook was elected in 1985 for his
pioneering application of radiation chemistry to polymers and the

development of innovative technologies in engineered materials.
Jerald L. Ericksen, 96, professor
emeritus, University of Minnesota,
Minneapolis, died June 11, 2021.
Professor Ericksen was elected in
1993 for contributions to con
tinuum mechanics, especially to
finite elasticity, non-Newtonian
fluid flow, and liquid crystals.
Robert W. Farquhar, 83, executive for space exploration, KinetX
Aerospace, died October 18, 2015.

Dr. Farquhar was elected in 2012 for
deep space missions to asteroids and
comets and for leading the NEAR
mission to Eros.
Eugene J. Fasullo, 89, retired director of engineering and chief engineer, Port Authority of New York
and New Jersey, died October 30,
2020. Mr. Fasullo was elected in
1995 for design of outstanding structures and leadership in engineering and management in the public
sector.
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John E. Ffowcs Williams, 85, professor of engineering, University
of Cambridge, died December 12,
2020. Professor Ffowcs Williams was
elected as a foreign member in 1995
for contributions to the theory of
jet noise, and other aspects of aeroacoustics and hydrodynamics.
Richard J. Gambino, 79, chief
technology officer, MesoScribe
Technologies Inc., died August 3,
2014. Dr. Gambino was elected in
2004 for the discovery of magnetic
anisotropy, the enabling technology
of magneto-optical recording.
Gerald D. Hines, 95, chair, Hines,
died August 23, 2020. Mr. Hines was
elected in 2001 for global leadership
in engineering advancements that
set the standard for innovative and
efficient design in the commercial
building industry.
Seiuemon Inaba, 95, retired honorary chair, FANUC Ltd., died October 2, 2020. Dr. Inaba was elected
as a foreign member in 1992 for pioneering achievements in numerically
controlled machine tools and factory
automation and contributions to
engineering research and education.
Wilfred D. Iwan, 85, professor
of applied mechanics emeritus,
California Institute of Technology,
died October 29, 2020. Professor Iwan was elected in 1999 for
research on seismic performance
of structures, and for leadership in
earthquake hazard mitigation and
improvement of public safety.

Justin E. Kerwin, 90, professor
of naval architecture emeritus,
Massachusetts Institute of Tech
nology, died May 23, 2021. Professor Kerwin was elected in 2000
for research and development of
computational methods used in
propeller design and in the prediction of sailing yacht performance.
Prabha S. Kundur, 79, president,
Kundur Power Systems Solutions
Inc., died October 9, 2018. Dr.
Kundur was elected as a foreign

member in 2011 for contributions to
modeling and control techniques to
enhance the stability and reliability
of large electric power systems.
Robert S. O’Neil, 85, principal,
O’Neil and Associates, died February 3, 2021. Mr. O’Neil was elected
in 2001 for leadership in the establishment and growth of environmentally responsible transportation
throughout the world.
Dennis J. Picard, 87, chair emeritus,
Raytheon Company, died October
21, 2019. Mr. Picard was elected in
1990 for leadership in development
of radar computer systems essential
for national security.
Della M. Roy, 94, research professor of materials, Pennsylvania
State University, died March 27,
2021. Professor Roy was elected
in 1987 for internationally recognized contributions to the applied
science and engineering of cement
and concrete.

Frank J. Schuh, 86, president, Drilling Technology Inc., died December 24, 2020. Mr. Schuh was elected
in 1989 for innovation and leadership in the advancement of drilling procedures and design methods,
particularly the technology for highangle drilling.
Richard S. Stein, 95, Goessmann
Professor of Chemistry Emeritus, University of Massachusetts,
Amherst, died June 21, 2021. Professor Stein was elected in 1991 for
pioneering investigations of the
relationships between structure and
properties of semicrystalline polymers and polymer blends.
Sheldon M. Wiederhorn, 88, senior
NIST fellow emeritus, National
Institute of Standards and Technology, died June 3, 2021. Dr.
Wiederhorn was elected in 1991
for outstanding advancements in
the development and application of
test methods and basic understanding of the mechanical properties of
ceramics.
John J. Wise, 89, retired vice president, research, Mobil Research
& Development Corporation,
died June 13, 2021. Dr. Wise was
elected in 1986 for inspiring technical contributions and leadership
in the development and commercialization of important petroleum,
petrochemical, and synthetic fuels
processes.

Invisible Bridges
The Greatest Show on Earth

Guru Madhavan is the
Norman R. Augustine Senior
Scholar and senior director of
NAE programs.

Long before Times Square blinked to light, New York
City had the shimmering Crystal Palace, centerpiece
of the Exhibition of the Industry of All Nations, a
World’s Fair that began in the summer of 1853. For
a 25-cent ticket, throngs marveled at the multitiered
structure of iron and steel. Poet Walt Whitman called
it “Earth’s modern wonder.”1 Inside were the technological wonders of the age. An English whaling gun
was said to look as if it could “do some execution upon
the monsters of the deep.”2 An automated tobacco
roller cut and wound 18 cigars a minute, superseding,
ominously, hand labor.
But the wonder that still resonates today began with
a May 1854 demonstration by Elisha Graves Otis.3
The 42-year-old engineer was a bedframe maker and
a tinkerer with a passion for fixing faults and frailties. In his trim Victorian suit and silk stovepipe hat,
Otis mounted a wooden platform secured by notched
1

Whitman W. 1900. Song of the Exposition (line 95). In: Leaves
of Grass. Philadelphia: David McKay.

2

Crystal Palace notes (1854). In: Scientific American 9(39), p.
309.

3 This story has been recounted numerous times, including, for
example, in Miller DL, 1996, City of the Century: The Epic
of Chicago and the Making of America, New York: Simon &
Schuster; and Bernard A, 2014, Lifted: A Cultural History of the
Elevator, New York University Press.

Inspired by the name of this quarterly, this column reflects on the
practices and uses of engineering and its influences as a cultural
enterprise. This issue’s column also appeared in Issues in Science
and Technology in August.

guide rails. His assistant then hoisted the platform
some 50 feet above the ground, grabbing the crowd’s
attention.
Otis was there to correct a fault of his own making.
Although he had developed an elegant solution to the
problem of cable failure in platform elevators that made
use of a hoist with a passive automatic braking system,
none had sold. It wasn’t because people didn’t need
them: Elevators often catastrophically broke down in
granaries and warehouses, killing and maiming their
passengers. Otis realized that his design, though superior
and straightforward, needed showmanship. The World’s
Fair was his moment to flaunt his vertical flight of fancy
and function.
When the assistant dramatically used an axe to cut
the suspension cable holding the platform, the crowd
gasped in shock. It appeared to be an act of lunacy—and
suicide for Otis, who stood on the platform. However,
the platform stopped with a jerk just a couple of feet
lower as the braking system arrested the freefall. “All
safe,” Otis reassured the viewers, “all safe.”
And thus the crucial safety innovation that led to
the launch of the modern vertical city was enabled by
a now legendary stunt. It’s impossible to imagine life
without it.
Otis’s demonstration exemplifies a time-honored
formula that mixes technology and design with entertainment. In some fields, “demo or die” has come to
supplant “publish or perish”—highlighting the fact that
products or people, no matter how deserving, will not
advance unless they are first noticed. From Thomas
Edison’s electric theatrics to Steve Jobs’ turtle-necked
stage flair, the demo culture has thrived on symbolism, spotlight, and special effects in which pomp is the
essence of persuasion.
Still, magicians will tell you that a trick will fail if it
lacks meaning, no matter how incredible. There must
be a link between the magic and its purpose. Showmanship “brings out the meaning of a performance and
gives it an importance that it might otherwise lack,”
the writer and magician Henning Nelms observed.
“When showmanship is carried far enough, it can even
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create an illusion of meaning where none exists.”4 And
of course, meaning is something that technology often
needs desperately when it has not yet attained a place
in our lives.
When someone asked Phineas Taylor Barnum to
describe the qualifications of a showman, the brisk
ballyhooer said that the person “must have a decided
taste for catering for the public; prominent perceptive
faculties; tact; a thorough knowledge of human nature;
great suavity; and plenty of ‘soft soap.’” When asked just
what “soft soap” was, he clarified: “getting into the good
graces of people.”5 These human factors are as relevant
to engineers as well.

4

latest new feature or flavor. Or a promo for ventilation, sanitation, and disease surveillance systems, all
significant public health achievements made possible
by invisible engineering. Or a modern-day Elisha Otis
demo that captures the public’s attention about the
powers of safety standards, quality management, and
preventive maintenance in elevators. All of which our
lives—literally—depend upon.
Maintenance may seem too pedestrian to be a candidate for showmanship. As scholars Daniel Kammen and
Michael Dove suggest: “Academic definitions of ‘cutting edge’ research topics exclude many of the issues
that affect the largest number of people and have the
greatest impact on the environment: everyday life is
rarely the subject of research.”6 For this reason, innovation and the nonstop narrative around it have become a
cultural default, as ambient as elevator music.
But when the dazzling prominence of innovation
overshadows the subtler, kinder, and attentive acts that
characterize maintenance, it leads to the collapse of
everyday expectations. And these little maintenance
misfortunes may ultimately put a stop to the legitimate
big picture innovations. Why, after all, build a system
if there is no ethic to maintain it well? Maintenance is
not a static process; it builds on change, and just like
innovation, it fuels change. Innovators often claim to
make history, but maintainers start from and sustain the
necessary continuities of history. There can be no useful innovation without a vast invisible infrastructure of
maintenance activity that keeps civilization running.
Nestled between the duties of innovation and maintenance is a responsibility for cultural engineering that
does not end when a commission or contract comes to
completion. It is a perpetual effort to be attentive to
future neglect and decay in our shared dependencies.
Very few subjects are as relevant, and also neglected, as
care and maintenance—acts integral to our survival and
progress, and as crucial as the creation itself. Indeed,
maintenance over a system’s lifecycle may consume
more than it took to make a new system. But the result
is often a catastrophe avoided. Engineers are full of such
half-jokes: today’s innovations are tomorrow’s vulnerabilities. Without maintenance, failures flourish.
Moonshots and their like may inspire us to attempt
the impossible. Still, far more practical value has come
from suitcase wheels than Ferris wheels, no matter how

5

6

Showmanship for
prosocial needs could
move people to action
if the emphasis is on
mindful mending
rather than
blank boosterism.
While showmanship is frowned upon when it is pursued too overtly, it is sometimes unavoidable. Consider
the rousing words of President Kennedy in 1962. “We
choose to go to the moon in this decade and do the other
things, not because they are easy, but because they are
hard.” The showmanship in his words is apparent, and
it got us to the moon. But what of “the other things”? If
we are to take up Kennedy’s bold challenge, it’s time to
elevate showmanship to “do the other things” that he
gestured at, perhaps the necessary things that are less
sexy and more vexy.
Showmanship for prosocial needs could move people
to action if the emphasis is on mindful mending rather
than blank boosterism. Just imagine a prime-time commercial for roads and public works that inspires infrastructure improvements rather than promoting the
Nelms H. 1969. Magic and Showmanship. Mineola NY: Dover
Publications (p. 9).

Barnum PT. 1872. Struggles and Triumphs: or, Forty Years’
Recollections of P.T. Barnum. Buffalo NY: Warren, Johnson &
Co.

Kammen DM, Dove MR. 1997. The virtues of mundane science. Environment: Science and Policy for Sustainable Development 39(6), p. 11.
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flashy the latter are. Maintenance is the unsung partner
that enables innovation. It is both life and—in its connection to history, present, and the future—larger than
any single life. And it needs showmanship to attract the
attention it requires to assume its proper place in our
civic priorities.

Otis never thought he would become a showman
at the Crystal Palace, but P.T. Barnum did.7 History
records that Otis received a hundred dollars for his
stunt from the man. There was no need for an elevator
pitch.

7

Hoover G. 2021. Two billion passengers a day: The Otis story.
American Business History Center, July 4.
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