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02 From the editor

O
ne message of this special issue is how, well, 

normal space exploration has become since 

Neil Armstrong and Buzz Aldrin landed on 

the moon almost exactly 50 years ago. 

The number of satellites launched each year 

is shooting up as rockets get cheaper and satel-

lites get smaller (see the charts on pages 14 and 30). Though only 

a few hundred people have been to space, 

billions depend on it: much of modern life 

would grind to a halt without GPS, satellite 

communications, and imagery from space. 

Apollo’s most important legacy, we argue 

(page 8), wasn’t that it put a person on the 

moon, but that it taught people to manage 

the kinds of gigantic engineering projects 

that have made those once miraculous 

technologies thoroughly mundane. Even 

a return visit to the moon, which could 

happen in the next few years, would now 

be a lot easier (page 48).

If once the biggest problems in space 

were how to get stuff up there, make it 

work, and bring it back, today’s problems 

arise because humanity has gotten all 

too good at doing so. There could soon 

be enough imaging satellites to subject 

everyone on Earth to constant real-time 

surveillance (page 32); there are fights over 

an increasingly crowded radio frequency 

spectrum (page 40); and it can only be a 

matter of time before someone acquires 

both the means and the motive to attack 

someone else’s satellite, potentially launch-

ing the first full-on space war (page 36). 

But if some activities in space have 

become mundane, far more remain out of reach. Hence, the bulk 

of the stories here are about the miracles people are still trying 

to make happen. What makes space glamorous, after all, is not 

the mere act of getting to where no one has gone before, but the 

imagination, ingenuity, and hubris required to do it.

An aura of the mad genius who strives for what others would 

call impossible or foolish clings to many of the people you’ll 

meet on these pages. There’s Dave Masten and his crew, win-

ning a NASA competition with a spacecraft cobbled together 

from, among other things, a discarded trash can lid (page 52). 

The people at Relativity Space, who’ve vowed to 3D-print vir-

tually an entire rocket in 60 days (page 16). (Their CEO, Tim 

Ellis, is also one of our remarkable 35 Innovators under 35, 

whose profiles you can read if you flip the magazine around.) 

Breakthrough Starshot’s Philip Lubin, with his plan to use lasers 

to power a tiny probe to the nearest star at one-fifth the speed of 

light (page 66). Helen Hwang and her NASA team, who had to 

develop a heat shield to withstand ener-

gies no spacecraft had ever encountered 

(page 76). Valentin Glushko, the dean of 

Soviet rocketry, who doggedly insisted on 

designing an engine of a kind nobody else 

had built, which then powered US rockets 

after the Soviet Union collapsed (page 22). The visionaries—or, 

some would say, delusionaries—who saw a future in mining 

asteroids for profit (page 62). 

Technology also leaves its mark on culture, so we’ve included 

brief excerpts of the best astronaut memoirs (page 74), a history 

of how the space age shaped rock music (page 80), and a sci-

ence fiction story about a secret rebellion in a satellite cleanup 

crew (page 84). 

The overall lesson, though, is a simple one: however routine 

some uses of space become, the things we can’t yet do there 

remain a source of wonder and inspiration. And those things 

can quite literally fill a universe.

Gideon 

Lichfield 

is editor 

in chief of 

MIT Technology 

Review. 
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08 The space issue

Fifty years after Neil Armstrong 

stepped onto the moon, it’s hard not 

to conclude that he got things back-

wards. The moon landing was a giant 

leap for a man—Armstrong’s life was 

forever changed—but, in hindsight, 

only a small step for mankind.

It’s not that putting people on the 

moon wasn’t a difficult collective 

achievement—it was. But getting 

to the moon has done little in the 

long run to change human society.

As Roger Launius, an eminent 

space historian, writes in his new 

book Apollo’s Legacy, “At a basic 

level, the president’s Apollo deci-

sion was to the United States what 

the pharaohs’ determination to build 

the pyramids was to Egypt.” Its most 

resonant impact is not a particular 

technology, but simply the meta-

phor: If we can put a man on the 

moon, why can’t we do X? 

The “X’s” that usually come up 

in these discussions, such as figur-

ing out how to solve climate change 

or poverty, “all have some poten-

tial for the application of technical 

solutions,” Launius notes. “But they 

are largely political and social prob-

lems.” And Apollo did not solve any

political or social problems. Other 

“X’s”—say, curing cancer—depend 

on developing whole new forms of 

scientific knowledge. 

By contrast, the success of the 

Apollo program, which at its peak 

employed 400,000 people, rested 

on good engineering management 

of myriad interdependent technical 

innovations, not on scientific revo-

lutions. The Manhattan Project—

which employed 125,000 and cost 

about a quarter as much as Apollo in 

inflation-adjusted dollars—changed 

the world far more by introducing 

 The
shadow
 of 
Apollo

by Konstantin Kakaes

Space technology has changed 
the world—but not in the way the 
dreamers of the 1960s imagined.
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Around the world in 80 ways
The space shuttle did not travel to orbit nearly as often as planned, 

yet it carried far more people to space than any other vehicle.

Vessel Vostok Mercury Voskhod Gemini Apollo Soyuz Space 
shuttle

Shenzhou

Time line 1961–1964 1962–1963 1964–1965 1965–1966 1968–1972, 

1973, 

1975

1967–present 1981–2011 2003–present

Country 

operating

USSR USA USSR USA USA USSR/

Russia

USA China

Total 

launches 6 4 2 10 15 142 135 6

Occupants 

launched to 

orbit

6 4 5 20 45 376 852 14

Space Crewed  Total

stations missions visitors

International Space Station . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94 . . . . . . . . . . . . . . . . .236

Skylab [US] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 . . . . . . . . . . . . . . . . . . . . . . . 9

Mir [USSR/Russia] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .39 . . . . . . . . . . . . . . . . . . 137

Salyut (4) and Almaz (2) [USSR] . . . . . . . . . . . . . . . . . . . . . . .18 . . . . . . . . . . . . . . . . . . . . 39

Tiangong (2) [China] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 . . . . . . . . . . . . . . . . . . . . . . . 8

Total crewed 
orbital launches

319

Occupants launched 
into orbit

1,322
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the atomic bomb. That was a giant 

leap, though maybe not in such a 

good direction.

What can be said for Apollo’s 

impact on humanity is that the man-

agement of complex technical sys-

tems it required is something we 

have indeed grown very, very good 

at. Modern airplanes and comput-

ers are incomprehensibly complex. 

And yet they work—not because of 

Apollo, but for the same reasons.

It is thanks to these sorts of sys-

tems that even though humanity 

hasn’t returned to the moon since 

1972, there has been slow and steady 

progress in human spaceflight, 

remarkable robotic exploration of 

the solar system, and—perhaps most 

important—a profound reordering of 

life on Earth by satellites orbiting it.

To get a sense of how pervasive 

space activity has become, it helps to 

look at some statistics. Since 2000, 

the US, Russia, China, India, and 

Europe have launched large rockets 

successfully 1,125 times, and unsuc-

cessfully only 39 times. That’s a failure 

rate of about 3.5%. Many, if not most, 

of these failures have come in the first 

few launches of a new model, which 

means that the failure rate for tried-

and-tested rockets is even lower. By 

contrast, from Sputnik’s 1957 launch 

to July 1969, 20% of launches failed. 

When Armstrong and Buzz 

Aldrin landed on the moon, 37 men 

and one woman, from the US and the 

USSR, had orbited the Earth. Today 

495 men and 63 women have, from 

40 or so countries. The space shuttle 

was inarguably a disaster: each flight 

was supposed to cost $10 million 

but ended up costing $1.6 billion. 

Fourteen people died when Columbia 

and Challenger were lost. And yet 

the shuttle carried far more people 

to space than any other vehicle. The 

International Space Station (ISS), too, 

is laughably over the originally prom-

ised budget, for negligible scientific 

return—but if human spaceflight 

Where does space begin?
Ever since Sputnik first overflew the United States and did not get shot down, it’s been widely 

accepted that national sovereignty does not extend into space. Exactly where, though, does 

sovereignty end? Despite numerous UN meetings, no consensus exists. Physically, too, the 

line between heaven and Earth is indistinct. What’s space in one context is still atmosphere in 

another, depending on whether you’re a satellite, an astronaut, or a would-be space tourist.

The moon

~240,000 MILES 

would be at the top of 

a 17-story building 

Geostationary orbit

~22,236 MILES

is 4.8 meters from the 

base of this chart 

GPS satellites 

~12,550 MILES

would orbit at about 

2.7 meters (8.8 feet)

On the 

scale of this 

diagram
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above 
Earth

854 miles/1,374 km 

Gemini 11: Highest altitude ever reached by 

human beings except for lunar missions, by 

Pete Conrad and Richard Gordon in 1966.

100 miles/161 km 

An unboosted satellite would last about a day 

before atmospheric drag pulled it to Earth.

50 miles/80 km

The edge of space as the US Air Force, FAA, 

and NASA define it when awarding astronaut 

wings, but not a boundary the US recognizes 

in international forums.

~250 miles/400 km 

International Space Station. It used to orbit a 

bit lower so the space shuttle could reach it, 

but was raised to its current orbit in 2011.

70 miles/112 km

Highest altitude reached in 2004 by Virgin 

Galactic’s experimental SpaceShipOne, 

which won the X Prize for the first privately 

funded vehicle to reach space.

25.7 miles/41.4 km 

Record for world’s highest skydive, set by 

Alan Eustace in 2014.

200 miles/322 km

Unless it’s artificially boosted, a satellite trav-

eling at this altitude would burn up in the 

atmosphere in about a month. Exactly how 

long depends on the size and mass of the 

satellite and on atmospheric fluctuations.

62 miles/100 km

Space begins here, per the World Air Sports 

Federation, which certifies international 

records. Air can support flight up to altitudes 

of 80–100 km, depending on where and when.

16 miles/26 km 

Minimum altitude reached by spy planes like 

the SR-71.

196 miles/315 km

Highest altitude reached by Yuri Gagarin on 

his orbit around the Earth, the first, in 1961.

55.9 miles/89.9 km

Highest altitude reached at the time of writ-

ing by Virgin Galactic’s SpaceShipTwo, which 

is intended to take tourists to space.

7 miles/11 km 

Typical cruising altitude for commercial 

jetliners.
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eventually becomes common, the 

ISS data on how to keep people alive 

and healthy in space for long periods 

will begin to look valuable.

Prior to July 20, 1969, the United 

States had sent two space probes fly-

ing by Venus on brief visits, and one 

by Mars. The Soviet Union had suc-

cessfully received data from three 

Venusian probes. Nobody had sent 

spacecraft through the asteroid belt 

into the outer solar system, and the 

data from Mars and Venus offered 

just fragmentary glimpses.

Today, every planet in the solar 

system has been visited by space 

probes: Mars and Venus many 

times; Jupiter by a pair of orbiters; 

Mercury and Saturn by an orbiter 

each; Uranus, Neptune, and Pluto 

on brief visits. There have also been 

an assortment of missions to comets 

and asteroids.

In 1969, a single space telescope 

had been successfully launched; 

today dozens of such instruments 

have surveyed the skies. Notably, 

the Kepler space telescope discov-

ered 2,343 planets outside the solar 

system—over half of the 3,972 such 

exoplanets found to date. In 1969, 

nobody knew if there were any exo-

planets; today we know they out-

number stars, and also roughly what 

proportion of them are likely to be 

at the right size and distance from a 

star to potentially harbor life.

On July 20, 1969, 116 satellites 

were orbiting the Earth, not count-

ing the moon or Apollo 11. At the 

time of writing, over 2,100 are. But 

their importance has grown much 

more than their sheer numbers: no 

aspect of 21st-century life is imag-

inable without them. 

Communications satellites 

already cover the entire globe. For 

those with even modest resources, 

being out of reach is now more a 

deliberate choice than a logistical 

necessity. Satellite communication 

remains relatively expensive, but if 

Elon Musk and other entrepreneurs 

have their way, this will soon change. 

GPS, on the other hand, is free, cour-

tesy of the US Air Force, which con-

sequently has played the unlikely role 

of driving taxi companies around 

the world out of business and act-

ing as a matchmaker for the millions 

who use apps like Tinder, Grindr, 

and Bumble. Military actions—from 

drone strikes to aircraft-carrier battle 

groups wandering the oceans—are 

so fundamentally mediated by com-

munications and reconnaissance sat-

ellites that it’s impossible to imagine 

the last few decades of world history 

without them.

Cubesats and other small satellites 

have begun to change the econom-

ics of low Earth orbit in important 

ways. Because they are capable and 

lightweight, and hence on the way to 

becoming ubiquitous, one could say 

that we’re in the process of raising 

the surface of the Earth by a few hun-

dred or a few thousand kilometers. 

Just as air travel was once the stuff of 

fable and has become mundane, the 

same has become true for machines 

in Earth orbit.

But unlike satellites, people can-

not be shrunk. So as long as launch 

costs remain high, human travel to 

space will remain rare. Those costs 

have been stuck for a while, in part 

because of the ways in which rocket 

technology, governments, and the 

military got tangled together. Musk 

and Jeff Bezos, with their billions, are 

in the midst of sawing through that 

Gordian knot. But it remains to be 

seen if their efforts will lead to a flash 

in the pan of space tourism for elites 

or a durable giant leap into space, the 

first steps toward colonies on Mars 

or in giant cylinders orbiting the sun.

The Apollo program failed to 

make such a leap. Its success was 

in taking the technology of the time 

as far as it could go, just as the pha-

raohs built the absolute biggest 

pyramids they could. It was a mon-

ument to ingenuity and to deter-

mination. But monuments are, by 

design and by definition, ends and 

not beginnings. 

Konstantin Kakaes is a 

commissioning editor at MIT 

Technology Review and the 

editor of the space issue.

The  
US Air 
Force  
acts as a  
match-
maker  
for the  
millions 
who use 
apps like 
Tinder, 
Grindr,  
and 
Bumble.
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Falcon Heavy1.4

Weight, weight, don’t tell me
It’s tough to say exactly how much it costs to launch a kilogram into Earth orbit, and why. Small 

rockets offer flexibility, and big ones can have economies of scale. However, take the Delta 

IV Heavy, built by Boeing and Lockheed Martin. How much of its $350 million cost should 

be ascribed to the $17 million paid to Lockheed’s CEO in 2018 or to the $30 million paid to 

Boeing’s? On the other hand, SpaceX has attained far lower launch costs with its Falcon rockets.

Saturn V

Falcon 9

Space shuttle

Falcon Heavy

Vanguard

Delta IV Heavy 12
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XS-1
Ever since the 1960s, engineers have 

dreamed of a spaceplane that can be 

reused frequently in a way that makes 

space travel more like air travel. Nobody has yet 

come close. The XS-1, being built by Boeing for 

the Pentagon research agency DARPA, is sup-

posed to be able to make 10 flights in 10 days, 

taking up to 5,000 pounds (2,268 kilograms) 

to orbit for under $5 million. Test flights are 

planned for 2020.

Delta Clipper (DC-X)
Single-stage-to-orbit has long been a 

goal of rocket designers, since avoid-

ing multistage rockets would make 

things cheaper, faster, and more reusable. The 

small-scale DC-X from McDonnell Douglas flew 

several suborbital flights, but the program was 

canceled before a full-scale, orbit-capable ver-

sion could be built. It was a victim, depending 

on whom you ask, of immature technology or of 

shortsighted bureaucrats. Several Delta Clipper 

engineers now work for Blue Origin, whose 

New Shepard rocket is said to be inspired by 

the DC-X.

Starhopper
Starhopper is a prototype of the first 

stage of SpaceX’s planned Big Falcon 

Rocket, or BFR. The company plans to 

use it to send people to Mars, as well as to run 

half-hour shuttle services on Earth between cit-

ies like New York and Shanghai. BFR’s payload 

capacity is about three times that of the Falcon 

Heavy, though Elon Musk has said he believes 

it will cost less to build. An early version of 

Starhopper successfully completed a tethered 

test flight in Texas in April.

Venture Star/X-33
NASA spent over a billion dollars on 

the X-33, a half-scale suborbital ver-

sion of what would have been the 

Venture Star. The full-size craft would have 

been comparable in size to the space shut-

tle, and the agency even built a dedicated $32 

million “spaceport” for it at Edwards Air Force 

Base in California. But NASA and Lockheed 

Martin, the company that built the X-33, had 

many design disagreements, and the program 

was canceled before the rocket ever flew.
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n the closing decades 

of the last century 

and the first decades 

of this one, the average cost 

of launching a kilogram into 

Earth orbit simply would not 

change. The price stubbornly 

hovered above $10,000, 

and new idea after new idea 

failed to break the impasse.

This stymied innovation—

after all, if it’s expensive to 

launch something, it becomes 

tricky to take other kinds of 

risks. But opinion was split: 

Had things stagnated because 

there was never enough 

money to see ideas through? 

Or was it because other 

improvements—in, say, mate-

rials science or autonomous 

navigation—were insuffi-

ciently mature?

All that has changed in 

the last few years as new 

craft broke the deadlock, 

most notably SpaceX’s Falcon 

Heavy, which is about a tenth 

as costly, per kilogram, as its 

closest competitor.

Now the central question 

is whether this is the start 

of a new plateau or whether, 

as Elon Musk hopes, it sig-

nals ever cheaper launches 

and ever more space innova-

tion. The success or failure of 

these systems will help find 

an answer.

I

The race 
to cheaper
 launches

HOW DO WE GET THERE?

By  

Konstantin Kakaes

Illustrations  

by John MacNeill
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15Hits & misses

New Glenn

This rocket has a payload capacity 

by weight similar to that of the Falcon 

Heavy, but it is far wider at seven 

meters in diameter. That means it has twice 

the usable volume. Its first stage will fly back to 

be reused, much like the failed Baikal booster 

(below). Blue Origin, which is building the 

rocket, is tight-lipped on test flight dates but is 

competing for an Air Force contract that would 

require launches as soon as 2022.

Baikal

The Baikal booster, designed in the 

1990s as a reusable first stage for the 

Russian Angara rocket, was an idea 

before its time. Like the first stage of SpaceX’s 

Falcon rocket, the Baikal was supposed to fly 

back to be used again. But unlike the Falcon 

first stage, which uses the same rocket to 

land that it used to take off, the Baikal had an 

additional jet engine for landing, which added 

weight and complexity.

Tethers

Even if rockets can be reused and 

achieve economies of scale, fuel is still 

a major cost. Tethers seek to change 

this in two different ways. One approach works 

like swinging a rope, transferring momentum 

from one end to the other. Tethers Unlimited, a 

startup, hopes to use this technique to “catch” 

satellites that don’t have enough energy to get 

to orbit, and give them an extra boost. Another 

type of tether would use Earth’s magnetic field 

to boost the orbit of satellites attached to either 

end of it. Some test flights have already taken 

place, and the next is scheduled for June.

HL-20/HL-42
In the wake of the 1986 explosion 

of the space shuttle Challenger, the 

HL-20 was designed to safely and 

cheaply carry passengers to the space station 

Freedom. Neither it nor the HL-42, a scaled-up 

successor, ever made it to space. However, 

Sierra Nevada’s Dream Chaser spacecraft, 

which is based on the HL-20 design, is slated 

to deliver cargo to and from the International 

Space Station starting in late 2020.

Spinlaunch

Tethers can transfer momentum 

between objects already in space 

—but what can you do while you still 

have the ground to push against? That’s the 

plan for Spinlaunch, a startup that raised $40 

million in venture funding in 2018. The company 

broke ground on a launch facility in New Mexico 

in May and plans to launch its first satellites in 

2022. It wants to fling as many as five satellites 

a day to the edge of space using powerful tur-

bines and small onboard rockets—sort of the 

opposite of a tether elevator.

Roton
Another failed single-stage-to-orbit 

idea, the Roton, made by Rotary 

Rocket, stands in the Mojave space-

port as a warning and inspiration to would-be 

space pioneers. By making the rocket spin rap-

idly, engineers hoped to eliminate the need for 

costly and complicated pumps. A prototype 

made three test flights in 1999, but it was diffi-

cult to control. The company ran out of money 

before the kinks could be worked out.

3 4 5

3 4 5
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GROUND

FROM

UP
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Relativity Space 

plans to launch 

an almost entirely 

3D-printed rocket 

next year. But 

does the world 

really need one?

By 

Erin 

Winick

Photos 

by 

Damon 

Cesarez

By 

Erin 

Winick

Photos 

by 

Damon 

Cesarez

Printed rocket 

pieces like 

this propellant 

tank cap are 

office decor at 

Relativity.
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T
he once pristine white floors 

featured in Relativity Space’s 

PR photos are now scuffed and 

coated with the residue of a 

typical machine shop. Inside its 

warehouse on the outskirts of 

Los Angeles, three robot arms 

hang imposingly next to a con-

tainer filled with a coil of metal 

wire. The container’s lid has a jagged hole as if some-

one punched through it on a bad day; duct tape has 

been slapped on to cover the sharp edges. This is a 

machine that’s been pushed to its limits, in service of 

a lofty goal. Led by its founders, Tim Ellis and Jordan 

Noone, Relativity is attempting to create 95% of its 

rocket, Terran 1, using 3D printing, in just 60 days. 

You read that right: the plan is to go from raw 

material to a launch-ready rocket in two months. 

If it sounds audacious, that’s because it is. Hugely. 

3D printing is having a moment in the spaceflight 

industry—everyone from SpaceX to Blue Origin to 

lesser-known startups and old-guard rocket shops are 

tinkering with the technology, and some have gone so 

far as to print their own engines from scratch. But even 

engineers on the cutting edge of 3D-printed rocketry 

don’t know what to make of Ellis and Noone’s upstart 

firm. And more than one think they’re just crazy. 

Traditionally the aerospace industry hasn’t been 

quick to change, and for good reason: rockets are 

controlled explosions that put huge sums of money 

and, sometimes, human lives on the line. Relativity is 

aiming to win over skeptics and holdouts with a test 

launch in 2020. Thing is, they haven’t even printed a 

whole rocket yet.

At their core, rockets consist of four main systems: 

payloads, guidance, propulsion, and structures. The 

payload is whatever the rocket is carrying. The guid-

ance consists of sensors that keep the craft on target, 

and propulsion is made up of the fuel and engine that 

make it go. The structures are the rest of the frame, 

cone, and fins of the rocket—parts that are typically 

fabricated using ultra-precise CNC milling machines 

and hand welding.

That’s all a way of saying that behind every suc-

cessful launch is a tremendous amount of labor and 

a vast network of suppliers working in concert to 

assemble each vehicle. By streamlining the supply 

chain, Relativity hopes to sharply cut production time. 

But this goal of printing Terran 1’s more than 

100-foot-tall (30-meter) exterior and fuel tank comes 

with an additional challenge: creating printers that 

can accomplish the task. “Building a rocket company 

is hard, building a 3D-printing company is hard, and 

building both together at the same time is borderline 

nuts,” says Ellis, Relativity’s CEO. “But while it’s the 

hardest part of the job, it is also the secret sauce that 

will make Relativity a world-changing company.”  

There’s still a way to go before doing any world 

changing, though. “We’re not going to fly a rocket 

unless we get these metal 3D-printing technologies 

developed,” Ellis admits. “So that provides quite a bit 

of existential kick in the butt to figure it out, because 

this is the only way we’re going to actually make it to 

our goal.”

Children 

of  

the  

Stargate

Relativity’s solitary 20-foot-tall printer, Stargate, has 

been serving the company since it exited stealth mode 

in 2017, but it’s finally about to get a break. In a nearby 

building are four updated, fresh-out-of-the-box models. 



Each one is shielded by long black flaps that run from 

the warehouse ceiling to the floor and betray their new-

ness with a pungent plastic smell. One has a small toy 

basketball hoop hanging on it—as if, so far, it’s more 

often served as a backboard than a rocket printer.

A giant image splashed across the wall depicts a 

hoped-for vision of the company’s future: a warehouse 

filled with nothing but Stargates, smaller printers, and 

robot arms. An engineer’s paradise, and a machinist’s 

nightmare. It’s the “robots are taking our jobs” head-

lines in mural form.

The hulking machines seem to smirk at decades of 

rocket assembly. During the Apollo program, engineers 

faced extreme difficulty achieving perfect welds on 

the Saturn series of rockets. Even experienced welders 

had to be given specialized training to complete the 

long, precise welding passes required. Now a robot 

is welding the entire thing.

Stargate and its offspring use a variant of what’s 

known as directed energy deposition. Traditional man-

ufacturing methods involve carving a finished prod-

uct from a block of material. 3D printing builds up an 

object layer by layer instead, enabling the creation of 

lightweight objects with intricate internal structures 

that are impossible to make any other way. The most 

prevalent form of 3D printing is called fused depo-

sition modeling—a material, often plastic, is melted 

and squeezed out of a nozzle in precise patterns to 

build an object. Combine that with welding and you 

have directed energy deposition. 

The basics of welding involve supplying a steady 

stream of metal wire with one hand and heat with the 

other. Stargate does this automatically, feeding wire 

out of an extruder on the end of a tall robotic arm. The 

metal is heated using electric plasma (and sometimes 

a laser) and then laid down according to a computer’s 

instructions. A combination of electronic controls, 

thermal imaging cameras, and sensors mounted near 

where the material is deposited adapt the print as it’s 

created. “Our vision of 3D printing is software-defined 

automation for aerospace,” says Ellis. “That’s getting 

toward the long-term vision of 3D-printing rockets on 

Mars. These are exactly the tools we’re going to need 

to actually build stuff on other planets.”

The way Ellis talks about his company brings to 

mind Elon Musk’s exultations about SpaceX and 

Tesla, only Ellis says he is completing a piece of the 

Mars puzzle Musk isn’t yet tackling. “The thought is 

having two products. One is the rocket launch vehi-

cle. The other is the factory,” he says. “Over time, the 

factory we see being able to shrink down smaller and 

smaller and smaller until it’s eventually something 

that we can actually just launch on a big rocket.” You 

build the machine that makes the machine. And then 

launch it to Mars. Simple.

Even fellow rocket companies aggressively pursu-

ing 3D printing (a.k.a. additive manufacturing) aren’t 

entirely convinced this is how the future looks. Rocket 

Lab, one of only a few small satellite launchers that 

fly commercial flights, has relied on additive manu-

facturing to create engines, valves, manifolds, and 

a number of other complex components; its CEO, 
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“Building a rocket 

company is hard, 

building a 3D-printing 

company is hard, and 

building both together 

at the same time is  

borderline nuts.”

Humans are 

still in the 

loop with 

Relativity’s 

Stargate 

printers—for 

now, anyway.



Peter Beck, says, “There’s no way that we can pro-

duce the volume and the performance of the engines 

that we’re producing now without 3D-printing tech-

nology.” But an entire rocket? “To go and print an 

avionics box or tank or something like that doesn’t 

make any sense, because there’s much more efficient 

processes for doing that,” says Beck. “I don’t want to 

rain on Tim’s parade. I wish him the absolute best, 

but from an engineering perspective, it makes abso-

lutely no sense to us.”

In the end, customers are the ones who will need 

proof of the wisdom of Relativity’s method. Like most 

rocket companies before their first launch, Relativity 

is selling its customers on test data and the team 

that’s been assembled. “Ultimately, it’s a belief and 

a leap of faith that we’re going to go execute,” says 

Ellis. “But yeah, it’s a pretty big one. And definitely, 

it’s a process to get to it.” 

Evidently some customers are willing to take that 

leap. Relativity has already publicly announced three 

clients with launches booked for 2021 and 2022: 

the Canadian communications company Telesat, 

Washington-based Spaceflight (which helps coor-

dinate satellite ride shares on larger launches), and 

Thailand’s mu Space. Noone says that once Relativity 

shows it can launch successfully in 2020, it plans to 

increase the number of flights it launches each year 

to 12 to 24.

These kinds of aggressive time lines are baked into 

the company’s lore. Three years ago, shortly after Ellis 

and Noone each left their first jobs out of college at 

Blue Origin and SpaceX, respectively, they pitched 

investor Mark Cuban via email to ask for seed funding. 

The message had the subject line “Space is sexy: 3D 

printing an entire rocket.” Cuban, who conducts the 

majority of his business through email, replied five 

minutes later saying he wanted to invest $500,000. 

Two months later he did. According to Cuban, it wasn’t 

just the additive-manufacturing element that caught 

his eye. “The idea was unique. I wish I had thought of 

it,” he says. “They were qualified, and they were local.” 

(Ellis is from Texas, where Cuban lives.)

Since the infusion, Relativity has put its foot on the 

gas. In the past year it’s grown from 14 people to more 

than 80. The team now includes Tim Buzza, one of the 

first SpaceX employees and former VP of launch for both 

SpaceX and Virgin Orbit, and David Giger, a 12-year 

SpaceX employee who served as the senior director of 

engineering for the company’s Dragon capsule. 

Ellis, the front man for hiring and raising capital, 

doesn’t seem to have trouble winning people over 

at all levels. He’s got a spot on the White House’s 

National Space Council Users Advisory Group, and 

contracts and cash are flowing into the company. 

Relativity has closed a $35 million series B funding 

round, scored a deal with NASA to test its engines at 

the Stennis Space Center in Mississippi, and received 

permission to launch at one of the most competitive 

launch sites in the world: Florida’s Cape Canaveral.

This last coup, announced in January, lines the 

Terran 1 up to launch from the hallowed Launch 

Complex 16, which once played host to Titan mis-

sile launches, the Apollo program, and the Gemini 

program. High-profile moves like that have forced 

Relativity’s name into conversations about companies 

like SpaceX, Blue Origin, and United Launch Alliance, 

previously the only three outfits with permits to lift 

off from Cape Canaveral.

20 Launch

If Terran I  

is going to get 

to space, its 

11-foot-tall 

fuel tank needs 

to work like  

a dream. 

“I don’t want to rain on Tim’s 

parade. I wish him the absolute 

best, but from an engineering  

perspective, it makes absolutely 

no sense to us.”
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Printing 

takes 

off

Relativity is far from alone in 

hoping that 3D printing will 

propel it into the elite of space-

flight. Startups including Virgin 

Orbit, Firefly, and Electron are 

all vying to prove that they, like 

Rocket Lab, have what it takes to 

launch small satellites to space. 

Even established companies like 

Aerojet Rocketdyne are trying 

to prove 3D printing is on par with—or even more 

reliable than—traditional manufacturing techniques. 

But no one is going for it as hard and fast as Relativity. 

Aerojet builds engines for government contracts and 

human-rated rockets like NASA’s Space Launch System, 

which have to be extra consistent and reliable. The 

company says that more than 60% of its research and 

development for 3D printing has been nothing more 

than establishing a database of the chemical and struc-

tural properties of different materials. “Others may 

kind of skip over that, and that’s their right to do that 

as a risk-accepting posture,” says Jeff Haynes, Aerojet’s 

senior manager of advanced programs. 

By contrast, at Relativity, “if we put a fully printed 

engine on the test stand, successfully fire it, and then 

fly it, that for us is success,” says Noone. “You could 

write hundreds of pages of specifications telling you 

how to get there, and how to manufacture it, but we 

have our ways that we do it. I wouldn’t want to be hung 

up on creating the specification rather than just trying 

something and demonstrating that it works.”

That “move fast and break things” mentality would 

lead to a lot of sleepless nights for most rocket design-

ers. Virgin Orbit, a competitor of Relativity’s, has 

additive-manufactured parts on its first LauncherOne 

rocket, but the company is happy to go easy on trendy 

tech. “The LauncherOne vehicle engine right now uses 

very reliable manufacturing methods that NASA has 

proved out since the ’50s and ’60s, because [priority] 

number one for first-launch vehicles is reliability,” 

says Virgin Orbit’s advanced-manufacturing man-

ager, Kevin Zagorski. 

The other companies giving additive manufacturing 

a chance run the gamut from Jeff Bezos’s Blue Origin—

where Ellis had a hand in purchasing the company’s 

first metal 3D printer during one of his three intern-

ships there—to Launcher, a small startup that claimed 

to have made the world’s largest 3D-printed rocket 

engine. Heavy hitters like SpaceX, NASA, Rocket 

Lab, United Launch Alliance, and ArianeGroup have 

entered the 3D-printing ring as well.

The reasons most of these organizations give for 

using the technique are twofold: you can build some-

thing with fewer parts and tweak designs more quickly. 

Initially, Rocket Lab’s Beck saw additive manufactur-

ing getting a bad reputation because it wasn’t being 

used effectively. “Someone would take a subtractively 

manufactured [i.e., machined] component and attempt 

to 3D-print it. It would turn out more expensive and 

more time consuming,” he says. “But like any new tech-

nology, it’s all about designing for the process. Where 

3D-printed parts really excel is where you have really 

high complexity and you merge a lot of parts into one.”

For its part, Relativity boasts that Terran 1 will 

have just a hundredth as many parts as a standard 

rocket. Its engine, Aeon 1, is made from only three 

parts pieced together. 

 How much of this is a PR stunt, though, is hard to 

sort out. Announcing you’ve made the first whatever 

is tempting, especially for small startups. Relativity, 

for example, claims to have built the largest metal 

3D printer—as do Sciaky and Titomic, two industrial 

hardware companies that aren’t in the space business. 

“Everybody’s looking to try and have a point of dif-

ferentiation and trying to grab some headlines,” says 

Beck. “If someone wants to talk about 3D-printing 

something, then fine, but it’s somewhat amusing.”

Even if 3D-printing an entire rocket isn’t practical, 

“I’m really confident that in any case it will result in 

useful spin-offs,” says Dan Erwin, head of astronautical 

engineering at the University of Southern California. 

Erwin ran USC’s rocket lab when Ellis and Noone 

studied there but hasn’t worked with them since. “I 

have the intuition that this is one of those ‘If you build 

it, they will come’ kind of things,” he says. Regardless 

of whether Relativity launches a rocket by next year, it 

is forcing a slow-moving industry to take a closer look 

at, and perhaps advance, a technology that has uses 

outside spaceflight. The end result might be nothing 

more than a new breed of printer. Or it might be the 

Mars-bound rocket we’ve all been promised. “Life is 

too short to just wait for the future to happen faster,” 

says Ellis. “We should create it.” 

Printing a 

rocket means 

making test 

sections, 

cutting them 

to pieces, 

and testing 

some more. 

Did we 

mention 

testing?

Erin Winick was MIT Technology Review’s space 

reporter at the time of writing. She is now 

a science communications specialist for the 

International Space Station.
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THE ENGINE THAT

CAME IN FROM THE

An Atlas V rocket launches 

from Cape Canaveral in 

Florida in 2013, carrying 

a NASA space probe toward 

Mars. The rocket’s first-

stage engine was built just 

outside Moscow.
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Launch

In the two decades since, 83 

more such rockets have taken off 

from Florida. 

On the Atlas 3 and its successor, 

the Atlas 5, the RD-180 carried at 

least 16 American spy satellites to 

orbit, along with 13 military com-

munications satellites, a half-dozen 

GPS satellites, two military weather 

satellites, and three missile warning 

satellites, designed to detect rocket 

launches from, among other coun-

tries, the one where it was built. 

It launched four American Mars 

missions. NASA’s launch of New 

Horizons to Pluto in 2006 and Juno 

to Jupiter in 2011 were both made 

on the back of the RD-180.

The RD-180 is remarkable not 

only for the geopolitical peculiarities 

of its rise to prominence, but because 

it was in many ways simply better

than any other rocket engine of its 

time. When, in February 2019, Elon 

Musk announced a successful test 

of SpaceX’s Raptor engine, which 

is intended to power the company’s 

next-generation rocket Starship, 

he bragged of the high pressures 

reached in the Raptor’s thrust cham-

ber: over 265 times atmospheric 

pressure at sea level. Raptor, he said 

on Twitter, had exceeded the record 

held for several decades by the “awe-

some Russian RD-180.”

After Russia annexed the Crimea 

in 2014, the RD-180’s days as a sta-

ple of American rocketry were num-

bered. Defense hawks had long been 

uncomfortable with the arrangement, 

but the engine was both very good 

and, given its capability, cheap—and 

so it stayed. But as relations with 

Russia frayed, congressional oppo-

nents of the engine, led by Senator 

John McCain, succeeded in passing a 

prohibition against the engine’s use 

in American rockets after the end of 

2022. This has forced the Air Force 

to find a new rocket to succeed the 

RD-180-powered Atlas 5.

All of which raises a question: 

How did a decades-old Russian 

engine become the bar against 

which America’s best rocket sci-

entists measure themselves?

I
f you want to understand what 

made the RD-180 such a good 

engine, it helps to understand 

that there is a great deal of craft 

involved. Though hundreds of 

people collaborate on rocket 

engines, having someone with 

an instinct for good design 

in charge is vital: the trade-

offs are too complex to be 

figured out by brute force or 

by committee. In the case of 

the RD-180, that someone 

was named Valentin Glushko.

After the USSR lost to 

America in the race to the 

moon, designing the best pos-

sible rocket engine became 

“a national priority,” accord-

ing to Vadim Lukashevich, 

an aerospace engineer and 

Russian space historian. 

Soviet leaders wanted to build 

the world’s most powerful 

rocket, the Energia, to sustain their 

space stations in Earth orbit and to 

lift the Buran, a would-be Russian 

space shuttle. Glushko was given 

resources to build the best engine he 

could, and he was good at building 

engines. The result was the RD-170, 

the RD-180’s older brother.

The RD-170 was among the first 

rocket engines to use a technique 

called staged combustion. The US 

space shuttle main engine, also devel-

oped in the 1970s, was another. By 

contrast, the F-1 engines in the first 

stage of the Saturn V rocket, which 

launched Apollo to the moon, were 

of an older, simpler design called the 

gas-generator engine. The key dif-

ference: staged-combustion engines 

can be more efficient, but they’re at 

greater risk of exploding. As William 

Anderson, who studies liquid-fueled 

rocket engines at Purdue University, 

explains, “The rates of energy release 

are just extreme.” It takes someone with 

a really astute imagination, Anderson 

says, to understand the crazy stuff 

that’s going on inside rocket engines’ 

on May 24, 2000, an unusual rocket took off from Launch Complex 

36 at Cape Canaveral Air Force Station. Like most rockets, the Atlas 3 

had inherited its design from an intercontinental ballistic missile—

in this case, from America’s first such missile, designed to threaten 

the Soviet Union with nuclear annihilation. This was not unusual. 

But the rocket had a new first stage, one that was considerably more 

powerful than those it replaced. The RD-180, as the engine is called, 

was built by NPO Energomash in a factory outside Moscow. In a 

marriage that would have been unimaginable at the height of the 

space race, a Russian engine was powering an American rocket.

An hour before sunset
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combustion chambers. In Russia, that 

astute person was Glushko.

To understand why Glushko’s 

engines were such an engineering 

achievement, we need to get a little 

bit technical. T
here are two key mea-

sures of a rocket’s 

performance: thrust, 

or the amount of 

force a rocket exerts, 

and specific impulse, 

a measure of how efficiently it uses 

its propellants. A rocket with high 

thrust but low specific impulse won’t 

reach orbit—it would have to carry 

so much fuel that the weight of the 

fuel would necessitate more fuel, 

and so on. Conversely, a rocket with 

high specific impulse but low thrust 

would never leave the ground. (Such 

rockets work well in space, though, 

where a steady push suffices.)

A rocket engine, much like an air-

craft jet engine, burns fuel together 

with an oxidizer—often oxygen—to 

create hot gas that expands down and 

out of the engine nozzle, accelerat-

ing the engine the other way. Unlike 

jet engines, which get oxygen from 

the air around them, rockets need 

to carry their own oxygen (or other 

oxidizer), since in space, of course, 

there isn’t any. Like jets, rockets need 

a way to force the fuel and oxygen 

into the combustion chamber at high 

pressure; all else being equal, higher 

pressure means better performance. 

To do that, rockets use turbopumps 

that spin at hundreds of rotations 

per second. The turbopumps are 

driven by turbines, and they, in turn, 

are powered by pre-burners, which 

likewise burn some fuel and oxygen.

The crucial difference between 

staged-combustion engines like 

the RD-180 and gas-generator 

engines like the Saturn’s F-1 lies 

in what happens to the exhaust 

from those pre-burners. While gas-

generator engines dump it overboard, 

staged-combustion engines reinject 

it into the main combustion chamber. 

One reason for doing this is that the 

exhaust contains unused fuel and 

oxygen—the pre-burners can’t burn 

it all. Throwing it away is a waste, 

which matters in a rocket that also 

has to lift every pound of fuel and 

oxygen it’s going to use. But rein-

jecting the exhaust entails delicately 

balancing the relevant pressures and 

flow rates so that engines don’t blow 

up. It requires a whole series of tur-

bopumps to make it work. Teams of 

experts typically need a decade or 

more of simulation and testing to 

figure out how to get it right.

The RD-170 and RD-180 have 

another advantage. They are oxygen-

rich, which means exactly what it 

sounds like: they inject extra oxygen 

into the system. (The space shuttle 

main engine, by contrast, is a fuel-rich 

engine.) Oxygen-rich engines tend to 

burn cleaner and to ignite more eas-

ily. They also make possible higher 

combustion-chamber pressures, 

and thus better performance—but 

they are more prone to explode, so 

for decades there weren’t any major 

There was so much 
invested in the shuttle 
that no one at NASA 
wanted to talk about 
developing an oxygen-
rich staged-combustion 
engine ... Oxygen will 
burn most things if you 
provide a spark.”

The Russian 

RD-180 engine 

has powered 

dozens of 

Atlas V 

launches, 

some carrying 

satellites 

designed 

to spy on, 

among other 

countries, 

the one where 

it was built.

The engine that came in from the cold
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efforts to make them work in the 

US. “There was so much invested 

in the shuttle that no one at NASA 

wanted to talk about developing 

an oxygen-rich staged-combustion 

engine,” says Anderson. “Oxygen 

will burn most things if you pro-

vide a spark.” This requires great 

care in the materials used to build 

the engine, and even greater care in 

making sure no foreign materials—

such as specks of metal debris—ever 

make their way into it. “The more we 

learn about the physics of what goes 

on inside a combustion chamber, 

the more we realize how unsteady 

it really is,” says Anderson. 

If the RD-170 was arguably the 

best rocket engine of its generation, 

the space shuttle main engine was 

arguably second best (and was sub-

stantially more expensive to make). 

Neither lived up to its potential. The 

space shuttle engine was stuck with 

a lemon of a vehicle, which was 

much more cumbersome than its 

designers had hoped it would be. 

The RD-170, on the other hand, flew 

only twice: once in 1987 and once 

in 1988. Though developing it had 

been a national priority, by the time 

Glushko proved that it worked, the 

Soviet Union was about to fall apart.

T
he 1990s were a tur-

bulent time in Russia, 

especially for the 

space program. To 

survive without gov-

ernment financing, 

newly privatized aerospace firms 

turned to the commercial market.

That’s when Jim Sackett, an 

engineer who’d been working 

for Lockheed at NASA’s Johnson 

Space Center in Houston, moved to 

Moscow. Lockheed became inter-

ested in using oxygen-rich staged

combustion to power the next gen-

eration of Atlas rockets, with which 

it planned to compete for Air Force 

and NASA contracts.

Sackett, who was put in charge 

of Lockheed’s Moscow office, was 

tapped to approach Energomash, 

a post-Soviet space industry firm 

that came to own the RD-170 

and related engine technology. 

Energomash enthusiastically wel-

comed Lockheed’s interest. But the 

RD-170 was too powerful: the Atlas 

rockets Lockheed was looking to 

send into space were considerably 

smaller than the Energia, for which 

the RD-170 had been designed. So 

Energomash essentially cut the 

engine in half—the firm drew up a 

proposal for a two-chamber deriv-

ative of the four-chamber RD-170 

that could be used in the Atlas. This 

was the birth of the RD-180. 

The relationship required  

remarkable integration between 

Russian and American military-

industrial contractors. Lockheed 

set up an office at Energomash, in a 

Moscow suburb. It was a huge oper-

ation, Sackett remembers. “They’ve 

got a metallurgy plant there, so they 

forge their own metals,” he says. 

“They have all their own machine 

shops, all of their own test facilities. 

It is a lot of stuff, all of it under one 

roof. And eventually, all of it turns 

into a rocket engine.”

It took about a year of daily, 

in-depth technical meetings 

between Sackett’s team and 

Energomash executives and engi-

neers to understand whether or not 

the proposed purchases of RD-180 

engines would work. Lockheed 

wanted a small, no-commitment 

deal. Energomash held out for a 

long-term arrangement. The con-

tract was signed at the end of a 

marathon six-hour session in 

1996, Sackett says. The result: a 

101-engine, billion-dollar deal.

The US Air Force, Lockheed’s 

main customer, demanded access to 

10 key technologies needed to pro-

duce the RD-180, in case relations 

with Russia ever foundered and 

America had to make the engines 

itself. It was a big ask. The US was 

after a crown jewel of Soviet space 

technology, and the Russian gov-

ernment was not thrilled. “But 

they saw no alternative,” Sackett 

says, “because the country did not 

just have a change of heart, they 

went broke. They just went flat 

broke. This is how they saved the 

company.”

Though more attention has 

been paid to American-Russian 

cooperation on the International 

Space Station, in many respects the 

RD-180 collaboration went deeper. 

After all, the space station is not 

crucial to the national security of 

either country, while reconnaissance 

and communications satellites are.

Now that relations between 

the two countries have frayed, 

Sackett argues, the US could just C
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manufacture the RD-180 domes-

tically. The engine’s critics say it 

would be astronomically expensive 

to do so. But the cost “shouldn’t be 

astronomical!” Sackett says. “We 

have smart people here, and we have 

the recipe! This is exactly why we 

identified and negotiated for those 10 

key manufacturing technologies, so 

that we could take the drawings and 

the notes and then go build them.”

That’s not likely to happen, in 

part because after decades of stag-

nation, American companies are 

finally working on engines that just 

might be better than the RD-180.

A
n engine’s perfor-

mance has pro-

found influence 

over the design of 

the rocket above it. 

So when Congress 

mandated that the Air Force stop 

using the RD-180, this provoked 

a competition not just for a new 

engine, but for a whole new rocket. 

Such a competition was inevitable—

after all, designs don’t last forever. 

But because designing new engines 

and rockets is expensive and time 

consuming, the timing for making a 

switch is always politically conten-

tious. The congressionally mandated 

RD-180 ban forced the issue.

There are four serious contend-

ers to build that new rocket: SpaceX, 

Blue Origin, the United Launch 

Alliance (a Boeing–Lockheed Martin 

joint venture known by its initials, 

ULA), and Northrop Grumman. 

Two of them will be chosen, on the 

theory that having two winners 

creates ongoing competition, 

while naming one would result in 

a monopoly that could then turn 

around and gouge the Air Force. 

Thousands of jobs are at stake: if 

ULA loses, it may go out of business. 

The New Glenn, Blue Origin’s 

entry in the competition, uses the 

BE-4, Blue Origin’s newest and 

most powerful engine. (As does 

ULA’s rocket—the two firms are 

simultaneously competitors and 

business partners.) The designs of 

both the BE-4 and SpaceX’s Raptor 

are informed in crucial ways by the 

RD-180. The BE-4 is an oxygen-rich 

staged-combustion engine,  like the 

RD-170 and RD-180. The Raptor, 

meanwhile, resembles the RD-180 in 

that it feeds the pre-burner exhaust 

into the combustion chamber—

ensuring that almost all the fuel 

and oxidizer stored in the rocket’s 

tanks are used to generate thrust. 

However, the Raptor relies on a 

tweak to Glushko’s approach: both 

fuel-rich and oxidizer-rich flows 

power its turbopumps—theoreti-

cally resulting in maximal efficiency.

In a way, the BE-4 and Raptor 

are like an attempt to build a better 

violin than Stradivarius did, using 

modern methods. Blue Origin and 

SpaceX have access to better diag-

nostics and more sophisticated sim-

ulation techniques than Glushko 

did. They also have another design 

feature important to the American 

Air Force: they’re made in the US.

Possibly the greatest technical 

advantage these new engines have 

over the RD-180 is that they use 

methane as fuel rather than kero-

sene, as the RD-180 does. Kerosene 

can gunk up the works of an engine 

after repeated use. Methane has 

higher specific impulse, and burns 

cleaner. It is also much easier (in 

principle) to synthesize on Mars, 

which Musk aims to do. 

Neither new engine has yet 

reached orbit. SpaceX is planning 

test flights of its Starhopper rocket, 

which will eventually be powered 

by three Raptors, for this summer. 

These flights will be short hops, a 

few thousand feet in the air above 

SpaceX’s test site in Texas. Blue 

Origin is also testing the BE-4 in 

Texas, and has started building a fac-

tory in Alabama where it will man-

ufacture the engines. It has rented 

Launch Complex 36, where the 

RD-180 first took flight, from the 

Air Force and plans to launch the 

New Glenn there in 2021.

Energomash, meanwhile, is des-

perately hoping that the Russian 

space program will again start 

using its engines. Some 90% of 

its production has gone to the US 

in recent years, says Pavel Luzin, 

a Russian space industry analyst. 

Like its American counterparts, 

Energomash now risks being made 

obsolete by Musk and Bezos—who, 

with their freedom from legacy 

design constraints and willingness 

to spend money and take risks, have 

finally jolted rocket engine design 

out of decades of stasis. 

Matthew Bodner is a journalist 

in Moscow who writes about 

aerospace and the military.

The design 

of the RD-180 

informs both 

Blue Origin’s 

BE-4 (left) 

and SpaceX’s 

Raptor 

(right), two 

contenders to 

replace it.

The engine that came in from the cold
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s you read this there 

are about 2,000 sat-

ellites orbiting above 

our heads, and apart from 

an occasional glimpse in 

the night sky, they’re pretty 

much invisible. But they 

have become a huge part of 

everyday life on Earth. Want 

to find your way around? 

Tap a button and your 

phone talks to a constella-

tion of GPS satellites. Those 

stunning images of Arctic 

sea ice and animations of 

ocean-churning hurricanes? 

Satellite-based, of course. 

These days, the view from 

orbit is so ubiquitous that 

most of us have probably for-

gotten a time when it wasn’t 

part of our perspective. 

Over the next few years, 

there’s going to be even more 

hustle and bustle in orbit. By 

2025 as many as 1,100 satel-

lites could be launching each 

year—up from 365 in 2018. 

Just one project, SpaceX’s 

ambitious Starlink, aims to 

fly 12,000 small satellites 

by 2027. It and similar proj-

ects aren’t just crowding 

the skies—they’re deliver-

ing a host of technological 

upgrades meant to improve 

life planetside.

A

 A more 
crowded 
heaven

WHAT’S UP THERE?

By  

Tate Ryan-Mosley, 

Erin Winick, and 

Konstantin Kakaes
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From mapping the planet in minute detail to simply making sure a smartphone user 

doesn’t get lost, satellites do a little bit of everything. And they work better in groups. 

These four satellite constellations each perform a synchronized function without 

which your life wouldn’t be—or soon won’t be—the same.
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Internet access

Starlink
Number of satellites: 60 launched; ~12,000 planned

Manufacturer: SpaceX

Launch dates: 2019–2027

Starlink is one of several projects aim-

ing to create low-cost, high-speed 

global satellite internet that can com-

pete with terrestrial networks while connecting 

far-flung rural communities. The satellites will 

be deployed at three different altitudes within 

low Earth orbit. At a little over 200 kilograms 

apiece, they’re relatively small as satellites go, 

but each batch of 60 offers up to 1 terabit per 

second of bandwidth, enough to stream 4K 

video to about 40,000 people simultaneously. 

Weather monitoring

GOES-R
Number of satellites: 2 launched; 4 planned

Manufacturer: Lockheed Martin and Harris

Launch dates: 2016–2024

Weather forecasting isn’t just an 

addendum to the evening news: bet-

ter predictions of severe weather can 

save thousands of lives. New machines sitting 

over the equator in geostationary orbit are 

pushing forecasts to the next level. In 2016, the 

GOES-R satellite program started monitoring 

clouds and water vapor using reflected solar 

radiation. This is different from ground-based 

radar methods, which send signals into the sky 

and analyze the returns. Two GOES (for “geo-

stationary operational environmental satellite”) 

satellites have launched so far. Using onboard 

instruments like the Geostationary Lightning 

Mapper and the Advanced Baseline Imager, 

which collects images in 16 channels of visible, 

near-infrared, and infrared light, the satellites 

have already improved forecast lead times. The 

next satellite in the series, GOES-T, has had 

some setbacks, but all four GOES satellites are 

expected to be up and running by 2024.

Key

Multipurpose/other

Space science

Technology development

Navigation

Earth observation

Communications
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Planned

Earth observation

Dove

Number of satellites: 351 launched; 120 active

Manufacturer: Planet Labs

Launch dates: Started 2013; ongoing

While many constellations of small sat-

ellites are in the works, startup Planet 

Labs has one already up and running. 

Manufactured in house, Planet’s Dove satellites 

image the entire planet every day. The Doves, 

which have a life span of two to three years, 

are cubesats—small, boxy satellites weigh-

ing a few kilograms each that can be packed 

into a rocket and launched in batches. In 2017, 

the company set a record for the largest one-

time deployment when it sent 88 Doves into 

orbit. Each Dove can take two high-resolution 

pictures of Earth’s surface per second, com-

piled into a continuously updated, searchable 

archive. Many of Planet Labs’ clients already 

rely on the images for tasks such as monitoring 

crop growth and health, providing military intelli-

gence, and detecting illegal deforestation.

Positioning

GPS III

Number of satellites: 1 launched; up to 32 planned

Manufacturer: Lockheed Martin

Launch dates: 2018; ongoing

GPS has been around since the 1970s 

in military applications. But in 2000, 

Bill Clinton authorized an end to 

“selective availability,” handing civilians access 

to more powerful GPS signals. Now it helps 

do everything from guiding tractors in fields to 

locating your nearest coffee shop. The GPS 

III satellites are the newest and best version: 

Lockheed Martin claims they are three times 

more accurate, and more resistant to malicious 

or accidental jamming. They can also collab-

orate with other positioning satellites to help 

give users better reception inside buildings and 

under tree cover. After years of delays, only one 

GPS III satellite has launched so far. To com-

plete the “A block” of the constellation, nine 

more are scheduled to launch by 2023.
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I
n 2013, police in Grants Pass, Oregon, 

got a tip that a man named Curtis 

W. Croft had been illegally grow-

ing marijuana in his backyard. So 

they checked Google Earth. Indeed, 

the four-month-old satellite image 

showed neat rows of plants growing on 

Croft’s property. The cops raided his place 

and seized 94 plants.

In 2018, Brazilian police in the state of 

Amapá used real-time satellite imagery to 

detect a spot where trees had been ripped 

out of the ground. When they showed up, 

they discovered that the site was being used 

to illegally produce charcoal, and arrested 

eight people in connection with the scheme. 

Chinese government officials have 

denied or downplayed the existence of 

Uighur reeducation camps in Xinjiang 

province, portraying them as “vocational 

schools.” But human rights activists have 

used satellite imagery to show that many 

of the “schools” are surrounded by watch-

towers and razor wire. 

Every year, commercially available sat-

ellite images are becoming sharper and 

taken more frequently. In 2008, there were 

150 Earth observation satellites in orbit; 

by now there are 768. Satellite companies 

don’t offer 24-hour real-time surveillance, 

but if the hype is to be believed, they’re 

getting close. Privacy advocates warn that 

innovation in satellite imagery is outpac-

ing the US government’s (to say nothing of 

the rest of the world’s) ability to regulate 

the technology. Unless we impose stricter 

limits now, they say, one day everyone 

from ad companies to suspicious spouses

to terrorist organizations will have access 

SATELLITES CAN 
ALREADY SEE YOU.  
SOON THEY’LL SEE 
YOU MORE CLEARLY 
AND MORE OFTEN.  
IS THIS THE END OF 
PRIVACY?

By Christopher Beam
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to tools previously reserved for govern-

ment spy agencies. Which would mean 

that at any given moment, anyone could 

be watching anyone else. 

The images keep 
getting clearer

Commercial satellite imagery is currently in 

a sweet spot: powerful enough to see a car, 

but not enough to tell the make and model; 

collected frequently enough for a farmer 

to keep tabs on crops’ health, but not so 

often that people could track the comings 

and goings of a neighbor. This anonymity 

is deliberate. US federal regulations limit 

images taken by commercial satellites to a 

resolution of 25 centimeters, or about the 

length of a man’s shoe. (Military spy satel-

lites can capture images far more granular, 

although just how much more is classified.) 

Ever since 2014, when the National 

Oceanic and Atmospheric Administration 

(NOAA) relaxed the limit from 50 to 25 

cm, that resolution has been fine enough 

to satisfy most customers. Investors can 

predict oil supply from the shadows cast 

inside oil storage tanks. Farmers can mon-

itor flooding to protect their crops. Human 

rights organizations have tracked the flows 

of refugees from Myanmar and Syria. 

But satellite imagery is improving in 

a way that investors and businesses will 

inevitably want to exploit. The imaging 

company Planet Labs currently maintains 

140 satellites, enough to pass over every 

place on Earth once a day. Maxar, formerly 

DigitalGlobe, which launched the first com-

mercial Earth observation satellite in 1997, 

is building a constellation that will be able to 

revisit spots 15 times a day. BlackSky Global 

promises to revisit most major cities up to 

70 times a day. That might not be enough 

to track an individual’s every move, but it 

would show what times of day someone’s 

car is typically in the driveway, for instance. 

Some companies are even offering 

live video from space. As early as 2014, a 

Silicon Valley startup called SkyBox (later 

renamed Terra Bella and purchased by 

Google and then Planet) began touting HD 

video clips up to 90 seconds long. And a 

company called EarthNow says it will offer 

“continuous real-time” monitoring “with a 

delay as short as about one second,” though 

some think it is overstating its abilities. 

Everyone is trying to get closer to a “living 

map,” says Charlie Loyd of Mapbox, which 

creates custom maps for companies like 

Snapchat and the Weather Channel. But 

it won’t arrive tomorrow, or the next day: 

“We’re an extremely long way from high-

res, full-time video of the Earth.” 

Some of the most radical developments 

in Earth observation involve not traditional 

photography but rather radar sensing and 

hyperspectral images, which capture elec-

tromagnetic wavelengths outside the visi-

ble spectrum. Clouds can hide the ground 

in visible light, but satellites can penetrate 

them using synthetic aperture radar, which 

emits a signal that bounces off the sensed 

object and back to the satellite. It can 

determine the height of an object down 

to a millimeter. NASA has used synthetic 

aperture radar since the 1970s, but the fact 

that the US approved it for commercial use 

only last year is testament to its power—

and political sensitivity. (In 1978, military 

officials supposedly blocked the release 

of radar satellite images that revealed the 

location of American nuclear submarines.) 

Meanwhile, farmers can use hyper-

spectral sensing to tell where a crop is in 

its growth cycle, and geologists can use it 

to detect the texture of rock that might be 

favorable to excavation. But it could also 

be used, whether by military agencies or 

terrorists, to identify underground bunkers 

or nuclear materials.  

The resolution of commercially avail-

able imagery, too, is likely to improve 

further. NOAA’s 25-centimeter cap will 

come under pressure as competition from 

international satellite companies increases. 

And even if it doesn’t, there’s nothing to 

stop, say, a Chinese company from captur-

ing and selling 10 cm images to American 

customers. “Other companies internation-

ally are going to start providing higher-

resolution imagery than we legally allow,” 

says Therese Jones, senior director of pol-

icy for the Satellite Industry Association. 

“Our companies would want to push the 

limit down as far as they possibly could.”

What will make the imagery even more 

powerful is the ability to process it in large 

quantities. Analytics companies like Orbital 

Insight and SpaceKnow feed visual data 

into algorithms designed to let anyone 

with an internet connection understand 

the pictures en masse. Investors use this 

analysis to, for example, estimate the true 

GDP of China’s Guangdong province on 

the basis of the light it emits at night. But 

burglars could also scan a city to determine 

which families are out of town most often 

and for how long.

Satellite and analytics companies say 

they’re careful to anonymize their data, 

scrubbing it of identifying characteristics. 

But even if satellites aren’t recognizing 

faces, those images combined with other 

data streams—GPS, security cameras, 

social-media posts—could pose a threat to 

privacy. “People’s movements, what kinds 

of shops do you go to, where do your kids go 

to school, what kind of religious institutions 

do you visit, what are your social patterns,” 

says Peter Martinez, of the Secure World 

Foundation. “All of these kinds of questions 

could in principle be interrogated, should 

someone be interested.” 

Like all tools, satellite imagery is subject 

to misuse. Its apparent objectivity can lead 

to false conclusions, as when the George 

W. Bush administration used it to make the 

While GPS data from cell phones is a 
legitimate privacy threat, you can at least 
decide to leave your phone at home. It’s 
harder to hide from a satellite camera. 
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case that Saddam Hussein was stockpiling 

chemical weapons in Iraq. Attempts to pro-

tect privacy can also backfire: in 2018, a 

Russian mapping firm blurred out the sites 

of sensitive military operations in Turkey 

and Israel—inadvertently revealing their 

existence, and prompting web users to 

locate the sites on other open-source maps. 

Capturing satellite imagery with good 

intentions can have unintended conse-

quences too. In 2012, as conflict raged 

on the border between Sudan and South 

Sudan, the Harvard-based Satellite Sentinel 

Project released an image that showed a 

construction crew building a tank-capable 

road leading toward an area occupied by 

the Sudanese People’s Liberation Army. 

The idea was to warn citizens about the 

approaching tanks so they could evacu-

ate. But the SPLA saw the images too, and 

within 36 hours it attacked the road crew 

(which turned out to consist of Chinese 

civilians hired by the Sudanese govern-

ment), killed some of them, and kidnapped 

the rest. As an activist, one’s instinct is 

often to release more information, says 

Nathaniel Raymond, a human rights expert 

who led the Sentinel project. But he’s 

learned that you have to take into account 

who else might be watching. 

It’s expensive to watch 
you all the time

One thing that might save us from celestial 

scrutiny is the price. Some satellite entre-

preneurs argue that there isn’t enough 

demand to pay for a constellation of satel-

lites capable of round-the-clock monitoring 

at resolutions below 25 cm. “It becomes a 

question of economics,” says Walter Scott, 

founder of DigitalGlobe, now Maxar. While 

some companies are launching relatively 

cheap “nanosatellites” the size of toasters—

the 120 Dove satellites launched by Planet, 

for example, are “orders of magnitude” 

cheaper than traditional satellites, accord-

ing to a spokesperson—there’s a limit to 

how small they can get and still capture 

hyper-detailed images. “It is a fundamental 

fact of physics that aperture size determines 

the limit on the resolution you can get,” 

says Scott. “At a given altitude, you need a 

certain size telescope.” That is, in Maxar’s 

case, an aperture of about a meter across, 

mounted on a satellite the size of a small 

school bus. (While there are ways around 

this limit—interferometry, for example, 

uses multiple mirrors to simulate a much 

larger mirror—they’re complex and pricey.) 

Bigger satellites mean costlier launches, so 

companies would need a financial incentive 

to collect such granular data. 

That said, there’s already demand for 

imagery with sub–25 cm resolution—and a 

supply of it. For example, some insurance 

underwriters need that level of detail to 

spot trees overhanging a roof, or to distin-

guish a skylight from a solar panel, and they 

can get it from airplanes and drones. But 

if the cost of satellite images came down 

far enough, insurance companies would 

presumably switch over. 

Of course, drones can already collect 

better images than satellites ever will. But 

drones are limited in where they can go. In 

the US, the Federal Aviation Administration 

forbids flying commercial drones over 

groups of people, and you have to reg-

ister a drone that weighs more than half 

a pound (227 grams) or so. There are no 

such restrictions in space. The Outer Space 

Treaty, signed in 1967 by the US, the Soviet 

Union, and dozens of UN member states, 

gives all states free access to space, and 

subsequent agreements on remote sens-

ing have enshrined the principle of “open 

skies.” During the Cold War this made 

sense, as it allowed superpowers to moni-

tor other countries to verify that they were 

sticking to arms agreements. But the treaty 

didn’t anticipate that it would one day be 

possible for anyone to get detailed images 

of almost any location. 

And then there are the tracking devices 

we carry around in our pockets, a.k.a. smart-

phones. But while the GPS data from cell  

phones is a legitimate privacy threat, you can 

at least decide to leave your phone at home. 

It’s harder to hide from a satellite camera. 

“There’s some element of ground truth—

no pun intended—that satellites have that 

maybe your cell phone or digital record or 

what happens on Twitter [doesn’t],” says 

Abraham Thomas, chief data officer at the 

analytics company Quandl. “The data itself 

tends to be innately more accurate.”

The future of 
human freedom

American privacy laws are vague when it 

comes to satellites. Courts have generally 

allowed aerial surveillance, though in 2015 

the New Mexico Supreme Court ruled 

that an “aerial search” by police without 

a warrant was unconstitutional. Cases 

often come down to whether an act of sur-

veillance violates someone’s “reasonable 

expectation of privacy.” A picture taken on 

a public sidewalk: fair game. A photo shot 

by a drone through someone’s bedroom 

window: probably not. A satellite orbiting 

hundreds of miles up, capturing video of 

a car pulling into the driveway? Unclear. 

That doesn’t mean the US government 

is powerless. It has no jurisdiction over 

Chinese or Russian satellites, but it can 

regulate how American customers use for-

eign imagery. If US companies are profiting 

from it in a way that violates the privacy of 

US citizens, the government could step in. 

Raymond argues that protecting our-

selves will mean rethinking privacy itself. 

Current privacy laws, he says, focus on 

threats to the rights of individuals. But 

those protections “are anachronistic in 

the face of AI, geospatial technologies, 

and mobile technologies, which not only 

use group data, they run on group data as 

gas in the tank,” Raymond says. Regulating 

these technologies will mean conceiving of 

privacy as applying not just to individuals, 

but to groups as well. “You can be entirely 

ethical about personally identifiable infor-

mation and still kill people,” he says. 

Until we can all agree on data privacy 

norms, Raymond says, it will be hard to 

create lasting rules around satellite imag-

ery. “We’re all trying to figure this out,” he 

says. “It’s not like anything’s riding on it 

except the future of human freedom.” 

Christopher Beam is a writer based in 

Los Angeles.
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L
ast March, India became only the 

fourth country in the world—

after Russia, the US, and China—

to successfully destroy a satellite 

in orbit. Mission Shakti, as it was 

called, was a demonstration of a direct-as-

cent anti-satellite weapon (ASAT)—or in 

plain English, a missile launched from the 

ground. Typically this type of ASAT has a 

“kill vehicle,” essentially a chunk of metal 

with its own guidance system, mounted 

on top of a ballistic missile. Shortly after 

the missile leaves the atmosphere, the kill 

vehicle detaches from it and makes small 

course corrections as it approaches the 

target. No explosives are needed; at orbital 

speeds, kinetic energy does the damage. 

The idea of shooting down satellites has 

been around as long as satellites have. The 

first (failed) ASAT test, by the US, was back 

in 1958, just two years after the launch of 

Sputnik. During the Cold War, the US and 

the Soviets both developed sophisticated 

anti-satellite weaponry. The US had mis-

siles that could be launched from fighter 

jets (successfully tested in 1985) as well as 

How to fight a war in space    

SATELLITES   ARE  

SO CRUCIAL  THAT   

ATTACKING   THEM  

COULD BE SEEN AS  

AN  ACT  OF  WAR.  

THE BAD NEWS  IS,  

IT    MAY   HAVE  

ALREADY HAPPENED.
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nuclear-tipped missiles capable of oblit-

erating enemy satellites. China’s own first 

successful ASAT test was in 2007. 

Despite the posturing, no nation has 

yet destroyed another’s satellite—mainly 

because most of the countries that can do 

it are also nuclear powers. But as satellites 

become more intertwined with every aspect 

of civilian life and military operations, the 

chances are increasing that someone, some-

where will decide that attacking a satellite 

is worth the risk—and just possibly trig-

ger the world’s first full-blown space war.  

In at least some sense, the super-

powers have been conducting space 

war almost since the days of Sputnik, using 

satellites to spy on enemy movements and 

to coordinate their own forces. During the 

Cold War, the US and the Soviets used 

space to watch for incoming nuclear attacks 

and to marshal nuclear weapons. It was an 

era when the first move in space could only 

be the prelude to a nuclear attack. 

Today, much more civilian infra-

structure relies on GPS and satellite 

communications, so attacks on them could 

lead to chaos. The military leans more 

heavily on satellites too: data and video 

feeds for armed UAVs, such as the Reaper 

drones that the US military has flying over 

Afghanistan and Iraq, are sent via satellite 

to their human operators. Intelligence and 

images are also collected by satellites and 

beamed to operations centers around the 

world. In the assessment of Chinese ana-

lysts, space is used for up to 90% of the 

US military’s intelligence. “When people 

look at war in space, they think about it 

   (and get away with it) 
By Niall Firth

Illustrations by

Nick Little
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happening in the future and [think] it will 

be cataclysmic. But it’s happening now,” 

says Victoria Samson, Washington office 

director at the Secure World Foundation.

Space is so intrinsic to how advanced 

militaries fight on the ground that an attack 

on a satellite need no longer signal the 

opening shot in a nuclear apocalypse. As 

a result, “deterrence in space is less cer-

tain than it was during the Cold War,” says 

Todd Harrison, who heads the Aerospace 

Security Project at CSIS, a think tank in 

Washington, DC. Non-state actors, as well 

as more minor powers like North Korea and 

Iran, are also gaining access to weapons 

that can bloody the noses of much larger 

nations in space.

That doesn’t necessarily mean blowing 

up satellites. Less aggressive methods typ-

ically involve cyberattacks to interfere with 

the data flows between satellites and the 

ground stations. Some hackers are thought 

to have done this already. 

For example, in 2008, a cyberattack 

on a ground station in Norway let some-

one cause 12 minutes of interference with 

NASA’s Landsat satellites. Later that year, 

hackers gained access to NASA’s Terra 

Earth observation satellite and did every-

thing but issue commands. It’s not clear if 

they could have done so but chose not to. 

Nor is it clear who was behind the attack, 

although some commentators at the time 

pointed the finger at China. Experts warn 

that hackers could shut off a satellite’s com-

munications, rendering it useless. Or they 

could permanently damage it by burning 

off all its propellant or pointing its imaging 

sensor at the sun to burn it out.

Another common mode of attack is 

to jam or spoof satellite signals. There is 

nothing fancy about this: it’s easier than 

hacking, and all the gear required is com-

mercially available. 

Jammers, often mounted on the back of 

trucks, operate at the same frequency as 

GPS or other satellite communication sys-

tems to block their signals. “They basically 

throw a bubble around the jammer where 

the satellite signals don’t work,” says Brian 

Weeden, a space policy expert also at the 

Secure World Foundation. Jamming can 

interfere with the command signal going 

from the base station to the satellite, or it 

can mess with the signal before it reaches 

the end users.

There are strong suspicions that Russia 

has been jamming GPS signals during 

NATO exercises in Norway and Finland, 

and using similar tactics in other con-

flicts. “Russia is absolutely attacking space 

systems using jammers throughout the 

Ukraine,” says Weeden. Jamming is hard 

to distinguish from unintentional interfer-

ence, making attribution difficult (the US 

military regularly jams its own communica-

tions satellites by accident). A recent report

from the US Defense Intelligence Agency 

(DIA) claims that China is now developing 

jammers that can target a wide range of 

frequencies, including military commu-

nication bands. North Korea is believed 

to have bought jammers from Russia, and 

insurgent groups in Iraq and Afghanistan 

have been known to use them too.

Spoofing, meanwhile, puts out a fake 

signal that tricks GPS or other satellite 

receivers on the ground. Again, it’s surpris-

ingly easy. In the summer of 2013, some 

students at the University of Texas used a 

briefcase-sized device to spoof a GPS sig-

nal and cause an $80 million private yacht 

to veer hundreds of meters off course in 

the Mediterranean. Their exploit wasn’t 

detected (they later announced it them-

selves). Russia also seems to use spoofing 

as a way of protecting critical infrastruc-

ture—or maybe even President Vladimir 

Putin himself as he moves around, keeping 

him safe from potential drone assassina-

tions by hiding his location.

As well as being hard to pin on anyone, 

jamming and spoofing can sow doubt in an 

enemy’s mind about whether they can trust 

their own equipment when needed. The 

processes can also be switched off at any 

time, which makes attribution even harder.

But sometimes, someone might want 

to cripple a satellite. That’s where 

lasers come in. 

No nation can yet put lasers in space that 

literally shoot down satellites. Generating 

enough power for such lasers is hard, 

whether one uses electricity or chemicals.

However, high-powered lasers could 

in theory be fired from ground stations or 

mounted on aircraft. All the major space 

powers have put research funding into such 

weapons. There’s no evidence that anyone 

has yet used lasers to destroy targets in 

space, though aircraft-borne lasers have 

been tested against missiles within the 

atmosphere. The DIA report suggests that 

China will have a ground-based laser that 

can destroy a satellite’s optical sensors in 

low Earth orbit as early as next year (and 

that will, by the mid-2020s, be capable of 

damaging the structure of the satellite). 

Generally, the intention with lasers is 

not to blast a satellite out of the sky but 

to overwhelm its image sensor so it can’t 

photograph sensitive locations. The dam-

age can be temporary, unless the laser is 

powerful enough to make it permanent. 

Lasers need to be aimed very precisely, 

and to work well they require complex 

adaptive optics to make up for atmospheric 

disturbances, much as some large ground-

based telescopes do. Yet there is some 

evidence, all unconfirmed and eminently 

deniable, that they are already being used. 

In 2006, US officials claimed that China 

was aiming lasers at US imaging satellites 

passing over Chinese territory. 

“It’s happening all the time at this low 

level,” says Harrison. “It’s more gray-zone 

aggression. Countries are pushing the lim-

its of accepted behavior and challenging 

norms. They’re staying below the thresh-

old of conflict.”

In November 2016, the Commercial 

Spaceflight Center at AGI, an aero-

space firm, noticed something strange. 

Shortly after it was launched, a Chinese 

satellite, supposedly designed to test 

high-performance solar cells and new 

propellants, began approaching a number 

of other Chinese communications satel-

lites, staying in orbit near them before 

moving on. It got within a few miles of 

one—dangerously close in space terms. 

It paid visits to others in 2017 and 2018. 
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Another Chinese satellite, launched last 

December, released a second object once 

it reached geostationary orbit that seemed 

to be under independent control. 

The suspicion is that China is practic-

ing for something known as a co-orbital 

attack, in which an object is sent into orbit 

near a target satellite, maneuvers itself 

into position, and then waits for an order. 

Such exercises could have less aggressive 

purposes—inspecting other satellites or 

repairing or disposing of them, perhaps. 

But co-orbiting might also be used to jam 

or snoop on enemy satellites’ data, or even 

to attack them physically.

Russia, too, has been playing about in 

geostationary orbit. One of its satellites, 

Olymp-K, began moving about regularly, at 

one point getting in between two Intelsat 

commercial satellites. Another time, it got 

so close to a French-Italian military satel-

lite that the French government called it 

an act of “espionage.” The US, similarly, 

has tested a number of small satellites that 

can maneuver around in space. 

As the dominant player in space for 

decades, the US now has the most to lose. 

The DIA report points out that both China 

and Russia reorganized their militaries to 

give space warfare a far more central role. 

(President Donald Trump’s revival of the 

idea of a Space Force, while much ridi-

culed, may boost its importance in military 

thinking.) And there are fears among the 

US military that the US has lost its edge. 

“Russia and China are making advances 

in developing counterspace systems faster 

than we are protecting our satellites, which 

makes us increasingly vulnerable to attacks 

in space,” Harrison says. 

In response, the US military is start-

ing to make satellites tougher to find and 

attack. For instance, the NTS-3, a new 

experimental GPS satellite scheduled for 

launch in 2022, will have programmable, 

steerable antennas that can broadcast at 

higher power to counter jamming. It’s 

designed to remain accurate even if it 

loses its connection with ground control-

lers, and to detect efforts to jam its signal.

Another solution is not just to make 

single satellites more resilient, but to use 

constellations in which any one satellite 

is not that important. That’s the thinking 

behind Blackjack, a new DARPA program 

to create a cheap network of military com-

munications satellites in low Earth orbit. 

Such constellations could also be used to 

control nuclear weapons, said General John 

Hyten, the head of US Strategic Command, 

at the National Space Symposium in April. 

Instead of relying on hardened communi-

cations links, he said, nuclear command 

and control needs to have “a near infinite 

number of pathways that go through every 

element of space: hardened military space, 

commercial space, different kinds of links 

… so that the adversary can never figure 

out how the message is getting through.”

The 1967 Outer Space Treaty pro-

hibits weapons of mass destruc-

tion in space or on “celestial bodies” like 

the moon. It also forbids “military bases, 

installations and fortifications” on celes-

tial bodies, though not in Earth orbit. The 

major spacefaring nations ratified the treaty 

long ago, but the ambitions of the treaty 

to codify peaceful uses of space seem 

increasingly distant, as hawkish rhetoric 

and actions grow more common. 

The UN has tried for decades to get 

nations to agree not to “weaponize” space. 

Representatives from more than 25 coun-

tries met at a closed meeting in Geneva in 

March to discuss a new treaty. “The under-

lying difficulty in breaking the impasse 

is the continued distrust between major 

powers,” says Hitoshi Nasu, a space law-

yer based at the University of Exeter in 

the UK, who is working with colleagues 

to write a guide on how international law 

applies to space. 

But much as in the days of the Cold War, 

the only way to stop a conflict in space 

is to signal strongly that you are willing 

and able to carry one out, says Harrison: 

“Today, we are not adequately prepared 

for such a conflict, and our lack of prepa-

ration undermines deterrence and makes 

conflict in space more likely.” 

Cyberattacks 

Satellites are comput-

ers that happen to be 

in space, so they are 

vulnerable to attacks 

that disable or hijack 

them, just like their 

terrestrial peers.

Spoofing 

Impersonating adver-

saries’ satellites is 

usually trickier than 

jamming a signal, but 

easier than taking 

over the satellites—

with similar effects.

Jammers 

Many satellites were 

built without special 

concern for jam-

ming, so their signals 

can easily be over-

whelmed by malicious 

broadcasts.

Lasers 

Blowing up a sat-

ellite with a laser is 

hard, but temporarily 

blinding its sensors is 

a lot easier. This may 

already be happening. 

Co-orbital attack 

Refueling and fixing 

satellites sound like 

good ideas. But if 

you can loiter close 

to a satellite, you can 

threaten it with a sur-

prise attack.

A space arsenal
Satellites are vulnerable because of both 

what they are and where they are. Space 

weapons don’t have to be showy to be 

effective. These techniques particularly 

worry military planners.

Niall Firth is MIT Technology 

Review’s news editor.
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It’s getting crowded up there. Flocks of 

cubesats, fleets of orbiting cameras, and the 

first broadband internet mega-constellations 

from the likes of SpaceX, Amazon, and 

OneWeb are quickly filling low Earth orbit. 

If all the services launch as planned, there 

could soon be 10 times as many satellites 

operating in orbit as there are today. 

The rise in dangerous space junk is a con-

cern. But there’s a more immediate headache 

for satellite operators: a tightening squeeze 

on the radio frequency spectrum required 

to operate from orbit. Could space start-

ups squabbling over getting their fair share 

actually hold back this nascent industry?

Electromagnetic radiation spans a wide 

range of frequencies and energies, but only 

specific bands are useful for communication 

to and from space. High-frequency x-rays 

would be dangerous; microwave signals are 

absorbed by the atmosphere; low-frequency 

radio waves are less effective at transmit-

ting information and require large, ungainly 

antennas. 

Like people shouting at a party, compet-

ing signals at the same radio frequency can 

interfere and make communication diffi-

cult, so the spectrum needs to be parceled 

out in bite-size chunks for different uses. 

Multiplexing systems allow operators to 

share spectrum by finely slicing time slots 

and frequency channels as well as by encod-

ing signals so that many different messages 

can be transmitted simultaneously. But bands 

of frequency still need to be assigned to 

particular users, to avoid interference that 

would make radio spectrum unusable. Many 

of the most desirable frequencies for orbital

links were allocated to traditional radio and 

By  MARK        H A R R I S

Illustrations by NICOLÁS  ORTEGA

Squabbles  
in orbit  
as rival  
constellations 
fight over 
frequencies.
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TV broadcasts long before the first satel-

lites were launched. Now, as the heavens 

fill with more satellites, the scramble for 

radio frequency slots is growing ever more 

fractious. Regulators are being asked to 

deal with more companies, more space-

craft, and more disputes than ever before. 

Paperwork can stretch out for years, even 

as enthusiastic startups attempt to disrupt 

a conservative industry. 

Swarm Technologies is no stranger to 

regulatory tussles. When this small Silicon 

Valley startup launched four tiny experi-

mental satellites in 2018, it neglected to 

obtain the necessary authorization from the 

US Federal Communications Commission, 

one of the agencies whose approval needs 

to be granted before launch can take place. 

The FCC found out and slapped the com-

pany with a $900,000 penalty. 

The company now wants to launch a 

150-strong constellation to communicate 

with the growing number of internet-

connected devices on Earth. Because its 

satellites are so small, and thus cheap to 

launch, Swarm reckons its messaging ser-

vices will cost an order of magnitude less 

than existing satellite systems. All it needs 

is a few slivers of VHF radio spectrum.  

However, longtime satellite operator 

Orbcomm has laid claim to those frequen-

cies for decades, and it operates one of 

the very messaging systems that Swarm 

aims to disrupt. In a petition to the FCC 

to dismiss Swarm’s constellation appli-

cation, Orbcomm wrote that the startup 

“attempts to simply ignore Orbcomm’s 

clearly vested … spectrum rights.”

“There really are scarcity concerns in 

orbit,” says Thomas Hazlett, an econom-

ics professor at Clemson University and 

author of The Political Spectrum. “If you 

want to put up a satellite for communi-

cations, you may have potential conflicts 

with other users. There is a real need for 

rules to help coordinate this use.”

The International Telecommunications 

Union (ITU) is the body tasked with 

unpicking these competing claims. Formed 

in the mid-19th century to standardize tele-

graph technologies, it has helped regulate 

who gets to place satellites in orbit since 

the dawn of the space age. The agency, 

which also makes it possible to make tele-

phone calls from one country to another, 

among myriad other regulatory responsi-

bilities, is now part of the United Nations. 

But individual countries also want some 

say about spacecraft flying overhead. That 

means operators like Swarm also have to 

work with national agencies in the coun-

tries in which they intend to operate (in 

particular, the FCC controls access to the 

all-important American market). 

Unsurprisingly, newcomers see these 

regulations as barriers intended to keep 

them on the ground. In a lengthy response 

to the FCC, Swarm claimed that Orbcomm 

has no rights to the spectrum it wants to 

use and that the company’s “frivolous” 

petition “represents nothing more than the 

attempt of a longtime monopolist to use the 

licensing process to maintain its privileges.”

S
table circular orbits around Earth 

are associated with particular 

velocities, which vary with alti-

tude. (Satellites in elliptical orbits speed 

up when closer to Earth and slow down as 

they reach the farthest point in 

their orbit.) At 35,786 kilome-

ters (22,236 miles), the orbital 

speed matches Earth’s rota-

tion. Spacecraft flying directly 

above the equator at that alti-

tude will appear frozen in the 

sky to an observer on the sur-

face. Such geostationary slots 

enable a single large satellite to 

serve a wide geographic area, 

whether in relaying communi-

cations or, say, monitoring the weather.

Allowing for some elbow room between 

neighboring satellites, there are perhaps 

1,800 useful geostationary spots on this 

great circle, around 400 of which have 

become occupied over the years. As might 

be expected, there is more interest in spots 

above rich regions like North America and 

Europe than above sparsely populated 

Pacific islands. Countries were allocated 

slots above their longitude, and then indi-

vidual satellites were allowed to take up 

residence on a first-come, first-served basis. 

At first, spectrum seemed to be a solv-

able problem. Not only did frequencies 

have to be sliced up between just a small 

number of operators in one area, but the 

same frequencies could be reused over 

and over again around the globe. Everyone 

understood the rules, says Tim Farrar of 

satellite consulting firm TMF Associates.  

The rules of the game are changing, 

however. Operators want to pack small, 

cheap satellites onto ride-sharing rockets 

and send them into low Earth orbit, or 

LEO. From just a few hundred or thou-

sand kilometers up, satellites with cameras 

have a much better view of the planet; 

for communications systems, the shorter 

distance to the surface can save power 

and reduce latency. With a multitude of 

altitudes and orbits to choose from, there 

should be room for all. 

Spectrum is now becoming the limiting 

factor in who gets to deploy new commu-

nications constellations. Satellites in LEO 

whiz around the planet in a matter of hours, 

potentially causing interference not only 

to one another but to every geostationary 

satellite they pass beneath. At first, the 

ITU’s solution was to do the same thing it 

had done for geostationary orbit: the first 

operator to apply to use a slice of spectrum 

was given priority. Everyone following 

would have to agree not to interfere. 

But interference is a slippery concept. 

“Geostationary coordination is relatively 

straightforward,” says Diederik Kelder, chief 

strategy officer at LeoSat, which is planning 

a constellation of at least 84 internet satel-

lites in LEO. “Whereas in [LEO] it’s a very 

complex thing. You need very sophisticated 

modeling tools to grasp the impact.” 

Spectrum is now becoming 

the limiting factor 

in who gets to deploy 

new communications 

constellations.
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Foreseeing a coming spectrum crunch, 

the FCC decided to push forward with 

spectrum-sharing policies where every-

one planning to use similar frequencies 

would be considered at the same time—

so-called “processing rounds” that would 

theoretically create a fairer playing field.

But there have been unintended con-

sequences. More disputes have erupted as 

new entrants try to find regulatory loopholes 

or technical fixes while established oper-

ators attempt to protect their frequencies 

from interference, whether real or imagined. 

The incentive for companies to apply for 

frequencies as soon as possible also means 

that they have to file requests at the ITU and 

FCC long before their satellites have been 

built or, sometimes, even fully designed. 

SpaceX is the most ambitious of the 

new LEO generation. In 2015, Elon Musk 

unveiled a plan to use a mega-constellation

of satellites called Starlink to deliver global 

broadband internet that would reach many 

developing and underserved regions. 

SpaceX originally asked permission to 

launch 4,425 satellites, but it upped that 

to nearly 12,000 in 2017—a constellation 

that the FCC finally licensed in late 2018. 

In the run-up to the launch of its first 

commercial satellites, SpaceX tinkered 

with its plan yet again, asking to move 

some of its satellites closer to Earth and 

change the frequencies they would use. Its 

own analyses supposedly showed no new 

interference, but other satellite companies 

were not happy. Kepler, another satellite 

communications startup, called its claims 

“fundamentally misleading.” OneWeb, 

which plans its own mega-constellation of

more than 2,500 internet satellites, simi-

larly said SpaceX’s interference calculations 

“[included] misleading operational assump-

tions, an incomplete analysis parameter 

set, and highly misleading conclusions.”

The FCC approved SpaceX’s plan, and 

the company launched its first 60 Starlink 

satellites in May. Its rivals will now have 

to launch their satellites hoping that their 

interference concerns were unfounded. 

At least this spat was quickly settled. The 

nightmare for newcomers is that disputes 

can lead to interminable regulatory delays. 

In 2001, for example, a company called 

Mobile Satellite Ventures applied to the 

FCC to repurpose some of its satellite fre-

quencies for a hybrid satellite/terrestrial 

communications service. Ten years later 

the company, now called LightSquared, 

received a conditional waiver to proceed 

that was swiftly suspended over concerns 

that it might interfere with GPS navigation 

signals. LightSquared almost immediately 

filed for bankruptcy, but with the passing 

of nearly another decade, and yet another 

name change, Ligado Networks continues 

LightSquared’s fight. It has promised to 

reduce the power of its transmissions by 

over 99% yet still faces sustained push-

back from nervous, and possibly jealous, 

aerospace competitors. 

“Ligado’s decision to waste 40 MHz of 

satellite spectrum should not be rewarded 

with a windfall,” rival satellite operator 

Iridium wrote to the FCC in July 2018. In 

April, Ligado noted in a meeting with the 

FCC that the agency had been considering 

its latest application for over 1,000 days. 

As this issue went to press, the FCC had 

yet to rule on it.

Nevertheless, Ligado’s approach shows 

how technology could help quell squabbles. 

The firm was able to dramatically reduce 

its power requirements thanks to increas-

ingly sensitive receivers. Multiplexing 

systems also continue to improve, because 

of both improved computing power and 

increasingly intricate, clever techniques 

for encoding and decoding signals.

High-gain antennas allow satellites to 

create focused spot beams targeting spe-

cific areas below them. The tighter that 

focus, the more often those frequencies 

can be reused. Other new systems plan to 

use even more tightly focused lasers for 

one satellite to communicate with another, 

reducing the demand for radio frequen-

cies. New phased array technologies mean 

satellite signals can now be received by 

small and cheap electronically steered flat-

panel antennas rather than the unwieldy 

parabolic dishes of old. GPS-equipped 

satellites and user terminals alike can be 

programmed to avoid transmitting toward 

rival LEO or geostationary satellites. 

Some experts believe that the best 

way to unleash technological innovation 

is for regulation to take a back seat to 

market-based solutions, like the existing 

auctions for terrestrial wireless spectrum. 

But there is no clear mechanism for such 

a global spectrum auction. 

In any case, though converting free 

allocations of satellite frequencies into 

tradeable rights might offer incentives 

for cooperation over obstruction, it would 

be a fraught process at a global scale. The 

orbital economy is already dominated by 

a handful of the world’s most powerful 

nations. Giving preferential access to those 

companies with the deepest pockets seems 

likely to perpetuate historical inequities, 

and to exclude developing countries with 

the most to gain from reaching the next 

technological frontier. 

Not everyone sees the need for a revo-

lution in orbit. Farrar believes that satellites 

and ground stations will be regularly forced 

to pause operation until the risk of interfer-

ence subsides, thus dramatically reducing 

their capacity and threatening already shaky 

business plans. “It would be a disaster from 

an economic point of view if everyone gets to 

operate,” he says. “But it’s inconceivable that 

[all these companies] will do what they’ve 

announced they plan to do.” 

In which case a tortuous bureaucracy 

that defers, delays, and disrupts business 

plans might be just what space needs. 

Mark Harris is a writer in Seattle 

and a frequent contributor.
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HOW FAR WILL WE GO?

Mars 
invasion 
2020
By  

Tate Ryan-Mosley

Illustrations by  

John MacNeill
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very two years or 

so, Earth and Mars 

snuggle close in 

their orbits. As they near one 

another, a prime window 

opens for launching missions 

to our rusty neighbor, and the 

next opportunity is near at 

hand. In the summer of 2020, 

four space agencies around 

the world plan to launch pio-

neering missions. NASA’s 

Mars 2020 aims to land a 

rover that will release a small 

autonomous helicopter. The 

EU and Russia are sending 

a joint mission—complete 

with tiny ovens that will bake 

small batches of soil in search 

of signs of life. China and the 

UAE, meanwhile, are busy 

preparing what would be their 

first trips.

If successful, the new-

comers will add to the ranks 

of explorers and scientists 

chipping away at the planet’s 

mysteries.

Among those mysteries are 

the questions on everyone’s 

mind when they think of the 

Red Planet. Is there life there? 

Was there ever? And perhaps 

most alluring: Could we one 

day live there?

E

China has a lot on the docket for what it hopes will be its 

first successful mission to Mars. It’s attempting to orbit the 

planet, complete a landing, and deploy a rover on the sur-

face. The mission is an escalation of China’s space ambi-

tions after the country landed on the dark side of the moon 

in early 2019 and invested in a “Mars simulation” camp on 

the country’s remote Qinghai-Tibet plateau. If the mission 

is a success, the orbiter will study the Martian atmosphere 

and take magnetic field readings, while the HX-1 rover will 

explore the Martian surface for 90 days. So yeah—a huge 

chunk of everything NASA has done in nearly five decades 

of visiting the planet, all rolled into one mission.

Owner: China National Space Administration

Cost:  Unknown

Type:   Orbiter and rover

The first:  Chinese mission to Mars

NASA’s shiny new rover is going to be the Martian equiv-

alent of a billionaire’s yacht—complete with a private 

chopper. Building on the missions that gave us the Spirit, 

Opportunity, and Curiosity rovers, Mars 2020 will fea-

ture better autonomous navigation capacity and will come 

loaded with instruments. That includes imaging tools, atmo-

spheric sensors, experimental oxygen-producing engines, 

and a drill that can bore a few inches into interesting rocks 

or soil (some of the samples it digs up may one day be 

returned to Earth). And the four-pound helicopter? If it lifts 

off as planned, it will be the first heavier-than-air object to 

fly on another planet.

Owner:  NASA

Cost:  $2.46 billion

Type:  Rover and helicopter

The first:  Heavier-than-air flight on another planet

China Mars Probe

Mars 2020
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In its first mission beyond Earth orbit, the United Arab 

Emirates is going big and going to Mars. The aim of the 

Hope probe is to produce the first “truly global picture 

of the Martian atmosphere.” The planet’s ancient climate 

probably could have sustained liquid water on the surface, 

but its atmosphere was decimated long ago and most, if 

not all, remaining water is either vapor or locked up as ice 

underground. An ultraviolet spectrometer aboard Hope will 

track traces of oxygen, hydrogen, and other gases as they 

escape into outer space. What it finds would tell us a lot 

about why Mars’s atmosphere has dwindled—and whether 

or not it could one day be replenished.

Owner:  UAE Space Agency

Cost:  Not released, but the UAE has spent 

  $5.4 billion so far on its space program.

Type:  Orbiter

The first:  Space exploration mission by the UAE

This mission is part of a program that started with a 2016 

launch of an orbiter and a prototype lander (which sadly 

crashed). The 2020 version will send a Russian lander 

and a European rover to one of two Martian locations rich 

in ancient organic material (either Mawrth Vallis or Oxia 

Planum, near the equator). There it will drill into the planet’s 

surface, analyzing the local chemistry in search of signs of 

life. And by “analyzing,” we mean baking samples at up to 

900 ˚C in 30 single-use ovens and then running the resul-

tant vapors through a gas chromatograph. If any tiny crit-

ters get cooked in the process, the aroma they give off will 

get a lot of attention.

Owner:  ESA and Roscosmos

Cost:  $1.45 billion

Type:  Rover

The first:  Two-meter drill into the surface 

Hope Mars Mission

ExoMars 
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who created a company that 

has delivered more purchases 

than any other in the history 

of the world, stands in front 

of a craft designed to deliver 

things beyond it. It is called 

Blue Moon, and its blocky form, 

dominated by a spherical hydro-

gen tank, sits under stage light-

ing of an appropriately muted 

but still ethereal hue. 

With a payload capacity 

of 4,500 kilograms (9,900 

pounds), Blue Moon is the 

biggest lunar lander designed 

since Grumman built the Apollo 

lunar module in the 1960s. It 

could fly—if that is the word 

for something so wingless—in 

the next few years, Bezos tells 

his audience in Washington, 

DC. Odds are it will take a bit 

longer. But there’s a fair chance 

that Blue Moon will, in some 

form or other, reach the moon, 

and that one of its extended 

forms will carry a human crew.

By_OLIVER MORTON

49

T H E  M O O N ?

J E F F  B E ZO S,

 A return to the 

 moon is hard 

 to justify 

 in practical 

 terms, but it 

 nonetheless 

 seems almost 

 inevitable— 

 and that may 

 be purpose 

 enough.
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NASA will need considerable assistance 

from private aerospace companies like 

Bezos’s Blue Origin to meet Vice President 

Mike Pence’s goal, announced a few weeks 

before Blue Moon’s unveiling on May 9, of 

putting an American back on the moon by 

2024. On May 16, NASA announced con-

tracts for studies and prototypes with 11 

companies interested in providing it with 

lunar landers and other spacecraft; Blue 

Moon got funding, as did an unnamed, 

even larger moon lander from Elon Musk’s 

SpaceX. (Another of the 11 companies is 

the much smaller and scrappier Masten 

Space Systems, profiled on page 52.) 

The Pence acceleration had no com-

pelling rationale beyond an unwillingness 

to let China seize the “strategic lunar high 

ground.” It is true that once China builds 

the very large new rocket its engineers 

are now planning, the Long March 9, and 

gains experience with space operations 

using its proposed space station, a moon 

mission seems the logical next move. But 

given that the Chinese space program is 

characterized by slow, measured steps, that 

seems a much more likely proposition for 

the 2030s than the 2020s. Pence’s urgency 

might simply have more to do with the fact 

that, were Donald Trump to win a second 

presidential term, a 2024 moon landing 

could take place during Pence’s own cam-

paign to become president. 

The uncomfortable truth about any trip 

to the moon is that it is not really about 

the moon, and never has been. For Pence 

it is about some mixture of politics and 

China; for China it is about China, too. 

For Musk it’s a distraction on the way to 

Mars, but one he will tolerate if others pay 

or the publicity is good. For Bezos, it’s a 

stepping-stone to a greater vision of space 

and human destiny. He subscribes to the 

dreams of Gerard K. O’Neill, a Princeton 

professor who in the 1970s proposed build-

ing vast industrial concerns in orbit, their 

workers and managers housed in spinning, 

city-size habitats. The moon, in this vision, 

is at best a handy source of raw materials 

until the asteroid-mining boom kicks in 

(which, as explained on page 62, will take 

a while if it happens at all).

Apollo was not really about the moon 

either. It was driven by a desire to show 

the world, and America’s own citizens, 

that the United States’ capitalist system 

could achieve greater things than the 

Soviet Union’s socialist one. The fact that 

going to the moon would be very difficult 

and supremely costly—“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,” as President 

Kennedy said in 1961—was of the essence. 

Doing something cheap or easy could not, 

by definition, show the effort America was 

willing to put into a remarkable project. 

The moon itself was not of the essence: 

Kennedy initially resisted the idea, sug-

gesting that desalination plants providing 

limitless fresh water for all might be a better 

show of America’s technological supremacy. 

But the world was entranced by space, 

all the more so after Yuri Gagarin’s flight 

in April 1961. And America clearly lagged 

the Soviet Union. In 1957 it had been sur-

prised by Sputnik; at the time of Kennedy’s 

famous speech it had yet to launch an astro-

naut into orbit. Part of the moon program’s 

appeal was that it leapfrogged over that 

shortcoming. Though the Soviet Union had 

better rockets—basically, big ICBMs—for 

putting people into orbit, it was no closer 

to the considerably larger rockets needed 

for moon missions than the US was. By 

deploying $120 billion (in today’s dollars), 

the US beat its rivals to the goal. A supreme 

symbol of national achievement was cre-

ated, and that was enough; the moon could 

go on its way without further interference 

from the neighbors. 

The current geopolitical rivalry with 

China that Pence pointed to is not like 

that of the Cold War. China may think put-

ting people on the moon would be a nice 

symbol, pleasing at home and impressive 

abroad. But it would not make the world 

look on in wonder in the way Apollo did, 

and Chinese footprints there would not 

cement a Chinese reputation for tech-

nological primacy. That is the job of the 

industrial policy until recently known as 

              As an honest contemporary Kennedy might put it:          

I guess it might even be    

Jeff Bezos unveils the 

module he'd use to bring 

humans back to the moon.
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“Made in China 2025,” which seeks to 

have Chinese companies lead the world 

in 10 technology areas that are all firmly 

terrestrial and profit driven. It is true that 

“aerospace equipment” is one of those 

areas—but it is only one, and “Made in 

China” is mostly about what Chinese 

consumers can use in their millions and 

Chinese companies can export. Moon 

rockets are doubly disqualified.

For all this, symbolism still matters. If 

China got serious about going to the moon, 

an America with no such plans would have 

but two options. It could either pooh-pooh 

the whole venture—darling, the moon’s so

last century—or it could make plans of its 

own. The first option might sound uncon-

vincing, and the second would look like 

playing catch-up. Getting out in front, as 

Pence is doing, is thus a plausible strategy. 

Look at it as a maintenance payment on 

the great symbol of Apollo. If China gets 

to the moon and America is not there, 

then Apollo, which signified America’s 

greatness in 1969, will come to signify lost 

greatness instead.

And the moon makes sense in other 

ways. America has a human spaceflight 

program and no appetite to scrap it; the 

International Space Station is a finished 

project; and going to Mars is a much harder 

undertaking. If you really want to do some-

thing with people in space (a condition not 

all US administrations meet), the moon is 

the obvious next objective. And today’s 

technologies should make it much less of 

an effort than it was in the 1960s. So why 

dilly-dally and let some later administra-

tion take the credit? As an honest contem-

porary Kennedy might put it: “We don’t 

really choose to go to the moon, but we 

sort of feel we have to, and though it may 

not be exactly easy, it doesn’t look all that 

hard. I guess it might even be kind of cool.” 

B
ut two things make the possibly 

imminent return interesting 

beyond sublime technological 

oomph, geopolitical signaling, 

and nifty science. One lies in 

the fact that, indeed, it doesn’t look all that 

hard; the other in the new quasi-practical 

allure that the moon has taken on over its 

fallow decades. 

Ever since the Apollo program was can-

celed, people keen to return to the moon 

have talked, often somewhat fantastically, 

about the resources it might offer. In the 

past couple of decades, this speculation 

has focused on the moon’s poles. Because 

the moon sits up very straight in its orbit, 

there are craters at its poles into which 

the sun never shines. Some astronomers 

have long suspected that, over the billen-

nia, comet impacts have left tenuous and 

transitory atmospheres frozen into these 

cold traps. An increasing body of evidence 

strongly suggests that they have. 

Those cometary residues are probably 

composed of some mix of water, ammonia, 

carbon monoxide, and more besides. If so, 

they could be a source of light elements—

hydrogen, carbon, nitrogen—in which the 

moon is sorely lacking. If food can be fab-

ricated from these instead of shipping it 

from Earth, a moon base becomes more 

plausible. What is more, light molecules 

such as hydrogen and methane make good 

rocket fuels. Being able to refine fuel from 

lunar ice would make both getting from 

point to point on the lunar surface and 

getting back to Earth easier and cheaper. 

Even better, some entrepreneurs 

believe that because of the moon’s weak 

gravity, it could be cheaper to fly rocket 

fuel from there than from the Earth’s sur-

face to spacecraft in Earth orbit. They 

thus imagine the moon becoming both a 

source of wealth and a vital component of 

the space-based industrialization favored 

by Bezos and his ilk. 

But this leads us to the lunar-resource 

paradox: a market for orbital fuels big 

enough for a moon base to earn its keep 

providing them suggests a large orbital 

economy. A large orbital economy sug-

gests that the cost of launching things to 

space from Earth has become a great deal 

cheaper. But if launching from Earth is a 

great deal cheaper, why pay the high capital 

costs of setting up a moon-based supply? 

There will only be enough orbital demand 

for light elements to justify the expense of 

a moon base if the cost of launching from 

Earth to orbit is so low as to undercut the 

market for such lunar supplies.

Skepticism about this particular pro-

posal might yet be proved wrong, how-

ever. Economic history often works out 

strangely, producing niches almost no 

one foresaw. More broadly, the fact that 

people want to go to the moon for possi-

bly dubious reasons is a by-product of the 

more cheerful fact that they may soon be 

able to go to the moon for many reasons, 

because going to the moon will not be so 

hard. Yusaku Maezawa, a wealthy Japanese 

fashion entrepreneur, has signed a con-

tract for a trip around the moon—not to 

its surface—with SpaceX simply because 

he wants to go, and to take a team of artists 

along with him to see what they make of it.

The one thing the moon has been 

proved to offer beyond prestige and sci-

ence is perspective. For more people to 

see the harsh glories of the moon, both 

for themselves and as a context for the 

beautiful blue-green world fixed above 

them in the sky, and for those people to 

be a more diverse sample of humankind 

than the stalwart white, male American 

astronauts of Apollo, might come close to 

justifying a return in and of itself. Since 

the logic of space programs needing some-

thing to do makes that return highly likely, 

it will be a welcome dividend. It may, in 

the future, come to be seen as having been 

the main point. 

          “We don’t really choose to go to the moon, 

but we sort of feel we have to, and though it may not be exactly easy, it doesn’t look all that hard. 

   kind of cool.” 

Oliver Morton’s latest book is The 

Moon: A History for the Future. He is 

on staff at the Economist.
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Can 
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tiny 

startup 

lead 

America 

back 

to 

the 

moon

—

this 

time 

to 

stay?



D
ave Masten stared at 

his computer monitor 

over a jumble of screw-

drivers, tea packets, and 

dog-eared physics text-

books that cluttered his 

desk. “Anybody want to 

watch this?” he called out to no reply. It 

was about noon on Thursday, April 11. He 

scanned his office, a scrubby quadruple- 

wide trailer at the Mojave Air and Space 

Port in Southern California’s high desert, 

but found he was alone. 

That isn’t uncommon. The entire team at 

Masten Space Systems, the rocket company 

that Masten founded in 2004, numbers 15 

people. The seven based in Mojave—mostly 

young men who wear T-shirts emblazoned 

with sayings like “I need my space”—spend 

some time at their desks, working through 

equations or crafting proposals for clients 

like NASA. But they are more often found 

in the converted military garage across the 

dusty parking lot, tinkering with rocketry. 

Masten turned back to his monitor, 

which was showing the live-stream broad-

cast of Beresheet, a lunar lander developed 

by SpaceIL, a privately funded Israeli non-

profit. Beresheet had been launched by 

a SpaceX Falcon 9 rocket a few months 

earlier, and had spent the previous week 

orbiting the moon in preparation for its 

landing attempt. If it touched down with-

out issue, it would become the first private 

vehicle ever to land on the moon. 

As Beresheet descended, Masten 

strained to make out the chatter in the 

background of the SpaceIL broadcast. A 

few minutes before the targeted landing 

time, he heard someone say the team had 

lost contact with the inertial measurement 

unit, which measures the spacecraft’s 

acceleration and rotation.

“Shit,” he thought. “They lost the 

mission.” 

Masten’s interest in Beresheet’s flight 

was personal. His firm is hard at work on 

its own moon lander.

That lander, the XL-1, is just under three 

and a half meters (11.5 feet) long and just 

over three meters wide. With technical 

input (though not funding) from NASA 

through its Lunar Catalyst program, the 

Masten team designed the lander to carry 

a 100-kilogram (220-pound) scientific 

payload to the moon’s surface and survive 

there for 12 days. Three spherical propel-

lant tanks balanced on spindly legs huddle 

beneath a rectangular solar panel, giving 

the probe the appearance of a giant ant 

carrying a matchbox on its back. The tanks 

hold a proprietary combination of nontoxic 

liquids that spontaneously ignite when 

combined, powering four main engines 

and 16 maneuvering thrusters, all of which 

hang off the contraption’s sides. The whole 

thing weighs 675 kg (1,488 lb) without fuel, 

and 2,675 kg, as much as a Toyota Tacoma 

pickup, when “wet.” It is simple and cheap, 

and was promising enough for NASA to 

select Masten in late 2018 as one of nine 

companies to take part in the Commercial 

Lunar Payload Services program (CLPS, 

pronounced “clips”).

Getting to space has always been 

expensive; getting to the moon, even 

more so. Astrobotic, one of the CLPS 

participants, quotes a price of $1.2 mil-

lion per kilogram to reach the lunar sur-

face. (Other companies generally refrain 

from putting a number on it.) As NASA 

sets out to return humans to the moon 

by 2024—a surprise deadline recently 

imposed by the Trump administration—

CLPS is an attempt to figure out if private 

companies can get there quickly and on 

the cheap. NASA will pay for cargo to be 

delivered to the moon, but not to design 

or build the spacecraft that get it there. 

The aspiration is for CLPS to function like 

a lunar delivery service.

Masten is the smallest of the nine CLPS 

companies. Lockheed Martin, with 100,000 

employees and a market value of $96 bil-

lion, is the biggest. NASA’s latest budget 
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Masten's Xodiac rocket 

(previous spread).

Masten's design for its 

XL-1 lunar lander (above) 

and the entrance to its 

aviary (right), where its 

rockets are stored.

Dave Masten (above 

right), founder and CTO 

of Masten Space Systems. 



allocates $80 million per year to CLPS, 

and if the program goes well, this could 

increase to a total of $2.6 billion over the 

next decade. Being part of CLPS gives com-

panies the right to compete for contracts 

through a series of “task orders”—if they 

aren’t chosen, they aren’t paid. If they are, 

they get a fixed fee and have to figure out 

how to use it to get to the moon. 

On May 31, the first task order (totaling 

over $250 million) was awarded to three 

firms: Orbit Beyond, which will launch 

in September 2020, and Astrobotic and 

Intuitive Machines, which plan July 2021 

launches. Steven Clarke, NASA’s deputy 

associate administrator for exploration, 

says subsequent task orders will create 

a “good cadence of missions”—initially 

about two a year, increasing to three or 

four missions per year by around 2023. 

None of the CLPS entrants are build-

ing a new launch vehicle; they will buy 

rides to orbit from commercial providers. 

For instance, Orbit Beyond and Intuitive 

Machines plan to ride to Earth orbit on a 

SpaceX Falcon 9.

NASA has not landed a vehicle—let 

alone a person—on the moon since 1972. 

Going back just for bragging rights no 

longer makes much sense. Dave Murrow, 

a senior manager working on CLPS at 

Lockheed Martin, says, “Flags and foot-

prints were great in the 1960s—it was very 

important for us as a nation at that point. 

But now we need something sustainable.”

It is unclear if there will ever be enough 

demand for lunar travel to support a healthy 

industry (see “Why return to the moon?” 

page 48). The answer will hinge partly 

on what the landers find on the moon. 

Marshall Smith, director of human lunar 

exploration programs at NASA headquar-

ters, believes there is an abundance of 

water at the moon’s south pole that could 

be converted to rocket fuel and drinking 

water for astronauts. 

Dean Eppler, a NASA veteran (and eco-

nomic geologist) who is now chief lunar 

scientist at the Aerospace Corporation, 

is less certain. Lunar orbiters, he said 

at a recent forum his firm organized in 

Colorado Springs, have gathered about as 

much information as they can. To figure 

out if mining the moon for water is via-

ble, “we really have to get down on the 

ground,” he said. “That’s what the CLPS 

program is going to be important for. And 

thank God it’s here, because it would be a 

hard road without it.”

Ever since the end of the Apollo pro-

gram, NASA has struggled to reinvent 

itself as an efficient enterprise. The “Faster, 

Better, Cheaper” initiative of Daniel 

Goldin, who ran the agency from 1992 



to 2001, is now widely derided; critics 

accused it of contributing to two failed 

Mars missions and the 2003 disintegration 

of the space shuttle Columbia, in which 

seven astronauts died. “We as an industry 

got to a spot where, wow, those failures 

were really painful. We’re not going to do 

that again,” Murrow says. 

Eager to stretch money further with-

out repeating the same mistakes, NASA 

increasingly relies on private partnerships. 

Beginning in 2006, it used a concept sim-

ilar to CLPS to bid on cargo shipments to 

the International Space Station, recalls 

Lori Garver, a former deputy adminis-

trator of NASA. 

The program spurred SpaceX to create 

the Falcon 9 launch vehicle, which cost 

about $390 million to develop. NASA esti-

mates that had it developed the vehicle, the 

cost would have ballooned to between $1.7 

billion and $4 billion. But outsourcing is no 

guarantee of success: a more recent effort 

to use commercial providers to send human 

crews into Earth orbit is meeting with the 

same sorts of delays that NASA’s own pro-

grams confront. And Garver questions if 

the lunar market is big enough to be viable.

CLPS takes a particularly streamlined 

approach. The CLPS request for propos-

als was about a dozen pages, compared 

with the hundreds of documents with 

endless compliance requirements that 

normally accompany NASA collaborations. 

The contracting structure is designed to 

make protest lawsuits difficult—a wonky 

but important detail if NASA is to move 

quickly, since procedural hang-ups are 

a frequent source of delays. And NASA 

appears to have gone out of its way to 

give smaller firms a chance. Though not 

as small as Masten, the three firms cho-

sen for the first task order are all modest 

by the standards of aerospace. Apart from 

Lockheed Martin, only one of the other 

participants is a large aerospace firm: 

Draper, a nonprofit corporation that was 

founded in 1932 as part of MIT. 

Chris Culbert, the chief technologist 

at NASA’s Johnson Space Center (JSC), 

who manages CLPS, told the Aerospace 

Corporation forum, “This might be the best 

chance in many of our careers to actually 

tell NASA how to do things differently.” 

Trent Martin of Intuitive Machines, who 

previously spent a decade each at Lockheed 

Martin and NASA, is even more effusive: 

“I’ve been around the agency a really long 

time, and I’ve never seen anything like it.” If 

CLPS works as designed, even bigger firms 

like Lockheed and Draper must prove they 

can compete on cost and speed with much 

leaner companies.

For Lockheed, a CLPS contract would 

be nice. But for the smaller companies, the 

stakes are higher. Steve Bailey, who runs 

Deep Space Systems, says he’s “betting the 

company” on CLPS. Murrow of Lockheed 

Martin muses, “Sustainable economic 

activity isn’t going to happen from just one 

company dominating or monopolizing—

it’s going to happen from a diverse set of 

participants with different strengths and 

weaknesses, different risk postures, and, 

frankly, different probabilities of success.”

For NASA, CLPS represents an ideal 

sort of lean agility. Officials from the 

administrator, Jim Bridenstine, on down 

have taken to saying the agency is more 

interested in taking swift “shots on goal” 

than in certain but plodding progress. 

The first CLPS task order was assigned 

before NASA had figured out what, exactly, 

it wants delivered where: “Within the 

The Masten offices, in a 

quadruple-wide trailer an 

hour and a half from LA.



next couple of months we’ll have sorted 

out which payloads will go on which land-

ers,” Culbert said when the orders were 

announced. His team at JSC numbers 

fewer than seven people—a sign, he says, 

of the trust NASA is putting in commer-

cial providers.

Of the CLPS competitors, Masten Space 

Systems has an ethos that seems particu-

larly well aligned with this focus on speedy 

experimentalism. Dave Masten thrives 

on rapid movement, an inclination that 

surfaces in his personal life—he marked 

his recent 50th birthday by attempting a 

50-mile trail run—and his professional one. 

As a rocket engineer, he has long advo-

cated for relentlessly testing and tweaking 

reusable machines rather than trying to 

nail designs on the first try. This means 

that even though Masten is tiny, it can lay 

claim to forms of experience that larger 

companies lack. Xombie, Masten’s first 

operational rocket, has flown 227 times—

which the firm claims is a record for any 

rocket-powered airframe.

For Masten, the CLPS program presents 

a path to a more stable future, after years of 

scraping by. But “not to get stinking rich, 

because this is aerospace, and you don’t 

actually get rich in aerospace,” Dave Masten 

says. Masten chose to be chief technology 

officer of the firm that bears his name so 

that he can spend more time building rock-

ets, and less worrying about money. Sean 

Mahoney, a jovial 45-year-old with a rugby 

player’s build who serves as Masten’s CEO, 

has a habit of leading new hires to the Roton 

ATV, a failed rocket displayed in the center 

of the Mojave spaceport, and telling them: 

“We’re not guaranteed success. We’re not 

trying to minimize risk or downside. We’re 

working for some big stuff.”

As a child growing up outside Cleveland 

in the 1970s, Dave Masten so loved rockets 

that his normally education-focused par-

ents let him miss school to watch NASA 

launches on television. 

Eager to experiment with his own 

designs, Masten would decamp to an open 

field next to the local elementary school 

with his younger brother to fly Estes model 

rockets they assembled from cardboard 

tubes and balsa wood fins. Inspired by 

his father, a software engineer who had a 

penchant for radio-controlled airplanes, 

Masten wondered: if he fastened wings 

to one of the rockets and outfitted it with 

radio control, could he land it like a shuttle?

Eventually he would return to rocketry, 

but Masten began his career in more earth-

bound fields. Though he ultimately left 

college a semester short of graduating, he 

paid for his mechanical engineering stud-

ies by welding for a General Motors sup-

plier before briefly enlisting in the Army, 

where he learned to drive fuel tankers and 

despise large bureaucracies. 

After moving to Silicon Valley, Masten 

got involved with various tech firms, 

including Andiamo Systems, a network 

hardware company, which Cisco bought in 

2002 for approximately $750 million. This 

didn’t make him Jeff Bezos wealthy, or even 

Elon Musk rich. But it did give him enough 

money to dedicate himself to rocketry full 

time. Along with three others he had met 

at space conferences and through the 

Experimental Rocket Propulsion Society 

(ERPS), an amateur group obsessed with 

high-power rocketry, he founded Masten 

Space Systems in 2004. 

From its first days in the cramped Santa 

Clara workshop it shared with ERPS and 

another company, Masten Space Systems 

has focused on creating reusable rockets 

that take off and land vertically. The part-

ners fervently believed this approach would 

reduce the cost of rocket missions, mak-

ing space more accessible. “We had half 

a million bucks,” recalls Jonathan Goff, an 

amiable propulsion engineer who was one 

of Masten’s cofounders. “We figured we’d 

build a flight demonstrator to convince 

people we knew what we were doing, raise 

the last of the money to go suborbital—that 

would take a year, maybe two at the most. 

And then we’ll either have enough money 

to go orbital, or raise money to go orbital.” 

It did not work out that way. Both 

Masten and Goff categorize the first vehi-

cle the company built as an abject failure. 

Flaws in the code meant that when the 

team eventually tested the craft, tethering 

it to a crane to keep it from crashing onto 

the landing pad below, it would take off 

and spin on the tether like a dizzy puppet.

Meanwhile, Masten and his partners 

soured on Santa Clara. Their workspace 

was cramped, and the neighbors often 

complained about the noise from Masten 

fiddling with rocket igniters in the back 

room. Plus, to test their rocket engines 

away from people, the Masten team had to 

drive their test trailer—a clunky steel thing 

they nicknamed the “hot dog stand”—two 

hours into the Diablo mountain range. 

Encouraged by colleagues at another 

small rocket company, XCOR, Masten 

Space Systems packed up its gear and 

drove south. The destination was Mojave, 

a tiny town in Southern California’s high 

desert, whose long coexistence with aero-

space meant the residents were “more 

likely to cheer than call the cops” when 

they heard the roar of rocket boosters, 

Masten remembers. 

By the time Masten Space Systems 

moved into an old Marine motor pool 

maintenance building at the Mojave air-

port (the Marine Corps had taken it over 

during World War II), the complex was 

already well known among aerospace 

buffs. It was in a warehouse in Mojave 

that Jeana Yeager, Burt Rutan, and Dick 

Rutan built the Voyager, which in 1986 

became the first plane to circumnavigate 
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the world without refueling. In 2004, the 

Federal Aviation Administration desig-

nated the Mojave complex a “commercial 

spaceport.” A few days later, Burt Rutan’s 

SpaceShipOne took off from Mojave to 

become the first private vehicle to enter 

space with people on board. 

Still, Masten’s early relationship with 

Mojave was ambivalent. He enjoyed the 

fact that—an hour and a half from Los 

Angeles, the closest large city—the sky 

was so inky black he could stand amidst the 

hangars and gaze up at the Milky Way. The 

small, dust-beaten town was less appeal-

ing. Just a mile or two from where billion-

aires like Richard Branson and Microsoft 

cofounder Paul Allen would land in their 

private jets to check on their rockets, many 

of Masten’s neighbors suffered from star-

tling poverty and drug addiction. 

Not that he saw them much. During 

his first months as a Mojave resident, 

Masten spent more nights on a cot set up 

in the company’s spartan office than in his 

nearby apartment.

He had plenty to worry about. As the 

team struggled to fix their unruly rocket, a 

team from the Discovery Channel visited 

Mojave to film a program on new space 

companies. Soon after the crew clicked 

on their cameras, Masten’s rocket spun 

out of control during a tethered test flight. 

The team cut its engine, but by that point 

it was high enough that when it dropped, 

the force with which the rocket pulled on 

the tether tipped the crane forward. The 

foot of the rocket caught on the launch 

pad and the machine ripped in two. On 

tape. “I was pretty sure we were done,” 

Goff recalls. 

By that point Goff had just $50 left to 

his name; Masten had not taken a salary 

for years. They were about to close the 

business and go their separate ways when 

they received a call from Joel Scotkin, a 

New York–based investor, who had sold 

his financial technology consulting firm 

to Accenture. Scotkin had always been 

excited by the potential for private compa-

nies to transform spaceflight; despite the 

challenges, he was impressed by Masten’s 

proprietary engine designs that ran on 

oxygen and rubbing alcohol. In 2007 he 

wrote Masten Space Systems a check that, 

though not huge, allowed the company to 

push forward. “It was one of those moments 

where you pull the airplane up but still have 

grass stains on the fuselage,” Goff recalls.

Things  began turning around for 

Masten in 2009. 

In the fall of that year, the company had 

qualified for a NASA “Centennial Challenge” 

that judged teams on their ability to simulate 

accurate moon takeoffs and landings. The 

first phase of the competition required land-

ing on a well-marked, flat circle 10 meters 

in diameter. Masten Space Systems entered 

its Xombie rocket, which won $150,000 for 

second place behind Armadillo Aerospace, 

a small Texas rocket startup.

The second part of the challenge a 

few weeks later carried a million-dollar 

prize and involved landing on a rocky, 

cratered surface meant to resemble the 

moon. Masten decided to use a larger, 

more powerful aluminum-frame rocket 

named Xoie. Difficulties with their initial 

design meant that they were “starting 

from a pile of parts” a month before the 

rocket had to be competition ready. They 

worked 80-hour weeks and tested it about 

20 times over the course of several days. 

The night before their scheduled compe-

tition flight, Xoie managed to hover for 

the required three minutes despite gusts 

of up to 40 miles (64 km) per hour. Goff 

recalls thinking: “Holy crap, we’re ready!”

The next morning, though, as an eager 

audience looked on, Xoie refused to start. 

Goff slid his finger along the rocket’s 

engine and felt moisture: it was leaking 

alcohol, the liquid the vehicle used as fuel. 

The company was nearly out of money 

again. If they lost the challenge, they would 

likely have to shutter. “We thought, okay, 

it’s a $300,000 vehicle, but it’s a million- 

dollar prize, and we’re going to go out of 

business if we fail anyway. Might as well 

roll the dice,” Goff recalls. 

Finally, they got the engine to light 

and Xoie roared into the sky. Goff recalls 

the power of the rocket reverberating 

in his ribs. He watched, mesmerized, as 

Xoie hovered high above the Joshua trees 

and sagebrush of the Mojave Desert, and 

rejoiced when he saw it touch down in the 

designated landing area.

But his celebration quickly gave way 

to panic: no sooner did Xoie land than its 

oxygen tank burst into flames.

The judges decided to grant the com-

pany one more flight attempt the following 

day—but they would need to be ready at 

5 a.m. That gave the team a little less than 

12 hours to determine the cause of the fuel 

leak and fix their charred rocket. “Even 

when we got the word that we would be 

allowed to try again if we could repair the 

vehicle … we were almost ready to give 

up,” Scotkin wrote at the time in an email 

recapping the challenge. “Almost all of the 

MSS personnel looked like walking dead.”  

Goff hurriedly drove to a FedEx facil-

ity to pick up a replacement tank. When 

he returned an hour later, he found that 

members from other challenge teams had 

gathered at Masten’s workshop to help. 

Masten and Scotkin sent him and the rest of 

the weary team home to rest, and with the 

support of the volunteers, they got to work. 

If they couldn’t get the rocket to stop 

leaking, mused Keith Stormo of High 

Expectations Rocketry, a small group from 
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Idaho, perhaps they should build a sump to 

collect drips and a catheter to divert them 

from critical parts? Masten’s team found a 

Rubbermaid trash can lid, glued it on, and 

used baling wire to hold it tight. Overnight, 

Masten and a few others patched the tank 

insulation, repaired the faulty wires, and 

re-ran the damaged plumbing.

They finished everything mere minutes 

before their designated launch time. After 

the team rapidly filled Xoie’s fuel tank 

with isopropyl alcohol, Masten’s launch 

director, Ben Brockert, ordered his col-

leagues to run. 

“We were engineers who were fat and 

out of shape,” Goff recalls, so he and his 

coworkers were still about 75 feet shy of 

what would be considered a safe distance 

from the fully fueled rocket when Brockert 

began counting down to blastoff. 

Xoie completed two flights that lasted 

the requisite three minutes, and went on 

to win the challenge with an average land-

ing accuracy of 7.5 inches (19 cm) from 

the target. The vehicle built by Armadillo 

Aerospace, which had previously held the 

lead, came in at 34 inches. 

Suddenly, Masten Space Systems had 

earned $1 million and a reputation for 

punching above its weight. 

In May 2010, Elon Musk sent an email 

to SpaceX’s propulsion, avionics, and struc-

tures teams with a link to a video hosted 

on a hobbyist website. You could watch 

Xombie take off vertically, ascend, and 

then pause in midair as its engine (delib-

erately) flickered out. As the rocket hur-

tled downward, the pilot re-lit the engine 

and the rocket gently descended to the 

ground. It was the first time a vertical take-

off, vertical landing rocket had ever done 

so. NASA called the in-air relight “a major 

step towards flying payloads to suborbital 

altitude.” In writing to his team, Musk was 

succinct: “Pretty cool!” Masten says with a 

chuckle: “I was doing it before it was cool, 

and now it’s cool and everyone talks about 

[Musk] doing it and it’s like: uh, okay. He 

wasn’t the first to do these things.”

Over the past five years, Masten has 

come close to getting several significant 

contracts. In 2014, the Defense Advanced 

Research Projects Agency (DARPA) invited 

it to compete against industry giants 

Boeing and Northrop Grumman to build 

a reusable experimental spaceplane called 

XS-1. The contract would have paid up to 

$140 million. “I think they went out of their 

way to make sure that there was a small 

company involved to have a chance to 

prove or not prove itself,” Masten reflects. 

But he could not hire talent or raise capi-

tal rapidly enough. DARPA chose Boeing.

While it hasn’t yet scored a giant con-

tract, though, Masten’s ability to fly and 

land precisely has proved useful to NASA. 

Precision is one of the main challenges 

facing the next generation of landers for 

both the moon and Mars. Touching down 

might look easy, Mahoney says, but it’s like 

“balancing a broom on the tip of your fin-

ger that’s spitting fire and getting lighter 

at the same time.” And that’s on smooth 

surfaces. 

As Lockheed’s Murrow explains, “The 

interesting places on a planetary body—

we know this from going to Mars—are 

not always the safe, flat places.” Water, 

he says, is likely to be in the permanently 

A figurine from the video 

game Kerbal Space Program 

sits Velcroed onto 

Xombie, Masten's record-

holding rocket.

Wrenches and other 

rocket-building tools.
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shadowed side of a crater—so you’d want 

to land near enough to the crater’s edge 

to explore it, but not so close you fall in.

The 2020 Mars Lander, which is man-

aged by NASA’s Jet Propulsion Laboratory 

(JPL), uses new precision guidance sys-

tems to avoid boulders and find smooth 

areas for landing. In a series of flights in 

2013 and 2014, JPL tested a prototype of 

the lander’s vision system on Masten’s 

Xombie rocket. It climbed over 1,000 feet 

in the air before autonomously landing, 

guided by comparing images from a dig-

ital camera with a known map. In 2017 a 

newer NASA system, called Cobalt, flew 

on Xodiac, another Masten rocket. The 

precise lidar on Cobalt allows a lander to 

find a flat spot with even greater precision.

Last year Masten tested a sample- return 

device built by Honeybee Robotics, a firm 

located not far from JPL in Pasadena, 

through a NASA-run matchmaking program 

that pairs experimental payloads with com-

mercial launch vehicles. The “PlanetVac” is 

essentially a little vacuum that replaces one 

foot pad of a planetary lander; it’s a simple, 

lightweight instrument that, if successful, 

might offer a cheaper and more reliable 

way of gathering samples. 

These collaborations have burnished 

Masten’s reputation and provided enough 

cash for it to chug along as, in Masten’s 

words, “a small company that 

does a couple of basic services 

with NASA and the Department 

of Defense.” 

Winning one of the coming 

CLPS task orders would set it on 

a different trajectory altogether. 

But CLPS is no longer the only 

large competition Masten is in 

contention for. In late May, NASA 

announced that six companies had 

been chosen to develop prototype 

human moon landers. Of the CLPS 

nine, there are two firms on the 

list: Lockheed Martin and Masten. 

A few days after Beresheet’s 

crash, several Masten engineers 

stood around a whiteboard puz-

zling over an equation. On a wood 

laminate table by the trailer’s front door, 

Mahoney, who commutes to Mojave from 

Georgia, had deposited a stack of yellow-

ing Atlanta newspapers from July 1969. 

“Astronauts Test Landing Module; Apollo 

Moves into Moon Gravity,” announced the 

Atlanta Constitution on July 19. “Men Walk 

on the Moon; Eagle Ready to Return,” read 

the Atlanta Journal. 

The day was gusty, even for Mojave, 

where the wind has been known to topple 

tractor-trailers. As Dave Masten walked 

across the parking lot from the office to 

the aviary where his rockets are stowed, 

he had to clutch his black wire sunglasses 

to his head to keep them from flying off. 

He poked at the electronic lock on the 

aviary door and stepped inside the drafty, 

largely empty warehouse. Walking past 

walls hung with tools, he affectionately 

patted Xombie, a 10-foot (three-meter) 

tangle of steel tubes, aluminum propellant 

tanks, and carbon-fiber-wrapped pressure 

tanks, as he might a well-behaved pet. The 

rocket had been named by several Masten 

interns after they devoured “every zom-

bie movie Netflix had to offer.” (Nightlife 

around Mojave, a town of 6,104, is limited.) 

It was, in the end, well named. After all,  

it has flown more times than any other 

rocket, with plenty of bumps and dents 

to prove it. 

In a week and a half’s time, Masten’s 

team would have to submit its bid for the 

first CLPS task order—a detailed plan for 

how it would get the first bundle of cargo 

safely to the surface of the moon. Masten’s 

engineers were beginning to work longer 

days and gear up for the crunch that inevi-

tably precedes a deadline. “Second-to-last 

week you start thinking about working 12- 

to 16-hour days,” Masten says. “Then the 

last week you get some guys thinking: ‘I’ll 

sleep when I’m dead.’”

The proposal was not the only thing 

on Masten’s mind. Another company had 

recently hired away his only remote pilot, 

and Masten would have to train a replace-

ment. Money was a constant frustration. 

Since Masten Space Systems is a small 

company with relatively few customers, 

it is particularly painful when those cus-

tomers—like NASA—don’t pay on time. 

During the government shutdown earlier 

this year, Masten and Mahoney had to 

forgo their salaries to make sure they could 

pay the rest of their team. Masten sighs. 

“I mean, that’s happened to me so many 

times. We’ve got lots of money,” he says, 

and pauses for effect. “We’ve got no cash.”

Two days after Beresheet crashed into 

the moon, Morris Kahn, an Israeli entre-

preneur who is chairman of SpaceIL’s 

board, announced that his team was already 

planning a new mission. If shots on goal 

really are more important than scoring, 

the American government will have to 

respond to failures with comparable enthu-

siasm. Masten might gamely take risks, 

but will NASA?

I asked Dave Masten how he felt about 

the Beresheet crash; after all, it meant he 

still stood a chance of being at the helm 

of the first privately funded lunar mission. 

“I felt the pain of losing a vehicle,” 

he replied. “Being first is not much of a 

motivator for me.” When I asked him to 

clarify what was, he responded earnestly: 

“Landing on it, period. You know, the 

whole purpose of this company was for 

me to step on the moon.” 

Haley Cohen Gilliland is a writer 

based in Los Angeles.
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I
n the best of worlds, Chris Lewicki and 

Peter Diamandis might have changed the 

course of human civilization. Their startup, 

Planetary Resources, was launched in 2012 

with the modest dream of mining asteroids for miner-

als, metals, water, and other valuables. The founders’ 

résumés and connections gave the zany idea insti-

tutional legitimacy: Lewicki had worked 

on major NASA missions such as the 

Mars Spirit and Opportunity rovers, and 

Diamandis was a well-known space-

tourism booster. Together with a third part-

ner, Eric Anderson, Planetary Resources 

had raised $50 million by 2016, of which 

$21 million came from big-name investors 

including Google’s Eric Schmidt and film-

maker James Cameron.

Before long, a competitor called Deep 

Space Industries (DSI) appeared on the 

scene. It raised much less cash: just $3.5 

million, supplemented by some government contracts. 

But it had its own high-profile backers, pie-in-the-sky 

goals, and a particularly evangelical board member 

named Rick Tumlinson, who made the rounds at con-

ferences pitching the company’s vision. “Crazy ideas: 

that’s what moves culture forward,” he said at a 2017 

event in New York. “Nothing says this is impossible 

except our own belief systems.”

A SHORT HISTORY

O F  T H E  S P A C E

I N D U S T R Y ’ S

F A I L E D  F I R S T

G O L D  R U S H

B Y  A T O S S A  A R A X I A  A B R A H A M I A N 

I L L U S T R AT I O N S  B Y  C H R I S S I E  A B B O T T
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It was sci-fi come to life—and every-

body loved it.

“Space mining could become a real 

thing!” headlines squealed. Amazon CEO 

Jeff Bezos began speaking of a future in 

which all heavy industry took place not 

on Earth, but above it. NASA funded 

asteroid-mining research; the University 

of Colorado offered an asteroid-mining 

degree program; Senator Ted Cruz pre-

dicted that Earth’s first trillionaire would 

be made in space.

“There was a lot of excitement and tan-

gible feeling around all of these things that 

we’ve been dreaming about,” says Chad 

Anderson (no relation to Eric), the CEO 

of Space Angels, a venture capital fund 

that invests in space-related companies.

Also crucial to the money-making 

opportunities was the burgeoning commer-

cial space sector’s lobbying, which shep-

herded the SPACE Act through Congress in 

2015. This not- uncontroversial bill included 

a “finders, keepers” rule whereby private 

American companies would have all rights 

to the bounty they extracted from celestial 

bodies, no questions asked. (Before that, 

property rights and mining concessions 

in space, which belongs to no country, 

were not a given.)

That, in turn, would make it possible 

to work toward a goal that Eric Anderson 

predicted could be reached by the mid-

2020s: extracting ice from asteroids near 

Earth and selling it in space as a pro-

pellant for other missions. Water can 

be broken into hydrogen and oxygen to 

make combustible fuel, or—as in DSI’s 

technology—just heated up and expelled 

as a jet of steam.

“Both companies believed one of the 

early products would be propellant itself—

that is, water,” says Grant Bonin, the for-

mer chief technology officer of Deep 

Space Industries. “What DSI had been 

doing is developing propulsion systems 

to run on water. And everyone who buys 

one is creating an ecosystem of users 

now that can be fueled by resources of 

the future.” 

By the spring of 2017, Planetary 

Resources was operating a lab in a 

warehouse in Redmond, Washington, 

decorated with NASA paraphernalia and 

vintage pinball machines. Engineers tin-

kered with small cube satellites behind 

thick glass walls, crafting plans to launch 

prospecting machines. Luxembourg had 

given the company a multimillion-dollar 

grant to open a European office. Japan, 

Scotland, and the United Arab Emirates 

announced their own asteroid-mining laws 

or investments.

The stars had burned through their 

red tape. The heavens were ready for 

Silicon Valley.

Then things started going south. Last 

summer, Planetary failed to raise the 

money it was counting on. Key staffers, 

including Peter Marquez, the firm’s policy 

guy in Washington, had already jumped 

ship. “We were all frustrated about the rev-

enue prospects, and the business model 

wasn’t working out the way we’d hoped,” 

recalls Marquez, who now works for a 

Washington, DC, advisory shop called 

Andart Global.

“There was more of a focus on the reli-

gion of space than the business of space,” 

Marquez adds. “There’s the religious [seg-

ment] of space people who believe that 

almost like manifest destiny, we’re sup-

posed to be exploring the solar system—

and if we believe hard enough, it’ll happen. 

But the pragmatists were saying there’s no 

customer base for asteroid mining in the 

next 12 to 15 years.” 

Amid rumors that it was auctioning off 

its gear, Planetary Resources was acquired 

last year by ConsenSys, a blockchain soft-

ware company based in Brooklyn that 

develops decentralized platforms for sign-

ing documents, selling electricity, and 

managing real estate 

transactions, among 

other things. Anderson 

Tan, an early investor in 

Planetary Resources, was baf-

fled by the acquisition—and he’s 

the kind of blockchain guy who pro-

motes other blockchain guys’ blockchain 

ventures on LinkedIn. “I honestly have no 

idea … I was shocked. I think they wanted 

to acquire the equipment and assets,” he 

says. “For what? I’m not so sure.”

DSI, in turn, was acquired by an aero-

nautics company named Bradford Space. 

These acquisitions aren’t taking the compa-

nies anywhere. “They’re gone; they’re done. 

They don’t exist,” says Chad Anderson. 

The lack-of-vision thing

What went wrong? Predictably, ex-

employees and investors tell slightly 

different stories.

Bonin blames DSI’s demise on inves-

tors’ unwillingness to take long-term risks. 

“We had a plan that would take off after 

a certain point, and we didn’t get to that 

point,” he explains. “And we were only 

$10 million away from hitting that point, 

but our planning was decades long, and 

a VC fund’s life cycle is one decade long. 

They’re incompatible.” Meagan Crawford, 

who worked with Bonin and is now starting 

her own venture capital fund for commer-

cial space startups, concurs: “A traditional 

VC time line is 10 years, when they have to 

give money back to investors, so in seven 

years they want to exit. A 15-year business 

plan isn’t going to fit in.”

On the money side, the story is a little 

less forgiving. “They did not deliver on 

their promises to investors,” says Chad 

Anderson, whose Space Angels invested in 

PR. “Both companies were really good at 

storytelling and marketing and facilitating 

this momentum around a vision that their 

technology never really substantiated.” He 

adds, “I think that these weren’t the right 

teams to do it.”

There were also bigger structural 

obstacles—such as, in former employees’ 
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telling, the lack of any infrastructure for 

an asteroid-mining industry. That put 

investors off, too: “If you mine an aster-

oid, mostly likely you’ll [have to] send it 

to the moon to process it. It wouldn’t be 

processed on Earth, because the cost would 

be tremendous,” says Anderson Tan. “So 

then it’s like a chicken-and-egg problem: 

do we mine first and then develop a moon 

base, or invest in building up the moon 

and then go to asteroid mining?”

Finally, asteroid miners had to compete 

for funding with a proliferating number 

of other space-related ventures. Between 

2009—“the dawn of the entrepreneur-

ial space age”—and today, “we’ve gone 

from a world with maybe a dozen pri-

vately funded space companies serving 

one client, the government, to one with 

more than 400 companies worth mil-

lions of bucks,” Chad Anderson says. So 

if commercial space startups seemed like 

an out-there proposition in 2012, by 

2018 VCs who wanted space in 

their portfolios could have their 

pick of companies with better 

short-term prospects: telecom 

startups selling internet access, 

for instance, or firms analyzing the 

much-more-accessible moon. 

“The bottom line is that space is hard,” 

says Henry Hertzfeld, the director of the 

Space Policy Institute at George Washington 

University. (Hertzfeld advised Planetary 

Resources on legal matters; the space world, 

on Earth, is still very small.) “It’s risky, it’s 

expensive; lots of high up-front costs. And 

you need money. You can get just so much 

money for so long.” 

To succeed, says Hertzfeld, the compa-

nies would have needed to make a profit 

from other uses of their technology—such 

as DSI’s water propulsion system, which 

could be used in satellites, and PR’s hyper-

spectral sensors, which it built to analyze 

the composition of asteroids but can also 

be put to work surveying the Earth. “But 

they didn’t generate the revenues,” he says, 

“and there’s a limited amount of time for a 

company to exist without a profit.”  

According to Space Angels, $1.7 bil-

lion in equity capital poured into space 

companies in the first quarter of 2019, 

nearly twice as much as in the last quar-

ter of last year. Of that, 79% went toward 

satellite businesses and 14% to logistical 

operations, like rocket launches. The fund’s 

own interests mirror these trends.

“The commercial space industry is 

maturing to the point where it’s more 

serious now,” says Peter Ward, the author 

of The Consequential Frontier, a forthcom-

ing book about the privatization of space. 

“Some of the people I talked to now see 

asteroid mining as a bit of a joke.” 

Building a new frontier

In spite of these failures, former asteroid 

miners sound remarkably chipper about 

their prospects—and humanity’s interstel-

lar future. Asteroid mining was a gateway 

drug for high hopes and big dreams. 

Tamara Alvarez, a doctoral stu-

dent at the New School in New 

York who has attended space 

conferences around the world, 

says that the rhetoric around 

space mining maps perfectly 

onto older frontier tropes. “The 

mining thing resonated with a lot of 

people because of the gold rush narrative. 

There’s something unconscious there that 

they tapped into,” she says.

Similarly, though neither asteroids nor 

19th-century California actually created 

many overnight billionaires, they did cre-

ate frameworks for how an economy based 

on a particular resource would function. 

“There wasn’t all the gold in California, 

but it brought an infrastructure that peo-

ple made money off of,” says Alvarez. 

“Services, fishing—all this grew out of 

ambitions for gold. With asteroids, it’s 

the same thing: when you get the idea 

that there’s all the gold or whatever you 

need waiting for you, the infrastructure 

gets built too.” 

The asteroid miners seem to have 

thought of it that way. “I think when DSI 

and PR got started, the headlines all said 

asteroid-mining [companies] were like [tra-

ditional] mining companies,” says Grant 

Bonin. “But internally we’d joke: We’re not 

miners yet. We’re the pickax and shovel or 

Levi’s jeans of space. We’re the creators 

of tools that were brought into existence 

that would support the vision, but also 

help a lot of other people to do a lot more.” 

Equally significant is that the prospect 

of asteroid mining pushed governments 

to think about property rights in space. 

“The horizon for asteroid mining is still 

a couple of decades off, but I do think 

we’re going to do Mars missions, and we’ll 

need resources in space,” says Marquez. 

“And thanks to asteroid mining, the policy 

framework’s been established.”

For now, DSI and PR face uncertain 

futures. None of the space workers inter-

viewed for this article had a clue what a 

blockchain company like ConsenSys was 

doing with asteroid prospecting tools. In 

November the company told journalist 

Jeff Foust of SpaceNews that PR’s “deep 

space capabilities” would “help humanity 

craft new societal rule systems through 

automated trust and guaranteed execu-

tion,” whatever that means. A spokes-

woman has since said the company “is 

taking a new form and is less focused on 

asteroid mining.”

But Bonin says many of his DSI col-

leagues quickly found work elsewhere. And 

engineers laid off from PR have banded 

together to start a company called First 

Mode, which builds hardware that can 

operate in harsh environments both on 

Earth and above it; the company, accord-

ing to its founders, is already profitable. 

So the asteroid-mining industry may 

have collapsed for now, but its players are 

still hard at work. “When we reflect back 

[to] 2012 when these two companies came 

into existence, and think about how they 

were trying to crack that nut for seven 

years, one of the really cool things from 

my standpoint is these have gone into 

different companies,” says Bonin. “Part 

of me is sad when these things break up, 

but we’ve seeded the industry with true 

believers who care about a human future 

in space to benefit of all humankind.” 

Atossa Araxa Abrahamian is a 

journalist based in New York.
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S
tarship conferences attract 

a hopeful crowd: research-

ers, inventors, and hobby-

ists enthused by the idea of 

building spacecraft that can 

fly between star systems. The 

excitement at these gatherings 

can make it feel as if anything is 

possible—but also as if nothing 

is. Many of the schemes put 

forward are too vague, and they 

almost always have too many 

technological gaps to fill.

In 2015, Philip Lubin, a cos-

mologist from the University 

of California, Santa Barbara, 

took the stage at the 100-Year 

Starship Symposium in Santa 

Clara. He outlined his plan to 

build a laser so powerful that it 

could accelerate tiny spacecraft 

to 20% of the speed of light, 

getting them to Alpha Centauri 

in just 20 years. We could 

become interstellar explorers 

within a single generation. It 

was quite the hook. 

Because Lubin is an excel-

lent public speaker, and 

because the underlying tech-

nologies already existed, and 

because the science was sound, 

he was mobbed after the talk. 

He also met Pete Worden, a 

former research director of 

NASA’s Ames Research Center, 

for the first time. Worden had 

recently taken over as head of 

the Breakthrough Initiatives, 

a nonprofit program funded 

by Russian technology billion-

aire Yuri Milner. Six months 

later, Lubin’s project had 

$100 million in funding from 

Breakthrough and the endorse-

ment of Stephen Hawking, who 

called it the “next great leap 

into the cosmos.”

S
tarshot is straightforward, 

at least in theory. First, 

build an enormous array of 

moderately powerful lasers. 

Yoke them together—what’s 

called “phase lock”—to create 

a single beam with up to 100 

gigawatts of power. Direct the 

beam onto highly reflective 

light sails attached to space-

craft weighing less than a gram 

and already in orbit. Turn the 

beam on for a few minutes, and 

the photon pressure blasts the 

spacecraft to relativistic speeds. 

Not only could such a 

technology be used to send 
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Shooting tiny spacecraft to other 
stars requires audacious thinking 
and technological progress—but 
Breakthrough Starshot’s backers say it 
is just a matter of time.

Next stop: 
Alpha 

Centauri



At Lubin’s UC Santa Barbara 

lab, the experimental 

cosmology group studies 

the early universe.

Combining Lubin’s research 

in directed energy with 

other passions such as 

propulsion has helped 

Starshot unfold.

Prashant Srinivasan is 

among those working on 

laser-propelled wafer-

scale spacecraft that 

the group hopes could 

reach Alpha Centauri in a 

generation. 
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sensors to another star system; 

it could dispatch larger craft to 

Earth’s neighboring planets 

and moons. Imagine a pack-

age to Mars in a few days, or 

a crewed mission to Mars in 

a month. Starshot effectively 

shrinks the solar system, and 

ultimately the galaxy.

It’s fantastic. And also a 

dream. Or a sales pitch. Or a 

long-term, far-out project that 

can’t be sustained long enough 

for the nonexistent technolo-

gies it requires to be built.

L
ubin is a young 66. He 

walks fast, and his thick 

hair and full beard are dark. 

When I went to meet him in 

Santa Barbara this April, he told 

me that he had been a serious 

kid, disturbed by the realities 

of the world. He sought solace 

in math and science because he 

found them beautiful. “I loved 

school,” he explains. “I used to 

study all the time. It was like a 

retreat for me: ride my bike to 

the library and devour books.”

Even so, he didn’t expect 

he’d follow an academic path—

it didn’t seem possible. His 

family valued education, but his 

Lithuanian father, who worked 

as a mail carrier, never even 

graduated from high school. 

His Russian-born mother was 

a secretary. “I grew up with 

an internalization that col-

lege was for other people,” 

he says. After encouragement 

from a school counselor in Los 

Angeles, though, he attended 

community college; teachers 

there prodded him to transfer 

to UC Berkeley. And there, his 

professors nudged him to apply 

to graduate school. Eventually 

he landed at Harvard. “When I 

look back on it,” he says, “I was 

a total knucklehead.”

Today Lubin is a cosmolo-

gist. For much of his career, he’s 

built equipment to measure the 

background radiation of the 

universe, but his scientific and 

technical interests are varied. It 

was at a defense technologies 

conference, talking about using 

lasers to defend Earth against 

incoming asteroids and comets, 

that he first came up with the 

idea for Starshot.

He also tells me about 

another obsession: propul-

sion. Most rockets today run 

on liquid fuel, much as they did 

when Germany invented the V2 

during the Second World War. 

The last 75 years in computing, 

by comparison, have produced 

a trillion-fold increase in speed. 

“Wouldn’t it be neat if propul-

sion could advance like that?” 

says Lubin. “The SLS”—NASA’s 

super-heavy rocket, which has 

already cost $12 billion and still 

isn’t ready—“could cost less 

than a penny.”

L
ubin’s labs at UC Santa 

Barbara feature a cluttered 

warehouse that feels typical 

of experimental physics set-

ups: giant spools of optical 

fiber, racks of oscilloscopes, 

tool boxes, circuit boards. One 

cabinet for solvents, another 

for snacks. 

As we walk through the 

labs, he is quick to acknowl-

edge that Starshot still faces a 

lot of challenges. There is, for 

example, no laser yet powerful 

enough to do this kind of blast-

ing. There are no light sails that 

could take such a beam without 

being obliterated. There are 

no less-than-gram-size space-

craft to make the journey, and 

questions about laser supply 

and laser location remain. 

And then there are the ethical 

and geopolitical implications 

of building such a powerful 

directed energy source. After 

all, it could also be a weapon.

At the whiteboard, postdoc-

toral researcher Peter Krogan 

begins walking me through the 

solutions to these issues. First 

up: building the laser array.

The challenge here is fig-

uring out how to fix the fre-

quency of billions of lasers, each 

10 centimeters in diameter, and 

stabilize them so they can be 

combined into a single large 

beam. Locking more beams 

together allows the strength 

of the laser to be scaled up to 

the levels proposed. The team’s 

current working plan is for an 

array located on the ground, 

which keeps costs lower than if 

it were placed in orbit but adds 

other complications—such as 

overcoming atmospheric inter-

ference. This requires a beacon 

attached to the spacecraft that 

sends a signal back through the 

atmosphere, letting the ground-

based lasers fix on their target. 

To couple the array, Krogan is 

working on “nested phase lock-

ing,” where a smaller array syn-

chronizes before seeding the 

next layer in the array, and so 

on. If this can work for two lay-

ers of lasers—their immediate 

research goal—then it might 

just be possible to do it for the 

five layers that simulations say 

is best for a 100-gigawatt beam.

The second big challenge is 

the solar sail. While the concept 

has been around for decades, 

it wasn’t successfully deployed 

until 2010, when Japan’s Ikaros 

spacecraft tested a sail 14 

meters (46 feet) square during 

its mission around the sun. But 

a sail that can take the gentle 

pressure of solar photons is 

drastically different from one 

that can withstand the most 

powerful laser ever built—the 

difference between letting an 

April mist hit your face and get-

ting pummeled by a firehose.

To manage this, the Starshot 

sail needs to be extremely 

robust, though it must also be 

extremely lightweight. The key, 

Krogan explains, is to let some 

of that power leak through: the 

sail’s material must be transpar-

ent and reflective simultane-

ously. Glass is one of the more 

promising candidates, though 

it would need to have its prop-

erties adjusted to achieve the 

perfect mix of reflectivity and 

transparency. The ideal mate-

rial still needs to be invented, 

but there are some promising 

advances, Krogan says. 

The third major challenge 

is building the tiny spacecraft. 

The smallest objects orbiting 

Earth right now are cubesats, 

which are 10 centimeters on 

each side and weigh about a 

kilogram. Lubin’s team wants 

to shrink the entire craft to 

the size of a microchip—what 

they call “wafer-scale.” They’ve 

miniaturized prototypes to the 

size of a matchbook and even 

a quarter. But their best work-

ing models currently weigh 

about 100 grams, still 100 

times too heavy for the Alpha 

Centauri mission. Obstacles 

include integrating the elec-

tronics and photonics, making 

it able to withstand the radia-

tion in deep space, shrinking 

the power supply, developing 

an ultra-small onboard thruster 

… the list goes on.

But while the technical 

challenges are real, the major 

difference between Starshot 

and many other interstel-

lar projects is that it doesn’t 

require new physics or even 
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She suggests that inter-

national agreements would 

likely ensure the broadest, 

most beneficial use of such a 

powerful laser. And the mili-

tary potential of space is not 

new: today anything China 

does in space is considered 

dual-use. “The same is true 

for the US,” she says. “China 

could interpret anything we 

do as threatening.” 

One way forward could be 

to democratize exploration. 

Historically, the US and other 

superpowers have dominated 

space, but Starshot could open 

it for countries that don’t have 

access. A nation that launched 

a fleet of chipsats could access 

communications, exploration, 

and commercial reconnais-

sance that were previously 

unaffordable. It’s a rare proj-

ect that has such big techno-

logical, scientific, commercial, 

and geopolitical implications. 

“It requires some careful 

thinking, and also transparency, 

and possibly international col-

laboration and conversations 

many until just a few years ago; 

now there are constellations of 

them. Chipsats, he says, will 

mature soon and revolution-

ize science and communica-

tions. Low-cost, efficient laser 

arrays could be useful for jobs 

like pushing space junk out of 

the way. And advances in light 

sails would allow microscale 

spacecraft within our own solar 

system to reach other planets in 

months, not years. “That’s going 

to change our understanding of 

objects in our solar system, and 

the search for life,” says Worden. 

“And commercially, it’s going to 

be hugely valuable when look-

ing for space resources.”

T here is one issue that can-

not be solved by technol-

ogy, though: geopolitics. Lasers 

would help propel solar sails, 

says Joan Johnson-Freese, a 

professor of national security 

affairs at the US Naval War 

College who also sits on the 

Breakthrough board. “But when 

you start talking about firing 

lasers, people get very nervous.”

fundamentally new technolo-

gies. When Lubin was devel-

oping the idea, he sent the 

details to colleagues for feed-

back. They were “people who 

would rip it to shreds,” he says. 

“The people who take no pris-

oners and have no mercy and 

are completely comfortable 

saying, ‘You idiot!’… I said, 

‘Please destroy this, because 

I’m tired of working on it.’ In 

the end, everyone I spoke with 

said, ‘Well, it should work.’”

By the time Breakthrough’s 

technical experts vetted the 

concept, the outline was solid. 

Worden was excited. “We were 

all convinced that this was the 

first really plausible interstellar 

technology that we could do 

in our lifetime and would be 

affordable,” he says. 

And even if not all the prob-

lems will be solved, it’s worth-

while to solve some of them, 

he says. For example, develop-

ing a fully capable spacecraft 

that weighs less than a gram 

would be a major revolution. 

Cubesats were dismissed by 

in the long run,” Lubin says. 

“Luckily, we have some time, 

because we’re not deploying 

anytime soon.”  

S o when will Starshot be 

realized? One goal is to 

get probes to Alpha Centauri 

by 2061, the 100th anniversary 

of Yuri Gagarin’s pioneering 

orbital flight. That’s a long way 

off, almost certainly beyond 

Lubin’s lifetime. He says the 

project will have a chance only 

if people realize that it is “mile-

stone based,” a road trip with 

many points along the way.

But that long horizon 

means it’s going to need 

money. NASA’s contributions 

expired this year. Other cash 

has come from an anonymous 

philanthropist. And so far, 

Breakthrough’s funding has 

yet to arrive.

“We’re a new organization, 

and we’re still in the startup 

phase,” says Worden, prom-

ising that the cash will come 

once negotiations between uni-

versities, contractors, and reg-

ulators have been completed. 

It’s a puzzle, but Lubin isn’t 

afraid of a little complexity. 

That’s exactly what this whole 

endeavor is about. “This isn’t 

just a single-use technology,” he 

says. “It’s not just wafers to the 

stars. It’s cubesats to Europa, 

or humans to Mars quickly, or 

the ability to keep a spacecraft 

in orbit longer at low altitudes, 

or to protect the planet from 

external threats like asteroids. 

If you don’t understand the 

whole breadth of this technol-

ogy, then you’re missing the 

beauty of the transformation 

it makes possible.” 

Kate Greene is an essayist, 

poet, and former laser 

physicist. 

Lubin isn’t 

afraid of a little 

complexity.
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t the time of writ-

ing, 558 people 

have orbited the Earth. 

Approximately 10% of 

them have written books 

about the experience. 

Most of these books 

are not very good. The 

achievement does not 

redeem the writing, 

which is as formulaic as 

the checklists necessary 

for safe space travel. 

Awe is inspired, fears 

conquered, and dreams 

realized. But the best of 

these books explain with 

unmatched immediacy 

what it is to go to space 

and to safely return. 

—Konstantin Kakaes

A

The  
write  
stuff:  

10
astronaut
 memoirs

SO WHAT WAS IT LIKE?

Space shuttles Discovery, 

Columbia (2)

Rhea Seddon 
On improvising repairs in space:

This entire contraption 

was connected together 

and wrapped with gray 

duct tape ... someone in the con-

trol room said I was a good seam-

stress, and Sally Ride reminded 

them that I was a good surgeon.  

I wish I’d been there to thank her 

for that.” —Go for Orbit  

“The ten years
   since my moonwalk

were not filled with achieve-
ments, bold accomplish-
ments, and grand acclama-
tions. It had been my decade 
of personal hell.”

—Magnificent Desolation (with Ken Abraham) 

Gemini 12, Apollo 11

Buzz Aldrin 
On returning to earth: 

Apollo 12,  

Skylab 3

Alan Bean 
On keeping track of your belongings in zero gravity:

“If you wait long 
enough, everything 
lost will float by.”

—Homesteading Space: The Skylab Story  

by David Hitt, Owen Garriott, and Joe Kerwin 

Gemini 10, Apollo 11 

Michael Collins 
On flying around the moon, alone:

“If a count were taken, the score would be three 

billion plus two over on the other side of the moon, 

and one plus God only knows what on this side. 

I feel this powerfully—not as fear or loneliness—

but as awareness, anticipation, satisfaction, confi-

dence, almost exultation. I like the feeling. Outside 

my window I can see stars—and that is all. Where 

I know the moon to be, there is simply a black 

void; the moon’s presence is defined solely by the 

absence of stars.” —Carrying the Fire  

Gemini 12, Apollo 8, Apollo 13

Jim Lovell 
On his damaged spacecraft:

That entire door was 

gone, ripped free and 

blasted away from the 

ship. Trailing from the gash left 

behind were sparking shreds of 

Mylar insulation, waving tangles of 

torn wires, tendrils of rubber liner.”

—Lost Moon:  

The Perilous Voyage of Apollo 13 

(with Jeffrey Kluger) 
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Apollo 7

Walter Cunningham 
On reaching orbit:

“Once the initial activity subsided, my 
first sensation of space was simply one 
of belonging. I had lived with the thought 
for five years … it all went so smoothly, so 
uneventfully, that any preflight doubts 
seemed almost foolish.” —The All-American Boys  

Space shuttles Atlantis (2),  

Discovery (2), Endeavour

Scott Parazynski
On fixing the International Space Station:

I can’t really toss and turn in my 

snug sleeping bag, but if I could, I 

would. An army of brilliant NASA 

rocket scientists is sending Wheels and me 

out tomorrow to suture the space station 

back together ... We never anticipated this 

crazy scenario, so we certainly aren’t trained, 

in the traditional sense, to do this repair.” 

—The Sky Below (with Susy Flory) 

Voskhod 2,  

Soyuz 19

Alexei Leonov
On watching his rivals beat him to the moon:

“Very soon this atmosphere of celebration 

was overtaken by professional talk. We 

cosmonauts began discussing how easy 

it appeared to walk on the surface of the 

Moon, how easy it was to jump. We would 

have to take this into account, we agreed, 

when we went there ourselves.”

—Two Sides of the Moon (with David Scott 

and Christine Toomey) 

Apollo (did not fly)

Brian O’Leary
On quitting the space program:

“It suddenly occurred to me I wanted to quit the astronaut 

program at once. It was as clear to me as the sky over Grizzly 

Park. I no longer wanted any part of it, and it took a change of 

environments to catalyze the process. Pros and cons, pros 

and cons—how could I possibly sit in Houston for a decade 

in an environment of flat plains, murky air, unimaginativeness 

and nonscience?” —The Making of an Ex-Astronaut  

Space shuttles  

Discovery & Atlantis (2), Mir 

Jerry Linenger
On a fire that almost killed him:

“Because the 
fire extinguisher 
acts almost as 
a thruster in 
space, I grabbed 
Korzun around 
the waist to stabi-
lize him. I would 
also periodi-
cally shake him, 
he would shake 
back—a signal 
that we were 
both still con-
scious. The flame 
was five feet 
in front of my 
face, the smoke 
so dense that I 
could not count 
the fingers in 
front of my face.”

—Off the Planet:  

Surviving Five Perilous Months 

Aboard the Space Station Mir  
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SPACE TRAVEL 

MEANS GOING  

FAST—VERY FAST. 

HOW DO YOU SLOW 

DOWN AGAIN?
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or months on end, 

the samples kept 

melting. This wasn’t 

exactly surprising—the cork-

filled fiberglass honeycomb 

was being subjected to a 

blast of heat four times more 

intense than what the space 

shuttle’s leading edge with-

stood on reentering Earth’s 

atmosphere. It was like putting 

the world’s hottest oven in the 

middle of its most powerful 

wind tunnel.

The same materials had 

already protected all America’s 

previous Mars landers from 

the heat of hitting the Martian 

atmosphere at nearly 10,000 

miles (16,000 kilometers) per 

hour. But that wasn’t going to 

be good enough anymore. The 

shield for the Mars Science 

Laboratory (MSL) would need 

to withstand about 250 watts 

of energy per square centime-

ter—about 10 times the heat 

experienced by the Viking, 

America’s first Mars lander, 

which touched down on the 

planet in 1976. That’s because 

MSL, scheduled to launch in 

August 2009, would be three 

times heavier than the Viking. 

The Curiosity rover that MSL 

would carry was about five 

times heavier than the Spirit 

and Opportunity rovers, which 

had landed safely on Mars in 

2004. MSL’s size and weight 

weren’t insoluble problems 

in themselves. But computer 

simulations showed that the 

probe’s huge weight would 

result in heavy turbulence, 

leading to more severe con-

ditions than any previous 

Mars entry heat shields would 

have endured. And when they 

turned the heat-shield mate-

rial sideways to the oncoming 

flow of hot air to simulate tur-

bulence, honeycomb cells in it 

would “pop,” leading to a chain 

reaction of failures. “The test 

looked unlike anything we had 

ever seen before,” remembers 

Helen Hwang, a researcher 

at NASA’s Ames Research 

Center in Silicon Valley who 

was in charge of MSL’s thermal 

protection system at the time. 

In the wake of those fail-

ures, Hwang’s team faced a 

serious time crunch. It was 

2007, and launch was sched-

uled in less than two years. 

There were two options, as she 

saw it: redesign the mission to 

try to reduce heating condi-

tions, or come up with a new 

heat-shield material. The first 

option would limit where the 

rover could land and the scien-

tific instruments it could carry. 

The second option meant that

F



they would have to design, develop, 

test, and build a new heat shield in 

less than 18 months. That option was 

risky, but it would allow the mission to 

do all the science it was meant to do.  

They chose the second option.

s human ambitions grow in 

space, our ingenuity will have 

to match them. To explore the dense 

atmospheres of planets like Venus 

or Saturn, we need ultra-robust heat 

shields that can handle intense pres-

sures. To send Martian samples back 

to Earth, we need indestructible heat 

shields that will prevent any alien 

life forms from contaminating our 

planet, or vice versa. Landing humans 

on other planets will require super- 

sizing aeroshells, the entry capsules 

protected by heat shields, to diameters 

of almost 20 meters (66 feet) across, 

or more. Nothing close to that scale 

has ever been flown to Mars before.

The challenges of developing these 

technologies will be immense, but so 

will the rewards if they safely deliver 

robots and humans to new frontiers. 

Without cutting-edge advances in 

aeroshells and heat shields, such mis-

sions will be pointless—they’ll just 

burn up in the atmosphere.

f you go into space, there are 

two reasons to slow down: to 

return to Earth or to stop at another 

celestial body. One way to slow down 

is to use the same method you used 

to speed up: rockets. But this means 

carrying more rocket fuel, which adds 

weight. As a practical matter, it makes 

sense to use the atmosphere, if there 

is one. But surviving the resulting 

heat requires clever materials and 

cleverly shaped spacecraft.

The clever shapes originated in 

the 1950s at Ames Research Center, 

the same place where Hwang would 

later work to develop the MSL heat 

shield. Harry Julian “Harvey” Allen, 

who headed the Ames High-Speed 

Research Division during the early 
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1950s, devised the so-called blunt body, 

which would have a flat, broad side to 

take the brunt of the heat. Allen and a 

colleague worked on the theory over 

the next year. They realized that a blunt 

body would create a strong shock wave 

in front of it, which deflected much of 

the heat away from the vehicle. They 

then put together the second piece of 

the puzzle: ablation. This means using 

materials that are designed to decom-

pose and erode on entry, creating a 

charred layer that effectively pushes 

heat away from the vehicle.

The blunt-body concept was ini-

tially met with skepticism, and it 

remained classified until 1957. But by 

May 1961, when Alan Shepard became 

the first American to visit space, his 

Friendship 7 capsule used a conical 

blunt face to safely return to Earth. 

Because of the Apollo program, 

new ablative materials were a very 

active research area in the 1960s. 

For Apollo, NASA turned to a com-

pany called Avco, which specialized 

in materials for long-range missile 

warheads. A 2.7-inch-thick layer of 

“Avcoat,” a heat-shield material made 

of epoxy resin in a fiberglass matrix, 

absorbed the worst of the heat on 

Apollo’s reentry.

For the Viking missions—which 

would launch the first successful Mars 

landers in the 1970s—NASA used a 

new material called SLA-561V. Like 

Avcoat, SLA (for “super-lightweight 

ablator”) is based on a honeycomb 

structure filled with gobs of ablative 

resin. But the engineers at Martin 

Marietta, the company that devised 

the material, also integrated lighter 

constituents, such as silicon and cork, 

to reduce its density. 

he space shuttles, first launched 

in the 1980s, needed an entirely 

new approach. The shuttles were 

meant to be reusable, and that went 

for the heat shields as well. Instead 

of a substance like SLA, the shut-

tles were protected with reinforced 

carbon-carbon on the nose cap and 

the leading edges of the wings, and 

by ceramic tiles on their belly. 

Hwang, who grew up in a small 

town in Iowa, remembers handling a 

space shuttle tile in a school presen-

tation. The experience planted the 

desire to one day work on heat-shield 

technologies. After earning her doctor-

ate in plasma physics at the University 

of Illinois, Urbana-Champaign, she 

took a job at Ames Research Center, 

but one that had nothing to do with 

heat shields. For several years, she 

worked on using plasmas to etch cir-

cuits in microchips. When funding ran 

short, she switched to heat shields, 

realizing her childhood ambition.

When Hwang was given the task 

of creating a heat shield for the MSL 

project in 2006, she initially turned 

to SLA. But it became clear pretty fast 

that SLA wasn’t going to work. “We 

were never really able to isolate what 

was causing the failure,” Hwang says, 

“but the failure was repeatable; we 

tested in many different facilities, and 

we saw the same failure in different 

conditions.” 

There weren’t many other options, 

though. The only viable choice 

was something called phenolic- 

impregnated carbon ablator (PICA), 

which had been developed at Ames in 

the 1990s for the Stardust mission—the 

first to return samples from a comet, 

and the fastest atmospheric reentry in 

history. Stardust had used one contin-

uous piece of PICA, but MSL was too 

large for that approach to be practical. 

They instead had to create tiles of the 

material and designed the Mars probe 

to be covered with them, doing so in a 

way that didn’t allow the streamlines 

of gas to flow along the potentially vul-

nerable seams between the tiles. It was 

the first tiled ablative heat shield, and 

the largest aeroshell ever flown. (The 

same solution is now being used by 

SpaceX for its Dragon capsule. NASA 

loaned Dan Rasky, one of the design-

ers of PICA at Ames, to SpaceX to 
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to six meters. But these inflatable 

concepts are not the only expandable 

aeroshells in the works. A team at 

Ames is developing a foldable shield 

called the Adaptable, Deployable 

Entry and Placement Technology. 

Made from flexible 3D-woven car-

bon fibers, the shield pops open like 

an umbrella and is held steady by 

metal struts. 

Hwang is also involved with the 

development of something called 

the Heat Shield for Extreme Entry 

Environment Technology (HEEET), 

which could accommodate missions to 

Venus, Saturn, Uranus, and Neptune. 

HEEET is far more robust than PICA 

and SLA-561V, and thus better suited 

for dense atmospheres. Traditionally, 

each mission has had a unique heat 

shield, but this makes things more 

expensive. Hwang hopes to achieve 

economies of scale—a sort of Ford 

Model T of reentry. 

“I want to explore our solar sys-

tem,” she says. “We’ve only been to a 

handful of destinations. I want to go 

to all of them.” 

HIAD was less than a half meter in 

diameter, but once in space it deployed 

to three meters. Making the shield 

wider spreads the heat of reentry out 

across a larger area.

The rocket went 290 miles up—

well above the boundary of space—

and then the HIAD inflated to its full 

size. Onboard cameras captured a view 

of the Atlantic Ocean as the structure 

dropped through the atmosphere. The 

HIAD concept has performed well 

in these flight tests, but some peo-

ple still balk at the idea of protecting 

Mars-bound astronauts with a blow-up 

aeroshell. “A lot of people say: ‘Oh, 

you have an inflatable structure—it’s 

going to bend up like a pool toy,’ ” says 

Robert Dillman, an aerospace engineer 

at Langley and a member of the HIAD 

team. “This thing is pretty solid. It rings 

when you tap it.” 

Larger aeroshells push shock 

waves farther away from the space-

craft, providing more protection 

from entry heat. The remaining heat 

is warded off by a flexible thermal 

protection system that covers the 

inflatable structure with durable outer 

fabrics and insulation.

The next HIAD scheduled to fly 

will reach low Earth orbit and expand 

79Burning ambition

Becky Ferreira is a science 

reporter based in Ithaca, New 

York. Her work has appeared in 

Wired and the New York Times.

help design the Dragon’s heat-shield 

material, known as PICA-X.)

As the MSL launch deadline 

loomed, Hwang and her team blasted 

PICA samples in the Arc Jet Complex 

at Ames, improving their understand-

ing of the material and gap fillers with 

each new test. They perfected their 

shield in time for the 2009 launch—

only to see the mission delayed until 

2011 to make sure other systems were 

ready. The MSL eventually landed on 

Mars in August 2012. Curiosity is still 

active on Mars, and has been so suc-

cessful that NASA is now developing 

another mission, the Mars 2020 rover, 

based on a similar design. Hwang 

has reprised her role managing the 

thermal protection system, which 

will again use PICA to shield the 

spacecraft as it descends to Mars in 

early 2021. 

One of the Mars 2020 rover’s most 

important duties will be gathering 

samples that may one day be rock-

eted back to Earth by a future lander. 

Even as scientists learn how to land 

the next generation of spacecraft on 

other worlds, they are also working 

out how to bring tantalizing alien 

environments back to Earth.  

f humans want to land on Mars, 

it will require heat shields at 

least four times the diameter of the 

one on MSL. That’s why NASA is now 

developing concepts for expandable 

aeroshells that can be tucked inside the 

launch vehicle shroud and deployed 

into a larger shield in space. Much of 

that work is being done at NASA’s 

Langley Research Center in Virginia. 

On the morning of July 23, 2012, a 

sounding rocket blasted off from 

NASA’s Wallops Flight Facility, across 

the Chesapeake Bay from Langley, on 

Virginia’s eastern shore. The rocket 

carried a deployable aeroshell known 

as a hypersonic inflatable aerodynamic 

decelerator (HIAD), a broad, shallow 

cone consisting of an inflatable struc-

ture of doughnut-shaped tubes. The 

I

“ I want to explore our solar 
system. We’ve only been to 
a handful of destinations.  
I want to go to all of them.”
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T

he rock era and the 

space age exist on 

parallel time lines. 

The Soviets launched 

Sputnik in October 

1957, the same month Elvis Presley 

hit #1 with “Jailhouse Rock.” The first 

Beatles single, “Love Me Do,” was 

released 23 days after John F. Kennedy 

declared that America would go to the 

moon (and not because it was easy, but 

because it was hard). Apollo 11 landed 

the same summer as Woodstock. These 

specific events are (of course) coin-

cidences. Yet the larger arc is not. 

Mankind’s assault upon the heavens 

was the most dramatic achievement of 

the 20th century’s second half, simul-

taneous with rock’s transformation of 

youth culture. It does not take a decon-

structionist to see the influence of the 

former on the latter. The number of pop 

lyrics fixated on the concept of space 

is massive, and perhaps even predict-

able. It was the language of the era. But 

what’s more complicated is what that 

concept came to signify, particularly in 

terms of how the silence of space was 

somehow supposed to sound.
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he principal figure in this conversation is also 

the most obvious: David Bowie. In a playlist of 

the greatest pop songs ever written about life 

beyond the stratosphere, 1969’s “Space Oddity” 

would be the opening cut, a musical experi-

ence so definitive that its unofficial sequel—the 1983 synth-

pop “Major Tom (Coming Home)” by German one-hit wonder 

Peter Schilling—would probably be track number two. The lyr-

ical content of “Space Oddity” is spoken more than sung, and 

the story is straightforward: an astronaut (Major Tom) rockets 

into space and something goes terribly wrong. It’s odd, in ret-

rospect, that a song with such a pessimistic view of space travel 

would be released just 10 days before Neil Armstrong stepped 

on the lunar surface. That level of pessimism, however, would 

become the standard way for rock musicians to write about sci-

ence. Outside of Sun Ra or Ace Frehley, it’s hard to find serious 

songs about space that aren’t framed as isolating or depressing.

Bowie wrote about outer space a lot throughout his career, 

often brilliantly and seemingly any time he couldn’t come up 

with a better idea. The character of Major Tom was revisited 

in 1980’s “Ashes to Ashes,” except Tom was now a drug addict. 

“Life on Mars?” certainly seems like a space song, but the lyr-

ics are too surreal to denote anything literal. Bowie made an 

album in 1997 titled Earthling that used the cosmos as context 

for where we already were. The most notable entry in his entire 

catalogue is The Rise and Fall of Ziggy Stardust and the Spiders 

from Mars, a 1972 concept album about an alien who becomes 

a rock star. It would earn Bowie the unofficial position of poet 

laureate of outer space.

Still, there are three details about Bowie’s cosmological 

obsession that complicate the conventional wisdom. The first is 

that “Space Oddity” was not inspired by NASA, but by Stanley 

Kubrick’s 1968 movie 2001: A Space Odyssey. It’s fiction based on 

fiction. The second is that Bowie’s space fixation usually focused 

on aliens coming to our world (as opposed to us going to theirs). 

This is the case not only in his music, but also in his 1976 film 

The Man Who Fell to Earth. The third detail is that Bowie gen-

erally used space as a narrative device. He did not try to give his 

music a distinctly non-terrestrial feel (half the songs on Ziggy 

Stardust are about aliens, but the music is textbook glam). The 

only time he directly tried to interpret the imaginary sonics of 

space—cold, mechanical chords devoid of hooks—was on the 

original version of “Space Oddity.” Still, the singularity of that 

interpretation can’t be minimized. The influence of his attempt 

had real ramifications. It remains ground zero for the ungrounded.

S

pace is a vacuum: the only song capturing the 

verbatim resonance of space is John Cage’s 

perfectly silent “4'33".” Any artist purporting to 

embody the acoustics of the cosmos is project-

ing a myth. That myth, however, is collective 

Space Oddity
DAVID BOWIE

David Bowie, 1969—This oddly pessimistic portrait 

of fictional astronaut Major Tom set the standard 

for rock musicians writing about space travel.

Major Tom (Coming Home)
PETER SCHILLING

Error in the System, 1983—Penned by a German 

one-hit wonder, this is the unofficial synth-pop 

sequel to Bowie’s genre-defining single.

Starman
DAVID BOWIE

The Rise and Fall of Ziggy Stardust and the Spiders 

from Mars, 1972—The lead single from the concept 

album about an alien who becomes a rock star.

Ashes to Ashes
DAVID BOWIE

Scary Monsters (and Super Creeps), 1980—Bowie 

revisits the character of Major Tom, who is now a 

drug addict.

Theme to Star Trek
COMPOSED BY ALEXANDER COURAGE

TV debut 1966—The sound of the ondes marte-

not—a keyboard that vaguely simulates a human 

voice—helped shape what we think of as “spacey.”

4' 33"
COMPOSED BY JOHN CAGE

Premiered in 1952—Space is a vacuum: the only 

song capturing the verbatim resonance of space 

is, well, perfect silence.

Planet Caravan
BLACK SABBATH

Paranoid, 1970—Lead singer Ozzy Osbourne’s 

vocals are processed through a Hammond organ 

to create a sprawling sense of ethereal distance.

Space Truckin’
DEEP PURPLE

Machine Head, 1972—Organ harmonics distorted 

through a ring modulator simulate a colossal 

spacecraft traveling at high speed.

No Quarter
LED ZEPPELIN

The Song Remains the Same, 1973—The drone of 

John Paul Jones’s mellotron and Jimmy Page’s 

ultra-compressed guitar evoke an alien landscape.

Paranoid Android
RADIOHEAD

OK Computer, 1997—The lead single from the last 

major rock album to use the instruments, tunings, 

and tempos associated with space-age pop.

Far above the moon
A space song playlist
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and widely understood. Space has no sound, but certain sounds 

are “spacey.” Part of this is due to “Space Oddity”; another part 

comes from cinema, particularly the soundtrack to 2001 (the 

epic power of classical music by Richard Strauss and György 

Ligeti). Still another factor is the consistent application of specific 

instruments, like the ondes martenot (a keyboard that vaguely 

simulates a human voice, used most famously in the theme to the 

TV show Star Trek). The shared assumptions about what makes 

music extraterrestrial are now so accepted that we tend to ignore 

how strange it is that we all agree on something impossible.

The application of these clichés is most readily seen in the dawn 

of heavy metal. The 1970 Black Sabbath song “Planet Caravan” 

processed Ozzy Osbourne’s vocals through a Hammond organ 

to create a sprawling sense of ethereal distance. Deep Purple’s 

1972 “Space Truckin’” used ring modulation to simulate a colos-

sal spacecraft traveling at high speed. The lyrical content of Led 

Zeppelin’s “No Quarter” is built on Norse mythology, but the 

dreamlike drone of John Paul Jones’s mellotron and Jimmy Page’s 

ultra-compressed guitar mirrored the sensation of exploring an 

alien landscape. Unsurprisingly, the ambiance of these tracks 

merged with psychedelic tendencies. The idea of “music about 

space” became shorthand for “music about drugs,” and some-

times for “music to play when you are taking drugs and think-

ing about space.” And this, at a base level, is the most accurate 

definition of the genre we now called space rock.

More ideologically intertwined with ’60s prog than ’70s metal, 

the qualities of space rock are delineated by the mood they manu-

facture: hypnotic song structures, punctuated by distortion that’s 

heavier than the riffs. The lyrics tend to be low in the mix and 

not particularly essential, but the focus on the galactic is overt: 

Hawkwind’s 1973 live album Space Ritual featured voice narration 

from sci-fi poet Robert Calvert. Because space rock songs tended 

to be long, meandering, and per-

formatively trippy, they weren’t 

much played on commercial 

radio, with one notable excep-

tion: Pink Floyd. That excep-

tion, much like Bowie’s “Space 

Oddity,” culturally dwarfs the 

totality of its competition. 

Dark Side of the Moon, Pink 

Floyd’s eighth studio album, is 

the most durably popular rock 

album ever recorded, selling 

nearly 50 million copies and 

remaining in the Billboard 

Top 200 for 917 weeks after its 

release in 1973. It’s a concept 

album, and it’s not about the 

moon. It does, however, allow 

a teenager lying in a dark room 

to feel as though that is where he’s going. The apotheosis of all 

the fake audio signifiers for interstellar displacement, Dark Side of 

the Moon (and its 1975 follow-up Wish You Were Here) perfected 

the synthesizer, defining it as the musical vehicle for soundtrack-

ing the future. Originally conceived as a way to replicate analog 

instruments, first-generation synthesizers saw their limitations 

become their paradoxical utility: though incapable of credibly sim-

ulating a real guitar, they could create an unreal guitar tone that 

was innovative and warmly inhuman. It didn’t have anything to do 

with actual astronomy, but it seemed to connote both the wonder 

and terror of an infinite universe. By now, describing pop music 

as “spacey” usually just means it sounds a little like Pink Floyd.

I

f America’s obsession with the space race during 

the 1960s explains the rise of space rock in 

the ’70s, it follows that waning public inter-

est in NASA (post-Apollo) led to a decline in 

space-related music in the ’80s and ’90s. Tunes 

like “Space Age Love Song” by Flock of Seagulls or “Space Is the 

Place” by Spacehog did not seem inspired by anything unworldly; 

they just seemed to use the word “space” as a meaningless mono-

syllabic placeholder. Soundgarden’s “Black Hole Sun” derived 

not from an interest in the sky but from a misheard TV report. 

Even the most serious attempts contained elements of kitsch and 

caricature: the UK outfit Spacemen 3 was maybe the best of the 

bunch, but the group’s music was overshadowed by their comedic 

self-awareness. The last major rock album that felt like music from 

space was arguably Radiohead’s OK Computer, but the connec-

tion was ancillary. The band was simply using the instruments, 

tunings, and tempos that have become associated with space-

age pop. The audience felt the correlation more than the artist.

What has happened, it seems, is that our primitive question 

about the moon’s philosophical proximity to Earth has been incre-

mentally resolved. What once seemed distant has microscoped to 

nothingness. When rock music was new, space was new—and it 

seemed so far beyond us. Anything was possible. It was a creative 

dreamscape. But you know what? We eventually got there. We went 

to space so often that people got bored. The two Voyager craft had 

already drifted past Pluto before Nirvana released Nevermind in 1991. 

You can see a picture of a black hole in the New York Times. The 

notion that outer space is vast and unknowable has been replaced 

by the notion that space is exactly as it should be, remarkable as 

it is anodyne. In 1997, one of the former members of Spaceman 3, 

Jason Pierce, made an album with his new band, Spiritualized, 

titled Ladies and Gentlemen, We Are Floating in Space. That title 

was a reference to a Norwegian novel, but it accidentally illustrated 

precisely how much perception had changed. Space was no longer 

somewhere to go. Space was where we already were, all the time, 

and we were just floating along for the ride. 

When
rock was 

new, 
space 

was new 
—and it  

seemed 
so far 

beyond 
us. 

Anything 
was 

possible.
Chuck Klosterman is an author and essayist whose books 

include Fargo Rock City and But What If We’re Wrong?
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irst NASA launched 

a few nanosatellites 

as experiments. 

Then a private space 

company sent up 

300. Soon every gov-

ernment and major 

corporation had its own satellite network, 

and nearly a million nanosats were sprayed 

throughout low Earth orbit in twinkling 

constellations. No one wanted to talk about 

the sexual symbolism, because it was crude, 

which meant no one remembered that men 

left by themselves who are inflamed with 

passion can create quite a mess. 

Someone needed to clean it up, and I 

was happy to sign up for the job. I had lin-

gered on the B-list of human spaceflight for 

two decades after completing my service 

with the Royal Canadian Navy, supposedly 

because of my poor scores in leadership 

potential. This bothered me because not 

everyone needs to be a leader, to stick 

out their chest and tell others what to do. 

Thankfully, Bass-Xianhou Limited found 

my skills highly desirable—in particular, 

my work running a salvage operation for a 

decommissioned submarine in Baffin Bay. 

I joined a hundred other candidates from 

around the world to become an orbital 

ballistics control operator, or OBC—a 

sanitation worker of the stars.

My partner at Bass-Xianhou was Nanjira 

Yego, an aspiring astronaut from Mombasa 

with dyed blue braids who liked to wear 

heat-sensitive midriff tees and sparkling 

sneakers. During our training in French 

Guyana, Nanjira was a quiet, introspec-

tive loner who spent her free time jacked 

into StarWorlds, a massive online game. 

While I still harbored fantasies of find-

ing the Right Stuff and becoming a Mars 

explorer, Nanjira visited imagined planets 

without any sense of embarrassment about 

our real-life jobs.

But in space, Nanjira transformed into a 

confident OBC operator who liked to ques-

tion authority. She even sewed political 

patches onto her flight suit: FREE UBUNTU!

LIGHT BRIGADE. QUANTUM SPIN CLASS. I 

found her brashness appealing, as if she 

could make up for my own conformity and 

meekness. She was a kind of anti-leader I 

wanted to follow, if that makes any sense. 

On the station I would try to work up the 

courage to invite her out, but we had little 

privacy under the banks of LED lights, so 

I would inevitably do nothing. Back on the 

surface, though, she would immediately 

immerse herself in StarWorlds, leaving 

me to bury my feelings for her through 

the intensive workouts they made us do 

to counter the effects of the time we spent 

weightless. 

There was no press release or fanfare 

before our first mission. No endorsements 

of breakfast cereals or underwear. Bass-

Xianhou booked us on an Ariane 6 out of 

French Guyana and hurled us into space 

along with three other sanitation teams. 

Once at the station, we docked for 24 hours 

to acclimatize, slept as much as we could, 

and then headed out to work. 

Nanosats orbited closer to Earth than 

heavy satellites, which meant they offered 

In her light
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lower latency and more stable communi-

cation. The latest ones adjusted dynami-

cally to transmit data like a mesh network, 

but no common protocol had been devel-

oped between competing manufacturers, 

so sometimes they careened dangerously 

out of orbit. There were already millions 

of pieces of debris in orbit before the 

nanos, from discarded rocket stages to 

loose screws and lost tools, but the little 

satellites worsened the problem because 

many of them failed, adding to the detri-

tus. The most legendary constellation 

belonged to Estée Lauder: a network of 

nearly a thousand gold-plated nanos that 

had immediately malfunctioned upon 

launch, and yet were rumored never to 

have fallen out of orbit. The talk amongst 

us OBCs was that if you caught them, you 

only had to extract the gold and you would 

retire in luxury. 

Our job was to clean out the various 

giant nets that Bass-Xianhou had launched 

into different orbital planes. These nets 

had their own stabilizer jets that held 

them in orbits with known accumulations 

of debris. Like lobster fishermen, Nanjira 

and I would visit each “trap” on a pre-

scribed route, spacewalking in tandem to 

the nets to extract the debris that had accu-

mulated over weeks. Nanjira would bark 

instructions—“Up 20 degrees! Reverse, 

and four to the right!”—and I learned to 

listen to her. The general principle was 

to haul the debris back to the station, fish 

out the nanos, and repair the ones that 

still had some life in them, which reaped 

Bass-Xianhou extra revenue. The rest of 

the debris we would jettison to burn up 

in the atmosphere.

If it seems like a strange job, that’s 

because it was. Bass-Xianhou had never 

planned to launch humans into space, 

only automated drone sanitation systems. 

Their prototypes, however, weren’t nimble 

enough to pick the debris out of the nets. 

They had already secured several billion 

dollars’ worth of contracts, so they sent 

us OBCs as a stopgap. I didn’t gripe—

the pay was good, and it beat salvaging 

submarines.

We catalogued each nanosat we col-

lected. Many were from the so-called Third 

Tier of spacefaring nations—even minus-

cule São Tomé and Príncipe had managed 

to lob a few up. Some were labeled or had 

a scannable bar code, but other models—

especially those that had been irradiated 

or damaged by a flare—did not show clear 

ownership. We were supposed to return 

unclaimed nanos to orbit, but sometimes, 

after taking a few plugs of whatever booze 

someone had smuggled aboard in French 

Guyana, we’d toss them out of the airlock 

to watch them burn up in the atmosphere. 

Nanjira liked to sprinkle different chemical 

compounds atop them like sesame seeds 

so that they would pop with bright colors. 

It was juvenile, to be sure, but such 

moments helped us let off steam, because 

our work was dangerous. One time, a crew 

member returned from a spacewalk with 

his leg mashed by a chondrite meteoroid. 

His superkevlar suit had prevented it from 

being severed, but it flopped about like 

a tube of jelly. We had to put him into a 

partial coma and dispatch him back to the 

surface in an escape pod.

The station was skirting above the 

bleached white crust of the Great Barrier 

Reef one night when I noticed that Nanjira 

had disappeared into the toilet for longer 

than usual. 

“You all right in there?” I shouted.

“Yes, why?”

“You’ve been in the head for a while.”

“You need to go?” 

“No.”

“Okay, so wait your turn.”

I busied myself by sorting the nano-

sats we’d collected: REPAIR, RETURN, or DIS-

CARD. I logged seven Safaricoms and four 

Dancoms in the REPAIR category, at about 

a $500 bonus for each; 30 miscellaneous 

(mostly Iroko) in the RETURN pile; and 

then eight for the DISCARD pile, which we 

would jettison. 

After Nanjira returned from the bath-

room, I re-counted our haul and found that 

we now had 12 in the REPAIR bin.

“Where did you find that extra nano, 

Nanjira?”

“We got it outside.”

“I don’t remember grabbing it.”

“Leave me alone, Marcus.”

I decided not to press her. Instead, I 

examined the nano, made a few minor 

repairs, and relaunched it into orbit the 

next day. Still, I found it suspicious that 

Nanjira would keep secrets from me on the 

station. We could activate privacy screens 

that shielded out sound and light, but 

we knew each other intimately. After the 

gravity centrifuge stopped working one 

day, we had to race through the station 

to catch turds that had escaped from the 

toilet. When your fellow crew member’s 

poo gets on your face, there’s not much 

else you can be embarrassed about.

The next haul was a lucrative one. 

Nanjira and I maneuvered together, bal-

letic in our coordination, to collect our 

haul from a net on an especially difficult 

orbital plane. Yet the moment we docked, 

she disappeared into the toilet and stayed 

there for 15 minutes. I barged in to find her 

dismantling a Dajiang MS142, a variant of 

a common Asian nanosat. 

“Why are you doing that in here?”

“No cameras,” she said, pointing at the 

walls. It was true—the toilet was the one 

area of the station that even Bass-Xianhou 

did not observe. She inserted a tool that 

looked just like the one we used to plug 

in to nanos so the system could analyze 

them. Then she adjusted a piece inside 

the satellite, and screwed the plate shut. 

“Will you tell me what you’re doing?”

She shook her head. “It’s better if you 

don’t know.”

Back on Earth, I grew nervous when 

the management at Bass-Xianhou called 

an emergency meeting, thinking that per-

haps Nanjira’s tinkering in the toilet had 

been discovered. Instead, our route plan-

ner explained to us that an Israeli-French 

firm had cracked the so-called automation 

problem and was expected to launch its first 

products within a year—drone sanitation 

systems with no need for a human crew. To 

cut back on costs, Bass-Xianhou was reduc-

ing our bonus pay for fixing REPAIRS. We 

would also be subjected to random audits.
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“You’ve all signed noncompete clauses,” 

the vice-president of the company growled. 

“So don’t bother selling out to those copy-

cats, or we’ll sue your ass.” 

But on our very next route, once again I 

found Nanjira squirreled away in the toilet 

fixing a Dajiang.

“Aren’t you afraid of being caught, 

Nanjira?”

“No,” she said, shaking her head. “I’m 

almost done.”

“Almost done with what? Can you at 

least tell me? We’ve worked together for 

nearly three years now, and for all I know 

we’re about to lose our jobs. What are 

you doing to those nanos? Spying for the 

copycats?” 

“You really want to know?” Nanjira 

asked.

“Yes.”

“Follow me.”

We climbed some handholds to the 

small cafeteria, actually just a table folded 

into the wall, and she pointed through the 

large observation porthole. I could smell 

the geranium-scented wipes she used to 

mop her brow after we completed a route. 

We watched the jagged Horn of Africa slide 

beneath us, pinpricks of light spread all 

over, with corridors of illumination linking 

the cities across the region. “There—what 

do you see, Marcus?”

“Maglev lines.”

“You see the connections. Your eyes are 

drawn to the light. But what’s in the dark?”

“I don’t know,” I said. “Desert. 

Mountains.” 

“Many people,” Nanjira said, wistfully. 

“Many people live in that darkness.”

 “That’s why we’re up here,” I said. “To 

service the nanos. To help those people stay 

connected.” This was our sacred respon-

sibility, instilled in us by Bass-Xianhou on 

our first day.

But she had a determined look in her 

eye. “Connected to what? What are they 

connecting to?”

“To each other,” I blurted. “To informa-

tion. To knowledge. Knowledge about their 

lives and how they can live them better. It’s 

why everyone has the right to a node now.”

She gave me a look that I wanted to 

interpret as fondness.

“The right to a node? Sure. A node that 

harvests their data, feeds them ads and 

propaganda, filters out what they aren’t 

supposed to see.” She swept her hand 

across the Earth beneath us. “Think of all 

this spectrum, Marcus. All of that light 

beaming information down to the planet 

from the nanos. All I’m doing is taking a 

little slice of that spectrum. A tiny, infini-

tesimal sliver that’s rarely used.”

“You’re talking about stealing.”

“I’m talking about untapped potential.”

“Our job is to maintain the network. You 

shouldn’t get your hands dirty in all this.” 

“My hands are dirty?” she said, smiling. 

“Take a look at our catch next time and tell 

me if you really believe that.” 

I did take a look the next time, and I 

didn’t see anything particularly strange 

about our catch. In fact, we had a bumper 

crop: nearly 100 nanos, with three dozen 

Standard Bank crypto-nanos in prime 

REPAIR condition, and 12 Mo-Cola energy 

drink nanos that seemed serviceable. 

Nanjira did her thing and disappeared 

once again into the toilet after fishing a 

Dajiang from the spoils.

We were fortunate to have made that 

haul, because we soon received notice 

from Bass-Xianhou that our program 

was going to go through “slimming.” The 

French-Israeli competitor had underbid 

us on a major contract and our company 

was now planning to shift to servicing 

government- owned nanos, which were 

much less lucrative but would offer a 

stable source of income, according to 

our executives. 

Strangely, Nanjira didn’t seem both-

ered by the news. In fact, she laughed 

more easily and joked with the other crew 

members without a care in the world. I 

wondered if she had taken too many stims, 

and whether there would be enough left 

over for me—we’d been working for nearly 

72 hours straight.

“It’s finished,” she announced, happily.

“You mean you’re done with your thiev-

ing,” I goaded. 

“Marcus, no one should own the light. 

The nodes are corrupted. Every single 

one is owned. We need a pure band, not 

an on-ramp to some bullshit data min-

ing or shopping experience. It’s what 

we deserve.” 

“That’s how the internet was in the 

beginning,” I said, “and it was polluted. 

That’s why we controlled it. Humanity 

wasn’t ready.”

“This is different, Marcus. We’re build-

ing it within—tunneling through the very 

heart of the beast. This spectrum will live 

in the center, hidden as if behind a cloud, 

and belong to anyone who can find it.”

Her passion for the cause made me 

want to kiss her, but she was looking at 

me as if I were a poor student who might 

one day, with a little extra effort, catch on. 

Fiction

W E  W A T C H E D  T H E  J A G G E D  H O R N  O F  A F R I C A  S L I D E 

B E N E A T H  U S ,  P I N P R I C K S  O F  L I G H T  S P R E A D  A L L 

O V E R ,  W I T H  C O R R I D O R S  O F  I L L U M I N A T I O N  L I N K I N G 

T H E  C I T I E S  A C R O S S  T H E  R E G I O N . 

“ T H E R E — W H A T  D O  Y O U   SEE  ,  M A R C U S ? ”
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We didn’t speak much before our next 

route, yet we behaved like total profes-

sionals as soon as we left the airlock. 

Nanjira barked instructions and I swiftly 

complied, even more eager to please her 

than before, as if I could reconcile our 

differences that way. We extracted over 

50 nanosats from the net in record time. 

I managed to grab one in my glove. It was 

about five centimeters wide and coated 

in shimmering gold. It was clear its sta-

bilizing propulsion system was still active, 

giving off light puffs of air like a perfume 

bottle. Only its uplink was switched off. 

“Nanjira!” I shouted. “We found them!”

“What?”

“The Estée Lauder constellation! We 

hit pay dirt!”

“Are you sure—” she began, and then 

it sounded as if someone had punched 

her in the gut. 

“Nanjira?” 

I looked along the net. She had crum-

pled over in her propulsion chair and was 

trying to remove her boot, her fingers flut-

tering at the straps. Her chair suddenly 

began accelerating toward the net.

“Watch it, Nanjira! Shut off your jets!”

Except she kept on trying to unstrap 

her boot, as if it were the most important 

thing in the world. 

“Home!” I shouted to the station. 

“Status on Nanjira.”

A voice crackled back. “Heart rate 

spiked. Air is intact.” 

Her chair had now pushed into the 

center of the net, which was starting to 

coil and swoop down upon her like a giant 

wave. If she became entangled, it would be 

almost impossible to extract her.

“Marcus …” I heard her whisper.

“Roid shower!” home announced. 

“Escape protocol.”

“There’s something wrong with her.”

“Escape protocol!” 

“I’m telling you she’s not responding!”

I could see the streaks in the corner of 

my vision, some of the meteoroids catch-

ing in the net, while the microscopic ones 

pushed right through it and flamed into 

the atmosphere. I launched myself toward 

my partner. 

“Nanjira!” I yelled. “I’m coming!” 

A roid slid past my visor as I unfastened 

her from her chair and clipped her to my 

own. Then my escape jets flung us away 

and back toward the station. 

“We hit pay dirt, Nanjira,” I found myself 

saying over and over again. “Pay dirt.” But 

she only moaned. Back in the airlock, she 

slumped against a wall as I disrobed from 

my suit. Now I saw why she was trying to 

unstrap her boot—it was bulging as if it had 

filled up with water. But when I released 

the strap, blood gushed into the airlock. 

“No!” I shouted. “No! No!”

The medic entered the airlock, unbolt-

ing Nanjira’s helmet, her blue-dyed braids 

drifting up around her head. Her eyes were 

open as if she were staring into a brilliant 

light. I began waving my hand in front of 

her face. “Nanjira! Wake up. Wake up!”

“Sensors 14 through 45 were triggered. 

Traumatic impact.”

“No!” I said. “It’s just blood. We can fix 

this. Snap out of it, Nanjira!” 

“She’s dead, Marcus.” 

Through the porthole, I saw the net 

filling up with meteoroids and starting to 

fall slowly, inexorably, toward the planet. 

A
t her funeral in Mombasa, 

Nanjira’s family probed me 

with questions to determine 

if we had been lovers, as if 

such intimacy, even unsanc-

tioned, would impart some dignity to her 

passing. I felt ashamed that I couldn’t 

even offer them that, when she herself 

had mustered the strength to utter my 

name in the midst of all that pain. I found 

myself lingering in the living room of her 

family’s compound, trying to make sense 

of her journey from Kenya to the stars. She 

was by no means poor, as I had stupidly 

assumed, and clearly came from a pros-

perous and loving family. 

Her kid sister tugged at my arm and 

pulled me toward Nanjira’s bedroom. 

“Nanjira wanted you to see this,” she said.

Her sister had set up a node for me, 

and hooked me into the game. My entire 

field of vision was filled with ships: dread-

naughts, cruisers, fighters, battle destroy-

ers, transports, ice tugs, seemingly every 

ship ever imagined or built in StarWorlds. 

In the vastness, a spinning wheel of white 

light opened and the ships began moving 

toward it. It looked like an event horizon 

with a beautiful corona. This was it, I 

understood. This was the spectrum Nanjira 

had sliced away from those nanos, her 

tunnel into a new, unfettered place where 

our words could mean what we wanted 

them to mean. One by one the ships began 

to approach the corona and disappear. I 

joined them, moving toward the light. 

In her light

Deji Bryce Olukotun is the author 

of the novels After the Flare and 

Nigerians in Space. He works at the 

sound experience company Sonos. 
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A
t MIT Technology Review it’s part of our 

ethos that technology can, and should, 

be a force for good. Our annual list of 35 

innovators under 35 is a way of putting 

faces on that idea. 

In the following 20 pages you’ll find people 

looking to employ innovative methods to treat dis-

ease—whether it’s via tiny robots, a novel use of the 

gene-editing tool CRISPR, or the use of algorithms 

to identify better antibiotics. You’ll find a young 

woman using data science to seek out and fight 

online harassment, and a young man working to 

make games, and by extension digital environments 

everywhere, accessible to people with disabilities. 

You’ll find people aiming to create the next big 

breakthrough in batteries, geothermal energy, and 

fusion power. You’ll find people employing AI to 

better understand and treat neurological disorders, 

to dream up a new generation of stronger materials, 

and to make cities more livable.

So how do we pick the winners? We get around 

600 nominations every year. This is the hard part, 

because everyone who’s nominated is amazing in one 

way or another. A panel of editors does the difficult 

task of picking what seem to be the most innovative 

and interesting 100 among that group. The work of 

those semifinalists is then evaluated by 32 judges 

with expertise in all areas of technology—artificial 

intelligence, biotechnology, software, energy, materi-

als, and so on. From their rankings, the editors pick 

the final list of 35.

We hope these stories give you a sense that even 

in our hard, cynical world, there are lots of smart 

people still willing to dedicate their lives to the idea 

that technology can be a good thing, and can create 

a world that’s safer, fairer, and more generous.

—The Editors

Nora Ayanian

Assistant professor of  

computer science, University  

of Southern California

Zhenan Bao

K.K. Lee professor of chemical 

engineering, Stanford University

Burcin Becerik-Gerber

Associate professor of civil and 

environmental engineering,  

University of Southern California

Charles Bergan

VP of engineering, Qualcomm 

Research

Ed Boyden

Y. Eva Tan professor in 

neurotechnology, MIT Media Lab  

and McGovern Institute

Cynthia Breazeal

Director, Personal Robots Group,  

MIT Media Lab

Yet-Ming Chiang

Kyocera professor,  

department of materials science  

and engineering, MIT

James Collins

Termeer professor of medical 

engineering and science, MIT

John Dabiri

Professor, school of engineering, 

Stanford University

Jonathan Downey

EIR, Signalfire 

Gozde Durmus

Assistant professor, Stanford University

David Fattal

Founder and CEO, Leia

Tanuja Ganu

Cofounder and CTO, DataGlen

Javier García-Martínez

Director, molecular nanotechnology 

laboratory, University of Alicante, Spain

Ian Goodfellow

Inventor of generative adversarial 

networks (GANs)

Julia R. Greer

Professor of materials science, 

mechanics, and medical  

engineering, Caltech

Zhen Gu

Professor of bioengineering,  

UCLA

Ilan Gur

Founding director, 

Cyclotron Road

Christine P. Hendon

Associate professor of electrical 

engineering, Columbia University

Quoc Le

Research scientist, Google

Hao Li

CEO, Pinscreen; associate 

professor, University of  

Southern California

Carmichael Roberts

Partner, Material Impact;  

Member, Breakthrough Energy

John Rogers

Professor of materials science and 

engineering, biomedical engineering  

and neurological surgery,  

Northwestern University

Julie Shah

Associate professor of aeronautics 

and astronautics, MIT

Rachel Sheinbein

Venture partner, Lemnos

Mustafa Suleyman

Cofounder, DeepMind

Manuela M. Veloso

Head, JPMorgan AI Research

Cyrus Wadia

Former vice president, sustainable 

business and innovation, Nike 

Jennifer West

Fitzpatrick family university professor 

of engineering, Duke University

Jackie Ying

A*STAR senior fellow

NanoBio Lab, Singapore

Feng Zhang

Core institute member,

Broad Institute, MIT and Harvard

Ben Zhao

Neubauer professor of computer 

science, University of Chicago
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Jinxing Li pioneered the use of tiny robots—

just a few micrometers across—to treat 

disease in an animal.

Li designed rocket-like micromotors 

that run on gut fluids in a living animal and 

biodegrade after completing their mission.

The bots are made from polymer-

coated balls of magnesium, which react 

with stomach acid to create hydrogen 

bubbles that propel them through the gut. 

He and collaborators loaded one of the 

polymer layers with anti biotics, and the bots 

were administered to mice with stomach 

infections. On entering the stomach, they 

fired into the lining and stuck to the stom-

ach wall before gradually dissolving, which 

released their cargo to treat the infection.

Li recently showed that magnetically 

powered nanomotors cloaked in mem-

branes from platelet cells could navigate 

efficiently through blood to remove toxins 

and pathogens without being cleared by 

the immune system or getting covered in 

sticky biomolecules, as foreign particles 

normally do.

The next step is to create “cyborg 

cells,” says Li, by taking the body’s immune 

cells, which hunt and destroy bacteria 

or cancer cells, and merging them with 

nanobots to navigate toward the disease 

site. —Edd Gent

JINXING LI

32       Stanford  University
 

COUNTRY OF BIRTH: CHINA

 

His tiny robots can  

be programmed to treat  

infection.

R
Y

A
N

 Y
O

U
N

G

1 PIONEERS



PIONEERS / 35 INNOVATORS UNDER 35

5

CÉ SAR DE LA FUENTE 
33 University of 

 Pennsylvania

COUNTRY OF BIRTH: SPAIN

Digitizing evolution to make 

better antibiotics.

Bacteria evolve faster than scientists 

can make new antibiotics to fi ght them. 

That’s why César de la Fuente has devel-

oped algorithms that follow Darwin’s 

laws of evolution to create optimized 

artifi cial antibiotics. An expert in engi-

neering bits of protein called peptides 

to solve medical problems, he has also 

developed a method of turning toxic 

proteins, like one found in wasp venom, 

into antimicrobials. And he has mined 

huge existing databases of proteins in 

the human body to discover molecules 

that can kill harmful microbes. 

“I wake up every day thinking about 

all the people that are dying in this coun-

try and around the world as a result of 

untreatable infections, and try to come 

up with solutions,” says de la Fuente, who 

has always been fascinated by microbes’  

knack for survival. 

In addition to developing computer-

designed antibiotics, de la Fuente, an 

assistant professor at the University of 

Pennsylvania, hopes to use the same 

engineering approach to fi nd proteins 

implicated in psychiatric disorders 

like depression and anxiety, and mod-

ify them to aff ect brain function and 

behavior.  —Karen Weintraub

Rediet Abebe uses algorithms and AI 

to improve access to opportunity for 

historically marginalized communities. 

When Abebe moved from her native 

Ethiopia to the United States to attend 

Harvard College, she was struck by how 

often vital resources fail to reach the 

most vulnerable people, even in one 

of the world’s wealthiest nations. She 

now uses computational techniques to 

mitigate socioeconomic inequalities.  

As an intern at Microsoft, Abebe 

formulated an AI project that analyzes 

search queries to shed light on the 

health information needs of people in 

Africa. Among other things, her study 

revealed which demographic groups 

are likely to show interest in cures for 

HIV and which countries’ residents 

are especially concerned about HIV/

AIDS-related stigma and discrimina-

tion. This work is the fi rst to use large 

web-based data sets to study health 

across all 54 African nations. 

In an eff ort to inform health pro-

gramming, Abebe is now taking these 

fi ndings to health experts in minis-

tries of health across the continent. 

She’s also working with the National 

Institutes of Health’s advisory com-

mittee to help reduce health dispari-

ties in the US. 

To encourage growth in this area, 

she cofounded Mechanism Design 

for Social Good, a multi-institutional 

research initiative that uses algo-

rithms to tackle challenges ranging 

from allocating low-income housing 

to improving health outcomes. 

—Erika Beras

REDIET 28

ABEBE Cornell University

COUNTRY OF BIRTH: ETHIOPIA

She combined AI with search engine results 

to discover a community’s needs.
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In breaking with 
the old ways, they 
create better AI, 
antibiotics, and 
even architecture.

 She saw that resources 
weren’t reaching the 
people who needed them.
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AlphaGo, the artifi cial 

intelligence that beat the 

best human player at Go 

in 2016, needed nearly 

2,000 central processing 

units and 300 graphics 

processing units to func-

tion. As a consequence, 

its electricity bills were 

$3,000 per game. Song 

Han has designed soft-

ware and hardware that 

enable powerful AI pro-

grams like AlphaGo to be 

deployed in low-power 

mobile devices.

The “deep compres-

sion” technique Han 

invented makes it possible 

for AI algorithms that can 

recognize objects, gener-

ate imagery, and under-

stand human language to 

run in real time on a smart-

phone. Facebook, among 

other companies, uses his 

software design to reduce 

the amount of computa-

tion needed for an object 

recognition algorithm. This 

allows people to use their 

smartphone camera to 

pinpoint objects in the real 

world and then add digital 

visual e� ects. 

In 2016, Han 

cofounded an AI chip 

company, DeepPhi Tech, 

based on his innovations. 

The Beijing-based com-

pany was acquired by 

Xilinx, an American semi-

conductor manufacturer, 

last year. In his new role 

as an assistant professor 

at MIT, Han is automating 

the design of AI algorithms. 

The goal is to “let any non-

expert push a button and 

design compact neural net-

works,” he says, referring 

to the computing systems 

loosely modeled after the 

human brain that are cen-

tral to how AI works. 

Even software develop-

ers without expertise in AI, 

he says, would be able to 

use such neural networks 

to classify objects, improve 

the resolution of images, 

and analyze videos more 

 effi  ciently. —Yiting Sun

Grace Gu is using artifi cial intelligence 

to fi nd ways to make better materials. 

She envisions materials that can be used 

for lighter and stronger body armor, 

3D-printed and customizable medical 

implants, and tunable solar cell materi-

als that can do a better job than conven-

tional solar cells of converting sunlight 

into electricity. 

Gu’s work is inspired by natural 

materials such as seashells and bam-

boo, in which the structure of the base 

constituents results in strength, wear 

resistance, hardness, and fl exibility. 

Her team at UC Berkeley uses 

machine-learning algorithms to dis-

cover new composite structures based 

on nature’s examples. This approach 

allows her to design materials that are 

superstrong and yet lightweight. The 

designs are then 3D-printed and tested 

to validate the algorithm, to make sure 

that the hypothetical materials work in 

the real world. Thus far, Gu’s research 

has led to designs for materials with dra-

matically enhanced strength, and whose 

stiff ness can be optimized for specifi c 

applications. —Dan Solomon

SONG 30

HAN  MIT

COUNTRY OF BIRTH: CHINA

 Making the software that lets powerful 

AI programs run more smoothly.

GRACE 30 

GU   University of California, Berkeley

COUNTRY OF BIRTH: US

She’s using AI to help dream up a new 

generation of lighter, stronger materials.
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34 Beam Therapeutics

COUNTRY OF BIRTH: US

A better way to correct 

single- letter mutations.

Nicole Gaudelli invented a way to 

potentially correct almost half of all 

genetic diseases caused by mutations 

involving a single letter of DNA. 

Gene-edit ing tools  such as 

CRISPR can fi x some of the single-

letter genetic “spelling” mistakes that 

can drive inherited diseases. But they 

don’t correct for having the nucleic 

acid adenine, or A, appear in a DNA 

strand where there should have been 

a guanine, or G. This misplaced A is 

involved in sickle-cell disease, cystic 

fi brosis, Parkinson’s, Alzheimer’s, and 

many types of cancer.

So Gaudelli set out to make a new 

enzyme that can cleanly convert A-T 

base pairs into G-C base pairs with 

few undesired eff ects. 

“It was a little bit of magic,” 

 Gaudelli says of getting her enzyme 

to work. She’s now a senior scientist 

at Beam Therapeutics, a biotech com-

pany based in Cambridge, Massachu-

setts, working to commercialize her 

approach. —Karen Weintraub

“It was a little bit of magic,” 
says Gaudelli.
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Mariana Popescu has developed a pro-

cess and accompanying computational 

tools capable of turning knitted textiles 

into complex molds for concrete build-

ings. Her innovation makes it possible 

to build complex custom-made designs 

faster, with less waste and reduced car-

bon emissions. 

“If you really want to make good 

structures that use less material, you 

end up having complicated geometries 

that are very often doubly curved or 

have other features that are difficult to 

mold,” says Popescu. Traditional con-

struction uses wood or foam supported 

by heavy sca�olding to create forms for 

pouring concrete, which takes months 

and limits what shapes are  possible. 

All you have to do is look at a sweater, 

she says, to see that textile materials 

are perfect for making a wide array of 

holes, channels, and other complicated 

3D shapes that are sought after in con-

temporary buildings. 

So Popescu developed algorithms 

that automatically translate an archi-

tectural design into a textile-based 

mold that can be knitted by industrial 

machines in mere hours. The result-

ing mold is lightweight and flexible. 

Popescu, with the rest of her team, 

developed a system that uses steel 

cables to hold the mold in place while 

concrete is poured over it. 

Popescu’s innovation is an efficient 

and ecologically conscious way of 

building complex structures with a min-

imal environmental footprint, in record 

time and at low cost. It also has the 

potential to speed up construction of 

low-cost, sturdy, lightweight structures 

in settings like refugee camps, war 

zones, and sites of natural disasters. 

—Russ Juskalian

WOJCIECH ZAREMBA

30  OpenAI
 

COUNTRY OF BIRTH: POLAND

 

He taught a robot hand how to 

figure things out on its own.

Wojciech Zaremba led a team that used 

machine learning to get a robot hand to 

teach itself to pick up a toy block in dif-

ferent environments. The robot had to 

figure out on its own how to accomplish 

the complex task of grasping a block 

and twisting it around with its robotic 

fingers in response to commands. 

The robot’s training process was 

based on a technique called reinforce-

ment learning and a neural network, a 

computer program that mimics the type 

of network our brains use.

Although reinforcement learning 

has been used before in robotics, it 

hasn’t worked on anything as compli-

cated as a robotic hand, because the 

numerous tasks involved would require 

the equivalent of hundreds of years of 

experience. And robotic AIs trained in 

virtual worlds have typically failed to 

transfer successfully to reality, owing 

to the gap between simulated and real-

world physics.

Zaremba, a cofounder of the AI 

research group OpenAI, hypothesized 

that varying the conditions in a virtual 

environment could prepare a neural 

network for the messiness of reality. 

He randomized 254 physical param-

eters—things like the mass of the block 

and the friction of fingertips—and found 

that the hand, after training, could 

manipulate the block the first time it 

was set loose in the real world. 

—Erika Beras

MARIANA 32

POPESCU ETHZ

COUNTRY OF BIRTH: ROMANIA

She uses knitted textiles as forms for concrete buildings—

meaning less money, carbon, and time.
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AZALIA MIRHOSEINI

32 Google Brain

COUNTRY OF BIRTH: IRAN

She taught an AI to design 

AI chips.

2 VISIONARIES

Azalia Mirhoseini, a research scientist at 

Google Brain, is using artifi cial intelligence 

itself to make better chips for artifi cial 

intelligence.

Many microchips that are used for AI 

weren’t specifi cally built for it. Most are repur-

posed from hardware used in video and gam-

ing. As a result, these older, human-engineered 

designs leave much to be desired in terms 

of energy e�  ciency, cost, and functionality.  

Mirhoseini’s system—which trained itself 

using trial and error, based on the AI concept 

of reinforcement learning—can produce chip 

designs in just a few hours. (The world’s 

top experts need several weeks.) Her AI-

designed methods allow for chips that are 

as good as or better than those designed 

by human engineers: they’re faster, more 

energy e�  cient, and much cheaper.

Reinforcement learning is one of AI’s 

most promising frameworks. Software that 

uses it essentially teaches itself how to 

accomplish a task, rather than being pro-

grammed, step by step, by a human. Now, 

Mirhoseini says, “it’s time to use machine 

learning and AI to develop better comput-

ers and close the loop.” —Russ Juskalian
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Noam Brown was never very good at 

poker. But an artifi cially intelligent pro-

gram he created became the first to 

beat the world’s top players in no-limit 

Texas Hold’em, the game’s most popu-

lar variant.

In recent years, machines have 

defeated humans in checkers, chess, 

and Go—known as “perfect informa-

tion” games, where both players know 

the exact state of play at any given point. 

Imperfect-information games like poker, 

where hidden cards introduce strate-

gies like bluffi  ng, add another level of 

complexity. 

“When you introduce hidden infor-

mation, all these past techniques just 

fall apart,” Brown says.

Most strategic interactions in the 

real world, after all, involve some form 

of hidden information. In the long run, 

Brown envisions his research leading to 

automated solutions to situations that are 

similar to hidden-information games: 

managing traffi  c, predicting the perfor-

mance of markets, conducting national 

security negotiations.

Brown’s creation, known as Libra-

tus, is essentially three AI systems in 

one. The fi rst developed a strategy for 

poker by playing against itself over tril-

lions of hands during several months of 

training. Another refi ned that strategy 

in real time during games with humans, 

and a third reviewed the hands played 

at the end of each day of competition 

to identify weaknesses, like predict-

able betting patterns, that opponents 

might exploit. 

In January 2017, Libratus defeated 

four of the world’s top players head-

to-head over 120,000 hands in 20 days 

at a Pittsburgh casino. Because the 

bot didn’t learn to play by mimicking 

humans, it used tactics that human 

players typically don’t employ. Some 

of those strategies, like dramatically 

upping the ante of small pots, have 

begun to change how the pros play 

poker. —Jonathan W. Rosen

NOAM 31

BROWN  Facebook

COUNTRY OF BIRTH: ISRAEL

He’s making artificial intelligence better 

by having it play poker.

 Their innovations 
are leading 
the way to smarter 
AI, better brain 
treatments, and 
a safer internet.

CAMILLE FRANÇOIS

28  Graphika 

COUNTRY OF BIRTH: FRANCE

She uses data science 

to detect disinformation 

and organized harassment 

campaigns.

Researchers have been refi ning meth-

ods of detecting fake accounts on 

social media for many years. But meth-

ods created to sniff  out individual bots 

can fail to detect more sophisticated 

forms of manipulation—such as state-

sponsored disinformation or harass-

ment campaigns spanning thousands 

of accounts over many years. 

Camille François, the chief innova-

tion offi  cer at Graphika, says the pub-

lic needs better data and models to 

address online manipulation without 

inadvertently silencing genuine voices. 

François and her team use machine 

learning to map out online communi-

ties and the ways information fl ows 

through networks. They apply data 

science and investigative methods to 

these maps to fi nd the telltale signa-

tures of coordinated disinformation 

campaigns. Last year, François and col-

leagues at Oxford used this approach 

to help the US Senate Select Commit-

tee on Intelligence better understand 

Russian activities during and after the 

2016 presidential election.

François says that some of her big-

gest breakthroughs have come from 

interviewing troll farm defectors and 

victims to understand the inner work-

ings of these organizations. “This work 

is two parts technology, one part soci-

ology,” she says. “The techniques are 

always evolving, and we have to stay 

one step ahead.” —Erika Beras
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GUOSONG HONG

33  Stanford University
 

COUNTRY OF BIRTH: CHINA

 

His probes could revolution-

ize brain treatments.

Guosong Hong invented a tool for probing 

the brain and retina down to the resolu-

tion of individual neurons. It’s essentially a 

mesh-like electrode that’s small and flex-

ible enough to be coiled into a needle and 

injected into the precise region research-

ers want to study. Brain electrodes are 

already being used to treat a number of 

conditions, such as Parkinson’s disease, 

but they are large, rigid objects that need 

to be implanted by means of extensive sur-

gery. A few weeks after these electrodes 

are implanted, scar tissue begins to build 

up, rendering them less e�ective over time.

The electrode Hong invented can 

seamlessly integrate with neural tissues 

without eliciting attacks from the immune 

system. This allows researchers to safely 

and reliably record live animals’ neuronal 

activities for nearly a year. 

His tool could be applied in many 

areas. It could help scientists understand 

complex neurological processes such as 

the aging of the brain. It could be used 

to treat neurological disorders such as 

Alzheimer’s and epilepsy. It could help 

restore function in paralyzed people’s 

limbs. It also holds the potential for treat-

ing eye diseases such as glaucoma, if 

injected into the eye. 

Hong envisions using this mesh to 

build interfaces between the brain and 

computers, or even to enable direct brain-

to-brain communication. He believes the 

mesh is one step further toward a world 

where “everyone can freely share his or 

her thoughts without barrier.” —Yiting Sun
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Kimberly Stachenfeld, a researcher at 

DeepMind, helped develop a theory 

of the hippocampus, the region of the 

human brain responsible for spatial 

memory and navigation. Now she’s put-

ting her groundbreaking neuroscience 

work to new use in the field of artificial 

intelligence. 

Earlier theories of the hippocampus 

focused on its key role in represent-

ing the past and one’s current situa-

tion—in particular, one’s location in 

space. But Stachenfeld wanted to explain 

how it may also link the present to the 

future, by representing the current situ-

ation in terms of what it predicts about 

upcoming events. Using insights from 

an area of AI called reinforcement learn-

ing, which is based on trial and error, 

Stachenfeld proposed that the hippo-

campus uses a similar mechanism to 

make associations between a person’s 

present state (like being in one’s garage) 

and a desirable future state (like getting 

to work on time). 

The theory she and her team devel-

oped offers a better way to explain how 

the hippocampus might help the brain 

quickly evaluate choices, like getting 

into a car and heading to work versus 

staying at home and watching TV on a 

weekday morning. 

Stachenfeld believes that what she 

knows about the brain can be used 

to improve artificial intelligence. For 

instance, AI systems can efficiently 

learn how to achieve simple tasks—

like locating the sugar in your cabi-

net. But such systems are no match 

for the human brain, which can learn 

many things at once by grouping tasks 

together and which, while learning a 

task, remembers incidental details that 

might be useful to recall while learning 

some other, related task. For example, 

we learn that stirring and mixing are 

fundamentally similar concepts, and 

we can reuse similar behaviors to per-

form them.

If Stachenfeld can figure out how 

the brain does this, she believes, she 

can help train AI systems orders of mag-

nitudes faster without the need for as 

much data. —Russ Juskalian

KIMBERLY 28

STACHENFELD DeepMind
 

COUNTRY OF BIRTH: US

 

She used reinforcement learning to better understand problem 

solving in both the human brain and AI systems.
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PATRICK 27 

HSU  Salk Institute for Biological Studies

COUNTRY OF BIRTH: TAIWAN

Making CRISPR more flexible to treat brain 

disease.
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RALUCA ADA POPA 

32 University of 

 California, Berkeley

COUNTRY OF BIRTH: ROMANIA

Her computer security method could 

make firewalls a thing of the past.

Raluca Ada Popa found a way to 

address one of cybersecurity’s most 

fundamental challenges: securing 

computer systems without employing 

fi rewalls to keep hackers out.

Popa’s breakthrough work started 

with practical database systems that 

could work on encrypted data. Though 

encrypting data had worked for simple 

messaging applications like WhatsApp, 

it was too sluggish for systems that also 

needed to run calculations on the data, 

like databases and web applications. 

But Popa found a way to make com-

putation on encrypted data practical. 

Today, her encryption systems work 

with a range of applications and pro-

vide a level of protection that fi rewalls 

cannot: even if attackers break in, they 

have no way to decipher the data. 

Popa says her techniques allow 

systems to operate as if they’ve been 

blindfolded. They’re able to compute 

on data without actually seeing it—

which is opening the cybersecurity 

fi eld to a host of new applications. A 

more recent innovation of hers, Helen, 

can let hospitals share and aggregate 

patient records without compromis-

ing confi dentiality. Another of her 

systems, Opaque, secures hardware 

against potentially compromised soft-

ware and is now used by such compa-

nies as IBM.  —Jonathan W.  Rosen

Liang Xu and his team have 

developed an AI platform 

that is transforming how 

cities across China improve 

public health, reduce crime, 

and increase effi  ciency in 

public management. Xu’s 

team works closely with 

municipal agencies, which 

provide access to troves 

of data such  as tens of mil-

lions of health records and 

customs border - crossing 

records. After crunching all 

the data, stripped of iden-

tifying details, and going 

through other forms of 

training, the platform, called 

PADIA, is then integrated 

into these agencies’ com-

puter systems. 

In the cities of Chong-

qing and Shenzhen, this 

platform is helping public 

health authorities predict fl u 

outbreaks with an accuracy 

of over 90%. A local gov-

ernment agency in Shen-

zhen has also used the 

software to reduce the time 

it takes to process docu-

ments by 95%. In several 

provinces, it has detected 

health-care fraud to the 

tune of nearly 1 billion yuan 

($150 million).

Government use of 

AI is stirring up debates 

in many countries. Xu is 

aware of pitfalls such as 

privacy breaches and job 

losses. But he’s also opti-

mistic about AI’s potential 

to bring modern education 

and health care to areas 

that have traditionally 

been left out. He points 

out that teachers in rural 

areas could fi nd answers 

to questions using AI’s vast 

knowledge base, and com-

munity health centers that 

lack trained sta�  members 

to interpret medical scans 

could use AI algorithms to 

help diagnose serious ill-

nesses. —Yiting Sun

The gene-editing technology CRISPR 

has revolutionized our ability to alter 

DNA. Patrick Hsu is expanding its 

reach to RNA—the molecule respon-

sible for translating DNA’s blueprints 

into proteins—and using it to tackle 

brain disease. 

As a child, Hsu, who leads a lab at 

the Salk Institute for Biological Stud-

ies in California, watched the onset of 

dementia in his grandfather. “He would 

get into my bed in the middle of the 

night, disoriented, not knowing where 

he was,” he says. “It really made me 

think, how can I help?”

As a graduate student at Harvard 

University, he worked with CRISPR 

inventor Feng Zhang, building some 

of the technology’s foundational com-

ponents. But he came to realize that 

manipulating RNA might be a more 

fl exible technique than making per-

manent, and sometimes unintended, 

changes to the genetic code.

So after starting his own lab at Salk, 

Hsu developed a computer program to 

trawl publicly available genome data for 

novel proteins. He discovered a family 

of highly effi  cient and selective CRISPR 

enzymes targeting RNA.

For a tantalizing glimpse into how 

his technology could one day treat brain 

disease, Hsu has shown that when 

applied to human neuron cells grown in 

the lab, it can correct RNA processing 

errors responsible for fronto temporal 

dementia, a neurodegenerative disorder 

similar to Alzheimer’s that leads to a 

gradual decline in cognitive function. 

—Edd Gent

LIANG 31

XU  Ping An Technology

COUNTRY OF BIRTH: CHINA

Using AI to make cities more responsive to 

their residents.
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3 HUMANITARIANS

HIMABINDU LAKKARAJU

29  Harvard University
 

COUNTRY OF BIRTH: INDIA

 

Her AI program aims to weed 

out bias in decision making.

Himabindu Lakkaraju designed an artificial-

intelligence program that serves as a bias 

check for decision makers like judges and 

doctors.

Machine learning and AI are increasingly 

used in law enforcement to make decisions 

about which defendants get bail, in health 

care to determine medical treatments, and 

at financial institutions to decide who gets 

loans. Automated decision making can have 

pitfalls—software can miss the nuance that a 

human might catch when looking at a criminal, 

medical, or credit record. But humans can 

also miss nuances, and they have their own 

biases—especially when they’re pressed for 

time and have to make life-altering decisions. 

Lakkaraju’s system doesn’t rely solely 

on human choices or on machine learning 

but uses a combination of the two. Most of 

her work deals with data sets in which she 

could see the expected outcomes from both 

AI and human decisions, and spot where bias 

might occur. 

Her work is now being used by schools 

in Montgomery County, Maryland, to help 

identify at-risk students and predict the like-

lihood that a child might need extra tutoring 

or mentoring. 

“School districts are often limited in their 

resources—so knowing this likelihood will help 

the school districts assign interventions to 

those students who are most likely to benefit 

from them,” she says. —Erika Beras
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JOHN PORTER

33 University of  

 Washington
 

COUNTRY OF BIRTH: US

 

His innovations could make all 

kinds of products more accessi-

ble to people with disabilities.

John Porter is working to make sure people 

with disabilities can play video games. For any-

one without disabilities, Porter says, deciding 

whether a game might be a good fit is largely 

a matter of taste—but for people with impair-

ments, the first question is whether they’ll be 

able to engage at all. 

For Porter, who has spinal muscular atro-

phy, these barriers aren’t just theoretical. “Right 

now, people don’t have that information,” he 

says. “All they can do is drop 60 bucks to 

buy a new release and then hope they’ll be 

able to play it.” 

Porter, who works at Microsoft as a user 

experience designer, wants the games indus-

try to take accessibility into account from the 

very beginning. That means creating a system 

to assess accessibility for people with motor, 

sensory, or cognitive disabilities. He is devis-

ing a robust set of objective yes-or-no ques-

tions about motor interaction: Does a game 

require rapid button presses, or sustained 

button holds? Does it require combinations 

of three or more buttons simultaneously? 

Porter hopes his system will get develop-

ers to think more about their games’ design 

at the earliest stages. “When people do this 

long enough, it’s going to change the way 

they visualize their process from day one,” he 

says. Though he’s passionate about gaming, 

he sees his work as having broader implica-

tions. “We can begin to ask, ‘How can this 

information help our devices and digital envi-

ronments be more responsive and adaptive 

to our needs and abilities?’” he says. “That 

is the logical next frontier of adaptive tech-

nologies.” —Dan Solomon

 They’re using  
technology to  
identify injustices  
and help bring  
about a fairer,  
better world.

Ida Pavlichenko has engineered a major 

improvement to the ear tubes that doc-

tors use to combat the ear infections 

many young children endure.

The tubes treat fluid buildup in 

the ear, but those in use today attract 

biofilms, leading to more infections. 

Pavlichenko has developed a smaller, 

infection-resistant tube that has proved 

safe in animal tests. It is selective in 

what fluids it allows through—so medi-

cation can be delivered, but water from 

showering and swimming won’t get in. 

Pavlichenko hopes that improved 

tubes will also lead to new approaches 

for treating hearing loss, which now 

affects 450 million people around the 

world. The number is expected to dou-

ble over the next three decades, as the 

population ages and music blasted 

through headphones take its toll. 

Pavlichenko, a fellow at Harvard’s 

Wyss Institute and cofounder of a 

startup called PionEar, was pregnant 

when she decided to pursue middle-ear 

infections in her research. But solving 

the problem has taken on new urgency 

now that she has a child and knows 

what it’s like to see her suffer. 

“The sooner you bring kids to 

daycare, the sooner you experience 

the terror of colds and endless anti-

biotic treatment,” she says. She notes 

that some children must have tubes 

implanted several times to end the cycle 

of painful infections and antibiotics.

Not only can the tubes themselves 

get infected, but they can fall out or 

get stuck when they need to come 

out. Implanting them requires gen-

eral anesthesia.

In adults, ear problems can be even 

more challenging, because tubes may 

fail to stay in place long enough, and 

medication is tricky to deliver deep 

inside an adult ear. Pavlichenko’s tubes 

address all these problems and are 

more effective, better fitting, and less 

likely to lead to damage, she says. 

—Karen Weintraub

IDA 32

PAVLICHENKO Harvard’s Wyss Institute
 

COUNTRY OF BIRTH: AZERBAIJAN

 

Her invention could make ear infections  

easier to treat, especially in children.
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4 INVENTORS

ABHINAV KANDALA

32 IBM RESEARCH
 

COUNTRY OF BIRTH: INDIA

 

Paving the way for quantum 

computers to help discover new 

drugs and materials.

More accurate computer models of mole-

cules could help predict useful properties for 

everything from new drugs to better batter-

ies. But simulating the behavior of atoms and 

electrons means calculating huge numbers 

of possibilities, so even powerful computers 

use approximations.

Abhinav Kandala is solving this problem 

by using quantum computers to simulate 

molecules. In 2017 he simulated three-atom 

beryllium hydride, the largest molecule mod-

eled on a quantum computer to date. This 

was a crucial step that lays the groundwork 

for precise simulations of larger molecules, 

which could lead to the discovery of new 

medicines and materials.

Quantum computers are made of qubits—

physical elements that encode information 

the way bits do in a conventional computer. 

Because qubits are governed by quantum 

mechanics, they can model other particles 

subject to its rules, like atoms and electrons, 

more easily than conventional computers. 

Kandala, who works for IBM Research in New 

York, says this makes simulating molecules 

one of the technology’s “killer applications.”

Since 2017 he’s made an even more funda-

mental contribution. Because quantum states 

are fragile, quantum computers are error prone, 

and compensating for this requires large num-

bers of qubits. But today’s devices consist 

of only tens of them—not enough to create 

a fault-tolerant quantum computer. Kandala 

has demonstrated a way to harness errors to 

boost accuracy without increasing the number 

of qubits. His new technique uses trends in 

error readings across repeated experiments 

to extrapolate what should be observed in the 

absence of errors, an advance that could speed 

practical applications of near-term quantum 

computers. —Edd Gent C
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RITU RAMAN

27  MIT

COUNTRY OF BIRTH: INDIA

She’s developed inchworm-size 

robots made partly of bio-

logical tissue and muscle.

Ritu Raman’s robots are made out of 

both polymers and muscle tissue, and 

they’re capable of sensing their environ-

ment and recognizing temperature, pH, 

and mechanical pressure. 

“I’m a mechanical engineer by 

training, and I’m honestly a little bored 

building with the materials we’ve been 

building with for the past thousand 

years,” she says. “So I’m making robots 

and machines that use biological mate-

rials to move and walk around and 

sense their environment, and do more 

interesting things—like get stronger 

when they need to and heal when they 

get damaged.” 

Raman has built 3D printers capable 

of patterning living cells and proteins, 

injecting those into a mold where the 

cells self- assemble into dense muscle 

tissue. The tissue is then transferred 

to a robotic skeleton. The robots, pow-

ered by living skeletal muscle, move in 

response to light or electricity. 

Right now, they look a bit like inch-

worms, but that’s just the proof of con-

cept. “Can we make new ‘biohybrid’ 

implants for drug delivery that adapt to 

your body better than purely synthetic 

implants could?” Raman says. “Can we 

release robots into a polluted water 

supply and have them walk toward a 

toxin and exude a chemical to neutralize 

that?” —Dan Solomon

They’re creating 
the innovations that 
lead to practical 
quantum computers 
and CRISPR 
treatments.

After Jason Buenrostro graduated from 

Santa Clara University with a degree 

in biology and engineering, he went to 

work in a lab at Stanford, overseeing an 

$800,000 gene sequencing machine. 

He wanted to understand the eff ects 

of the mutations his machine detected. 

But many of the mutated genes he 

found were considered junk because 

they didn’t direct the production of 

proteins. So in his graduate research 

at Stanford, he developed methods for 

mapping these underexplored parts of 

the genome to learn about what they do. 

DNA is essentially identical from 

cell to cell, but a kidney cell diff ers from 

a brain cell in terms of which genes 

are active. That, in turn, depends on 

whether they are accessible for tran-

scription: because DNA is packed so 

tightly into a cell’s nucleus, only certain 

regions are “open” in this way. 

Buenrostro and his colleagues devel-

oped a tool called ATAC-seq to identify 

open regions of the genome, many of 

which don’t make proteins but regulate 

genetic activity. “I didn’t realize how 

useful it would be for people. It kind of 

exploded,” he says, noting that ATAC-

seq now has its own Wikipedia page.

At fi rst the technique worked in 

groups of cells, but he has further devel-

oped it to identify open DNA at the 

level of a single cell. With this tool, 

researchers can determine which genes 

are active in single cells. This helps 

them study how these cells sometimes 

develop into other cell types, and how 

some functions go awry in disease. 

Buenrostro wants to use these meth-

ods to learn new basic information 

about the diff erences between healthy 

and diseased cells and to engineer new 

behaviors into cells as they 

develop and mature.

Now he oversees a lab of 

10. He says, “I want to under-

stand cell fate decisions to 

ultimately be able to engineer 

cells to do whatever I would like 

them to”—for instance, fi ghting 

cancer. —Karen Weintraub

JASON 31

BUENROSTRO Harvard University

COUNTRY OF BIRTH: US

A tinkerer figures out how to tell which genes 

are active inside a cell.
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OLGA DUDCHENKO

34 Baylor College  

of Medicine and  

  Rice University
 

COUNTRY OF BIRTH:  UKRAINE

 

She created a better way to 

sequence a genome.

Modern gene sequencing machines are 

very fast, reading through the DNA of 

a peanut, eggplant, or armadillo in two 

days. But what they spit out are billions 

of disorganized fragments of DNA code. 

Olga Dudchenko has helped develop a 

faster, cheaper way of pasting those bits 

together in the right order, to reveal the 

actual genome. 

Dudchenko uses Hi-C, a technique 

originally developed to study how chro-

mosomes fold, to show which bits of 

DNA lie physically close to one another. 

Coupled with her methods and algo-

rithms, this makes assembling genomes 

easy.

In late 2018, Dudchenko and her 

colleagues shared the first results of 

DNA Zoo, including end-to-end chro-

mosome sequences for more than 50 

species, including the cheetah, red 

panda, and Brazilian porcupine. In a 

world of mounting extinction, these 

species’ DNA code may one day be all 

that’s left of them.

The job ahead is to characterize the 

genome of every species on Earth. The 

DNA Zoo (where Dudchenko is referred 

to as “chief zookeeper”) releases new 

data every week. “The ability to [make] 

decisions in an informed fashion can 

mean the difference between survival 

and extinction of the species,” she says. 

—Erika Beras

MARC 33

LAJOIE    Lyell Immunopharma
 

COUNTRY OF BIRTH: US

 

Programming white blood cells to fight cancer.

One of the most promising cancer ther-

apies to emerge in recent years is CAR 

T-cell therapy. This genetically alters a 

patient’s T cells, a type of white blood 

cell, so that they’re programmed to tar-

get and kill cancer cells with a specific 

protein, or antigen, on their surface. The 

problem is that cancer cells often share 

antigens with cells of other types, so 

the therapy is currently limited to can-

cers of certain blood cells with unique 

antigens.

Marc Lajoie has invented a way to 

reprogram T cells so they can target 

combinations of antigens rather than 

just single ones, which should allow 

them to tackle a much wider range of 

cancers. “It’s the equivalent of putting a 

microchip into a cell,” he says. “We can 

install these new programs and co-opt 

the cell to make the decisions that we 

want them to make.”

Lajoie and colleagues at the Univer-

sity of Washington developed switches 

made from proteins, which he then 

used as the basis for a series of logic 

gates capable of carrying out the same 

“and,” ”or,” and “not” operations that 

computer chips do. 

Such gates can be tuned to react to 

di�erent antigens, which allows T cells 

to target unique combinations of anti-

gens, avoid antigens found on healthy 

cells, or target cancers that develop 

resistance as a result of antigen loss.

Lajoie has cofounded a startup 

called Lyell Immunopharma and works 

at the company’s Seattle office to 

develop more e�ective CAR T-cell ther-

apies using his protein logic. But he 

says the same technology could help 

treat all kinds of diseases by rewiring 

how cells respond to their environment. 

—Edd Gent
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“We can install these new programs and 
co-opt the cell to make the decisions that 
we want them to make.”



INVENTORS / 35 INNOVATORS UNDER 35

17

C
O

U
R

T
E

S
Y

 P
H

O
T

O
 (

D
I)

; 
N

O
A

H
 B

R
A

IT
E

R
M

A
N

 (
C

A
B

A
L

L
E

R
O

);
 B

R
Y

C
E

 V
IC

K
M

A
R

K
 (

S
O

R
B

O
M

)

Light-emitting diodes (LEDs) are used 

in a plethora of products ranging from 

smartphone and TV screens to traffi  c 

lights, but they’re expensive to make. 

In addition, there is often a trade-off  

between effi  cient conversion of elec-

tricity to light and the ability to shine 

brightly, and the sweet spot has been 

diffi  cult to reach. 

Dawei Di, a faculty member at 

Zhejiang University and a visiting 

researcher at the University of Cam-

bridge, co-invented new LED materi-

als and devices that can generate light 

from electricity at maximum effi  ciency 

even when they need to reach high 

brightness. What’s more, they can be 

manufactured using cheaper, simpler, 

and less energy-intensive processes.

Typical LED production lines 

require high-temperature processes or 

need to deposit light-emitting materi-

als on a solid surface in a vacuum, and 

thus they use lots of energy. Di’s mate-

rials are cheaper because they can be 

made from widely available substances, 

and they don’t need to be deposited 

at high temperature or in a vacuum. 

Instead, they’re dissolved in a liquid 

and then used to coat a solid surface. 

A number of companies are already 

testing pilot production lines with Di’s 

methods. Although these lines won’t be 

replacing standard production facili-

ties immediately, he believes they will 

become increasingly common. “The 

industry is heading that way,” he says. 

—Yiting Sun

DAWEI DI  Zhejiang University and  

34 University of Cambridge

COUNTRY OF BIRTH: CHINA

His LED materials are cheaper and easier on the 

environment than ones now in use.

In 20 years, antibiotic drug resistance is 

projected to kill more people than can-

cer. That’s why Silvia Caballero feels such 

urgency to develop new approaches to 

controlling bacterial infections.

She was among the fi rst to discover 

that certain organisms among the trillions 

that inhabit the human gut can help the 

body fi ght back when antibiotic-resistant 

bacteria begin to take hold. 

While working in a lab at Memo-

rial Sloan-Kettering Cancer Center in 

New York, Caballero developed lab mice 

that mimic intestinal colonization by 

vancomycin -resistant Enterococcus and 

carbapenem-resistant Enterobacteria-

ceae, also known as superbugs. She used 

these models, together with bioinformatic 

tools, to identify species of microbes that 

could clear the mouse gut of multi-drug-

resistant bacteria, in this way destroying 

the main reservoir for infection. 

Now working for Vedanta Biosciences 

in Cambridge, Massachusetts,  Caballero 

is trying to do the same for people, identi-

fying bacteria that can eff ectively control 

three potentially lethal bacterial strains 

often found in hospitals and nursing 

homes. 

She played a key role in creating the 

world’s largest library of human gut bac-

teria and led a campaign to test thou-

sands of species to see if they could kill 

those three menacing organisms. Her 

work led to the identifi cation of a bac-

terial cocktail derived from human gut 

fl ora that can control all three. Vedan-

ta’s goal is to begin clinical stud-

ies with this drug candidate in 2021. 

—Karen Weintraub

SILVIA 34

CABALLERO   Vedanta Biosciences

COUNTRY OF BIRTH:  PERU

Training helpful bacteria to fight the world’s 

most dangerous pathogens.

BRANDON SORBOM

32  Commonwealth 

Fusion Systems

COUNTRY OF BIRTH: US

His high-temperature 

superconductors could 

make fusion reactors 

cheap enough to build.

Brandon Sorbom has solved one of the 

fundamental problems standing in the way 

of nuclear fusion power. By developing 

an electromagnetic system using high-

temperature superconductors to insu-

late part of the fusion process, Sorbom’s 

breakthrough could make fusion reactor 

designs dramatically cheaper to build.

A fusion reactor that can deliver 

energy to the grid is more than a decade 

away at best. But developing such a reac-

tor is a worthy goal because fusion has 

the potential to offer almost limitless zero-

carbon energy, with little in the way of 

radioactive waste or safety risks.

One puzzle has stumped scientists for 

decades: how to maintain the 100-million-

degree temperatures needed for fusion, 

and do it cheaply enough to profitably 

produce energy. Powerful magnets can 

do the job by insulating the fuel at a reac-

tor’s core. But until recently, not even 

the world’s best electromagnets were 

good enough. 

So Sorbom and his team designed 

a better magnet from a superconduc-

tor called yttrium barium copper oxide. 

First as a student at MIT, and now as the 

chief scientist at startup Commonwealth 

Fusion Systems, Sorbom used this magnet 

as part of a fusion reactor design much 

smaller than was previously thought pos-

sible. The reactor is so small, in fact, that 

Commonwealth Fusion is on track to build 

its first functional concept within the next 

decade. —Russ Juskalian
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ARCHANA VENKATARAMAN 

33 Johns Hopkins  

 University
 

COUNTRY OF BIRTH: US

 

We still don’t know much 

about neurological disorders. 

She’s using AI to change that.

Archana Venkataraman is using artificial 

intelligence to better map the human 

brain—and to develop entirely new ways to 

diagnose and treat neurological disorders. 

Despite decades of research, we have 

only a basic understanding of disorders 

such as epilepsy, autism, Alzheimer’s, 

and schizophrenia, and thus a limited 

ability to treat them. Most therapies are 

administered on a trial-and-error basis, 

guided by a physician’s instinct. Many of 

them regularly fail.

Informed by data from existing 

imaging technologies—including the 

electroencephalogram, or EEG, and 

functional magnetic resonance imag-

ing, or fMRI—Venkataraman develops 

mathematical models with the goal of 

developing treatments that are less 

invasive and far more precise. 

Her most groundbreaking work tar-

gets epilepsy, which a�ects more than 50 

million people globally. Roughly 30% of 

epilepsy patients do not respond to medi-

cation and thus require surgery—which 

can only work after the seizure onset 

zone has been successfully isolated to 

a specific region of the brain. 

Data-driven models that pinpoint 

seizure onset, Venkataraman believes, 

can limit invasive monitoring and improve 

surgical outcomes. She has developed 

a seizure-detection algorithm, which is 

being evaluated on clinical data from 

Johns Hopkins. This algorithm uses EEG 

data and employs methods of deep learn-

ing to track the time and location of sei-

zure onset in patients’ brains. 

—Jonathan W. Rosen

K
A

F
U

I 
P

R
A

IS
E

 (
S

E
S

I)
; 

W
IL

L
 K

IR
K

/
H

O
M

E
W

O
O

D
P

H
O

T
O

.J
H

U
.E

D
U

 (
V

E
N

K
A

T
A

R
A

M
A

N
)

Isaac Sesi built a gadget he believes can 

tackle one of the biggest risks facing 

farmers across Africa: the contamina-

tion of grains following harvest.

Sesi’s product, GrainMate, allows 

farmers and grain purchasers to afford-

ably measure moisture levels of maize, 

rice, wheat, millet, sorghum, and other 

staples. It’s designed for a simple yet 

persistent problem: according to the UN 

Food and Agriculture Organization, more 

than 20% of sub-Saharan Africa’s cereal 

output is lost or wasted, often because 

grains aren’t dried sufficiently before 

they’re stored. Grain stored while moist 

can develop aflatoxins—contaminants 

produced by fungi that are harmful to 

humans and animals. 

In Sesi’s native Ghana, individ-

ual farmers often sell their harvests to 

aggregators or animal feed producers; 

if one farmer’s crops are too moist, they 

risk spoiling the entire batch. Although 

imported moisture detection devices are 

available, few farmers in Ghana can afford 

the nearly $400 price tag. That might be 

“half of what a farmer is making from his 

entire field” per harvest, Sesi says.

Sesi, who grew up without electric-

ity or running water and often went to 

school hungry, spent much of his child-

hood tinkering with electronic devices. 

He learned by dissecting broken radios 

and other abandoned gadgets with the 

help of a book from his school library. 

He long sought a way to apply that pas-

sion to a field that could have a social 

impact—and in 2017, as a recent elec-

trical engineering graduate, he got his 

chance. A United States Agency for 

International Development project oper-

ating in partnership with his school, the 

Kwame Nkrumah University of Science 

and Technology, had recently designed a 

grain-moisture meter for the local mar-

ket. But it wanted to bring the cost down 

and find a way to produce the device 

in Ghana.

Sesi was their man: with the help of 

a small team, he streamlined the original 

device, redesigned its circuit board, built 

an accompanying mobile app, and found 

five Ghanaian subcontractors to make 

components that had previously been 

sourced from China. Sesi’s device sells 

for $80—less than one-fourth as much as 

existing alternatives. Sesi and his team are 

now developing a more efficient version 

of the meter and a second product to help 

farmers identify ideal soil inputs. They’re 

also raising funds to expand to the big-

ger markets in Kenya and Nigeria. Ulti-

mately, Sesi believes he can help farmers 

across the continent cut waste, minimize 

economic losses, and improve the safety 

of their products. —Jonathan W. Rosen

ISAAC 26

SESI   Sesi Technologies 
 

COUNTRY OF BIRTH: GHANA

 

He created an affordable fix for one of the most vexing  

problems for farmers in sub-Saharan Africa.

Sesi learned by dissecting broken radios  
and other abandoned gadgets with the help 
of a library book.
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RIANA LYNN

33 Journey Foods

COUNTRY OF BIRTH: US

Using AI to make packaged 

foods better.

Riana Lynn, a biologist turned serial entre-

preneur, wants to make packaged food that 

not only tastes good but is also a�ordable, 

nutrient-dense, and plant-based. After visiting 

farms and food companies around the world, 

she realized that the best way to achieve her 

goal was to make research and development 

in the food industry more efficient.

Lynn’s Chicago-based company, Journey 

Foods, employs an “in-house automated sci-

entist,” JourneyAI. Built around AI algorithms 

that Lynn helped create and a database of 

nutrient and market data, Journey starts with 

a nutrition goal—“What if we make a product 

that’s high in vitamin C and protein at lower 

cost?”—and then devises a recipe to fulfill it. 

The company started with fruit snacks. 

These snacks, called Journey Bites, are made 

entirely of fruit puree, natural sources of flavor 

such as cayenne pepper and chia seeds, and 

“nutrient boosters” drawn from the company’s 

testing of fruit cultures, di�erent types of sea-

weed, and other sources. 

The company is now “opening our platform 

for more products,” Lynn says. “We’ve been 

asked to build out data sets for pasta, cookies, 

plant-based proteins, and more. We’ll be work-

ing on beverages by the fall.” —Dan Solomon
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Their innovations 
are creating 
new businesses 
and upending 
the old ways of 
doing things.

Vivian Chu developed the AI software 

for a hospital robot called Moxi, which 

has already been tested in four Texas 

hospitals. During those trials, Moxi 

worked 22/7, with two hours off  a day 

for charging—picking up supplies such 

as syringes with its gripper hand and 

then dexterously moving its arm to drop 

them into the tray in its base. After that, it 

would roll down the hallway, taking care 

not to bump into people, and drop the 

supplies off  in drawers outside patients’ 

rooms. Moxi can also complete other 

repetitive tasks such as delivering lab 

samples and removing bags of soiled 

linen, easing the workload of hospital 

staff  and freeing up more time for them 

to spend with patients.

Chu’s graduate thesis focused on 

robots that can combine diff erent kinds 

of sensory information from their sur-

roundings—visual, auditory, kinetic—to 

guide their actions when they encounter 

a new situation. For example, one of her 

robots automatically adjusts the force it 

applies when pulling on a drawer handle 

if it learns that the drawer is already half 

open. As the chief technology offi  cer of 

Diligent Robotics, which she cofounded 

in 2017, Chu hopes to add similar function-

ality to future versions of Moxi. “It gives 

you that richness and robustness to be 

able to learn about the world,” she says. 

Growing up in a three-generation 

household in the heart of Silicon Valley, 

she experienced fi rsthand how her family 

struggled to take care of her grandparents 

as they aged, and that’s where she wants to 

use her robotics expertise in the future to 

make a positive impact. She hopes to give 

elderly people staying in nursing homes 

“the tools to be able to age with dignity, 

age with grace, [and] be more indepen-

dent for longer.” —Yiting Sun

VIVIAN CHU

32 Diligent Robotics

COUNTRY OF BIRTH:  US

Her robots do some of the grunt work so hospital 

staffers can spend more time with the patients.

KATHY HANNUN

32 Dandelion Energy

COUNTRY OF BIRTH: US

Working to make geothermal 

energy practical.

Kathy Hannun brought something to geo-

thermal heating and cooling technology 

that it hasn’t had before: a� ordability. 

In the past, heat from the earth has 

been something of a luxury good—sys-

tems were expensive and had to be cus-

tom built, with prices to build and install 

them in New York reaching well above 

$60,000. 

“The earth is a relatively constant 

temperature of 50 °F year-round once 

you get down about six feet and below, 

lasting hundreds of feet down,”  Hannun 

says. Using ground loops fi lled with 

water mixed with a propylene glycol 

solution, it’s possible to exchange heat 

very effi  ciently between the earth and 

the home that’s being heated or cooled. 

“Horizontal geothermal systems put 

the loops in about 10 feet below ground,” 

she explains. “This requires a lot of 

surface and rips up a large section of 

ground.” Getting ground loops installed 

in a yard has in the past been quite an 

ordeal, requiring massive drilling equip-

ment and signifi cant surface damage. 

Instead, using technological innovations 

pioneered by the oil and gas industry, 

Hannun’s Dandelion Energy has created 

a drilling system that limits the amount 

of land needed and the surface damage 

done to achieve the same result. Dande-

lion can install a system for a total cost 

of less than $30,000. 

Hannun came to this technology as a 

product manager for Google X. Her goal: 

take geothermal “down the path that 

solar has been down over the past two 

decades” and “bring it from a very niche 

technology to one that replaces fur-

naces and boilers.” —Dan Solomon 
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Qichao Hu believes he’s on the cusp of 

one of the most highly anticipated devel-

opments in industry: the next battery 

revolution.

As founder and CEO of SolidEnergy 

Systems, a startup based in Woburn, Mas-

sachusetts, he’s come as close as anyone 

to commercializing rechargeable batter-

ies made of lithium metal. These promise 

twice the energy density of lithium-ion 

batteries, the current industry standard for 

nearly all electronics and electric vehicles.

Since the development of the lead-

acid battery in 1870, there have been 

only five major breakthroughs in bat-

tery technology—with energy density 

doubling roughly every 30 years. If the 

pattern holds, the next breakthrough is 

almost due: lithium-ion batteries, whose 

anodes are usually made of graphite or 

silicon, were first commercialized in 

1991 by Sony. 

The boost in energy density offered 

by lithium metal batteries could effec-

tively double the range of an electric vehi-

cle. The problem is that lithium metal is 

highly reactive. When charging, early pro-

totypes of lithium metal batteries would 

form needle-like structures known as 

dendrites, which could short the cells 

and cause them to catch fire or explode. 

Hu, who was born in China and moved 

to New York at 12, developed a liquid elec-

trolyte, consisting of a high-concentration

solvent in salt, which reduced the forma-

tion of dendrites. Building on this solu-

tion, SolidEnergy Systems developed a 

pilot line of lithium metal batteries in 2016 

that are now being tested in drones. Later 

in 2019, it will open the world’s largest 

manufacturing facility for lithium metal 

batteries in Shanghai, where Hu hopes to 

scale up production to tens of thousands 

of cells per month. —Jonathan W. Rosen

QICHAO 33

HU   SolidEnergy Systems 
 

COUNTRY OF BIRTH: CHINA

 

On the cusp of the next big battery breakthrough.

Tim Ellis uses 3D metal printing, 

machine learning, and automated man-

ufacturing to build rockets and satellites. 

Relativity Space uses this approach to 

build rockets with just a thousand mov-

ing parts (see “Building from the Ground 

Up,” our profile of the company, on page 

16 of the flip side of this issue). A typi-

cal rocket, in comparison, has 100,000 

moving parts—which not only makes the 

rocket more expensive but also gives it 

that many more ways to fail.

Step one for Ellis was building a mas-

sive 3D metal printer that stands about 

20 feet (6 meters) tall and can print 95% 

of the parts for a rocket that’s up to 10 

feet in diameter and 100 feet tall. Step 

two was writing the code to automate 

much of the process and using machine 

learning to optimize which parts to print, 

and how to do it.

Relativity Space says it will soon be 

able to print and iterate a design in as lit-

tle as 60 days, compared with the indus-

try standard of 18 months—dramatically 

bringing down costs. This earned the 

company its first contract, with Telesat, 

a major Canadian satellite operator, to 

build rockets to launch some of the com-

pany’s satellites starting in 2021. 

 “We founded Relativity with the 

long-term vision of 3D-printing the first 

rocket made on Mars,” says Ellis. “Over 

time we’ll actually shrink the factory to 

the point where then we could launch 

it to another planet.” —Russ Juskalian

ANURAG BAJPAYEE

34  Gradiant
 

COUNTRY OF BIRTH: INDIA

 

His approaches can treat  

dirty wastewater and make  

desalination more efficient.

TIM 29

ELLIS Relativity Space
 

COUNTRY OF BIRTH:  US

 

Developed a massive 3D metal printer—for 

building an entire rocket.
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Anurag Bajpayee built a one-stop shop for 

cleaning up the world’s most contaminated 

water. And after just six years, his Boston-

based company, Gradiant, has more than 

200 employees and operates more than 20 

treatment plants around the world.

Bajpayee started Gradiant with lab-mate 

Prakash Govindan, who like him was work-

ing on desalination techniques. The oil and 

gas industry was at the peak of the shale 

boom thanks to advances in fracking, where 

rock formations are fractured using pres-

surized fluids to extract oil and gas trapped 

inside. They quickly found customers keen 

to use Govindan’s technology to extract 

water from fluids contaminated during the 

process, which reduces water requirements 

and minimizes how much toxic brine needs 

to be stored in deep disposal wells.

Since then they’ve developed an exten-

sive patent portfolio, says Bajpayee, and 

commercialized two more treatment tech-

nologies—one that efficiently pulls specific 

contaminants out of industrial wastewater 

so it can be reused, and another that disin-

fects water without the use of chemicals 

like bleach. This year Gradiant will launch 

its first commercial system based on a new 

technology that can be installed in seawa-

ter desalination plants to increase recovery 

of fresh water by up to 85%.

As a PhD student at MIT he invented a 

membrane-free desalination technique that 

Scientific American recognized as one of 

its annual Top 10 World-Changing Ideas. 

But Bajpayee realized that it was a long 

way from commercial viability and any busi-

ness built around this one idea was likely 

to fail. Instead he decided to develop and 

collect lots of di�erent technologies, so his 

company could tackle any water contami-

nation problem it encountered —Edd Gent




