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The Basics:
•

Funded by NASA’s Innovative
Advanced Concepts (NIAC) program
-

•

Phase I started in June 2016
Phase II started in May 2017
Phase II ends August 2019

Concept: Active orbital debris removal
from LEO could be accomplished
using mass-produced thin-film
membrane spacecraft (Brane Craft)
- 1-m2 vehicle could deorbit ~1 kg
- Vehicle mass: 81-grams
- Vehicle thickness: ~ 50 microns
- Distributed nano-electrospray thrusters
- All spacecraft systems use thin-film
structures

Artist’s concept of a brane Craft enveloping a piece
of orbital debris

Reduce spacecraft mass by at least two orders-of-magnitude by going “thin”.

Brane Craft Structural Design at End of Phase I, vs. LCD Flat
Panel Display:
Brane Craft Cross Section

~25 million, 5-micron minimum feature size, thin
film ZnO & carbon nanotube transistors
required. Capillary action contains propellant.

Flat Panel Display Cross Section

~25 million, 30-micron minimum feature size, thin
film silicon transistors on glass for a 4K screen.
Capillary action, plus seals, contain liquid crystal.

The Brane Craft cross section is similar to that of a modern high-resolution display. It’s much thinner, flexible, and
designed for a much harder radiation environment. In Phase II, we reduced the minimum feature size to 1-micron.

Real Brane Craft Have Curves:

No payload

•
•
•

Surface curvature required for structural strength
Surface curvature required to wrap around a debris
object
Surface curvature enables thrusting in any direction
while efficiently collecting sunlight

With payload

Distributed surface curvature actuators are required for structural rigidity and propulsion in any direction, relative to
incoming sunlight, in thin-film spacecraft. Brane Craft also need these actuators to wrap around a debris object.

Phase I Results:
•
•

Brane Craft could start at the ISS (~400-km altitude, 51.6o inclination)
From the ISS, Brane Craft can rendezvous with most LEO objects within 2 weeks

•
•

A Brane Craft can wrap itself around a debris object, and provide orbit-lowering thrust
The downleg to a 200-km altitude disposal orbit with carrying a debris object can take
10 days worst case
A Brane Craft could remove objects up to 0.9 kg in mass from the worst-case LEO
orbit (2000-km, polar orbit)
Environmental issues are life-limiting

•
•

−
-

81-gram initial wet mass
180-W of power while in sunlight
4000 s Isp nano-electrospray thrusters with a total maximum thrust of 8.2 mN
∆V of 16 km/s
Unprecedented maximum acceleration of 0.1 m/s2 for an electrically-propelled vehicle

-

There is essentially no radiation shielding; need 5-megarad total dose electronics for 1-month
mission at top end of LEO (2000-km).
Micrometeoroids will penetrate the 10-micron thick Kapton® sheets ~40 times per month.
Most ionic liquid propellants will freeze rapidly when entering Earth eclipse. This is O.K.

-

The basic concept appeared feasible, but not easy. Radiation-tolerant thin-film electronics, redundant spacecraft
systems, robust failure control elements, and surface curvature actuators were needed.

Phase II Results (so far):

We made radiation-tolerant ZnO thin-film transistors and logic gates on flexible
polyimide substrates!

Example ZnO transistor

Mask set

Example ZnO transistor I-V curve

Schematic cross sections of ZnO and CNT transistors

The basic concept appeared feasible, but not easy. Radiation-tolerant thin-film electronics, redundant spacecraft
systems, robust failure control elements, and surface curvature actuators were needed.

Phase II Results (so far) Continued:
We designed a failure-tolerant data bus using capacitive-coupling and a mesh network, and are
testing it using an array of Arduino processors.

Multi-processor network breadboard

Multi-processor network with capacitive data coupling

About 40 Kapton®-penetrating micrometeoroid impacts are expected per month of operation. Each spacecraft will have at least 20
microprocessors connected in a mesh network. Individual processor plus memory surface area is ~4.5 cm2 using 1.5-micron minimum
feature size. The expected failure probability of any microprocessor plus memory being damaged by impact is 36% per month.

Phase II Results (so far) Continued:
Can a standard Brane Craft attain Earth escape velocity, starting from the ISS, without
receiving a life-ending dose of particle radiation in the Van Allen Belts? Yes!!!
• Performed low-thrust trajectory
modeling of a Brane Craft
escaping Earth

- Starting from 400-km, 0o inc. orbit
- Used Aerospace Corp. SOAP*
orbit analysis program
- Earth eclipses included

• Results

- Earth escape velocity attained
37.8 hours after start
- 21 hours spent in worst-case
radiation environment between
2,000 and 20,000 km
- Total integrated dose: 700 krads
- A Brane Craft can survive the
outbound trajectory.

Brane Craft can survive an Earth escape trajectory with enough radiation tolerance reserve for a similar path return,
plus two more outbound/inbound mission segments.

More Phase II Results:
Where can a Brane Craft go with
a 16 km/s ∆V capability?
Example: ISS to Deimos, with return to ISS:
ISS to Earth Escape:
3180 m/s
Earth Escape to Mars Intercept:
1080 m/s
Mars Intercept to Deimos Intercept: 990 m/s
Deimos intercept to 1-km orbit:
3 m/s
Landing on Deimos from 1-km orbit:
8 m/s
Total Outbound Leg:
Total Return Leg in reverse order:
Total mission delta-V:

Solar System
“Subway” Map
Delta-V in m/s for
each leg is shown
as a white number

5551 m/s
5551 m/s
11,000 m/s

Brane Craft can explore the moon, most near-Earth asteroids, the moons of Mars, and many main-belt
asteroids. They have enough acceleration to leave the surface of rocky objects of up to 200-km diameter.

Even More Phase II Results:
Extended Delta-V by Increasing Initial
Propellant Mass

Extended Delta-V by Adding Solar Propulsion
Version B:

*
* This value (8.19 x 10-5 m/s2) is higher than what
has been achieved by in-space solar sails (IKAROS,
LightSail-1 and -2, and NanoSail-D2).

Note: These mass values are for Brane Craft with 1 gram of remaining propellant.

Initial Brane Craft propellant mass and ∆V is easily increased by increasing the gap between the main
Kapton® structural sheets. Solar propulsion can also increase DV in standard and modified Brane Craft.

Summary:
•
•

We are almost finished with the Phase II effort
Important efforts were:
-

Designing, fabricating, and testing radiation-tolerant thin-film electronics for
deposition on thin Kapton®
Development and testing of fault-tolerant distributed computer architectures to
minimize the impact of micrometeoroid damage
Design, development, and testing of shape-changing actuators
Identification of increased delta-V options for more payload-carrying capability or
improved access to solar system bodies
Identification of new missions enabled by thin film membrane spacecraft (e.g., cislunar and asteroid exploration).
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