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Chapter 1

Wil McCarthy

Wil McCarthy (born September 16, 1966 in Princeton,
New Jersey) is a science fiction novelist, president and co-
founder of RavenBrick (a solar technology company),!!!
and the science columnist for Syfy. He currently resides
in Colorado.!?/

Wil McCarthy popularized the concept of programmable
matter, which he calls wellstone.

1.1 Books

1.1.1 Non-fiction

e Hacking Matter (2003) ISBN 0-465-04428-X
Novels

o Flies from the Amber (1995) ISBN 0-451-45406-5

e Murder in the Solid State (1996) ISBN 0-312-85938-
4

e Bloom (1998) ISBN 0-345-40857-8

1.1.2 The Waisters

o Aggressor Six (1994) ISBN 0-451-45405-7
o The Fall of Sirius (1996) ISBN 0-451-45485-5

1.1.3 The Queendom of Sol

For more details on this topic, see The Queendom of
Sol.

The Collapsium (2000) ISBN 0-345-40856-X —
Nebula Award nominee.

The Wellstone (2003) ISBN 0-553-58446-4

Lost in Transmission (2004) ISBN 0-553-58447-2

To Crush the Moon (2005) ISBN 0-553-58717-X —
Nebula Award nominee.

1.2 Short works

e “Amerikano Hiaika”, Aboriginal SF, May/June
1991.

e “Dirtyside Down”, Universe 3, 1994.

e “The Dream of Houses”, Analog, November 1995.
Locus recommended reading list.

e “The Dream of Castles”, Analog, April 1997.

e “The Dream of Nations”, Analog, October 1998.
Locus recommended reading list.

e “Once Upon a Matter Crushed”, Science Fiction Age,
May 1999. Theodore Sturgeon Award Nominee.
Locus recommended reading list. Became the first
portion of The Collapsium.

e “No Job Too Small”, Aboriginal SF, Spring 2001.
e “Pavement Birds”, Analog, July/August 2002.

e “Garbage Day”, Analog, December 2002. Became
part of The Wellstone.

1.3 Radio plays

e [ Love Bees, writer!4]

1.4 Non-fiction

1.4.1 Print

e “Programmable Matter, A Retrospective”, Nature,
October 6, 2000.

o “Ultimate Alchemy”, Wired Magazine 9.10, Octo-
ber, 2001

e “This looks like a job for...Superatoms”, IEEE Spec-
trum, August, 2005
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1.4.2 Radio appearances

o Coast to Coast AM, “Programmable Matter”, April
18, 20031

e Coast to Coast AM, “Quantum Dots”, April 26,
2004(6]

1.5 References

[1] RavenBrick management team, RavenBrick LLC, re-
trieved 2012-04-16

[2] "'Bloom' author biography”. Random House. Retrieved
2008-03-23.

[3] Sean Stewart, I love bees information page, retrieved 2012-
04-18

[4] Wil McCarthy at the Internet Movie Database
[5] Programmable Matter, Coast to Coast AM, April 18,2003

[6] Quantum Dots, Coast to Coast AM, April 26, 2004

1.6 External links

WilMcCarthy.com

e Wil McCarthy at the Internet Speculative Fiction
Database

Wil McCarthy at the Internet Movie Database

e Wil McCarthy U.S. patents
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Chapter 2

Programmable matter

Programmable matter is matter which has the ability
to change its physical properties (shape, density, moduli,
conductivity, optical properties, etc.) in a programmable
fashion, based upon user input or autonomous sensing.
Programmable matter is thus linked to the concept of a
material which inherently has the ability to perform in-
formation processing.

2.1 History

Programmable matter is a term originally coined in 1991
by Toffoli and Margolus to refer to an ensemble of fine-
grained computing elements arranged in space.l'! Their
paper describes a computing substrate that is composed
of fine-grained compute nodes distributed throughout
space which communicate using only nearest neighbor in-
teractions. In this context, programmable matter refers to
compute models similar to cellular automata and lattice
gas automata.’’! The CAM-8 architecture is an example
hardware realization of this model.”’ This function is also
known as “digital referenced areas” (DRA) in some forms
of self-replicating machine science.*!

In the early 1990s, there was a significant amount of work
in reconfigurable modular robotics with a philosophy sim-
ilar to programmable matter.*!

As semiconductor technology, nanotechnology, and self-
replicating machine technology have advanced, the use
of the term programmable matter has changed to reflect
the fact that it is possible to build an ensemble of ele-
ments which can be “programmed” to change their phys-
ical properties in reality, not just in simulation. Thus,
programmable matter has come to mean “any bulk sub-
stance which can be programmed to change its physical
properties.”

In the summer of 1998, in a discussion on artificial atoms
and programmable matter, Wil McCarthy and G. Snyder
coined the term “quantum wellstone” (or simply “well-
stone”) to describe this hypothetical but plausible form
of programmable matter. McCarthy has used the term in
his fiction.

In 2002, Seth Goldstein and Todd Mowry started the
claytronics project at Carnegie Mellon University to in-

vestigate the underlying hardware and software mecha-
nisms necessary to realize programmable matter.

In 2004, the DARPA Information Science and Tech-
nology group (ISAT) examined the potential of pro-
grammable matter. This resulted in the 2005-2006
study “Realizing Programmable Matter”, which laid out
a multi-year program for the research and development
of programmable matter.

In 2007, programmable matter was the subject
of a DARPA research solicitation and subsequent
program.31(6]

2.2 Approaches

In one school of thought the programming could be exter-
nal to the material and might be achieved by the “appli-
cation of light, voltage, electric or magnetic fields, etc.”
(McCarthy 2006). For example, a liquid crystal display
is a form of programmable matter. A second school of
thought is that the individual units of the ensemble can
compute and the result of their computation is a change
in the ensemble’s physical properties. An example of
this more ambitious form of programmable matter is
claytronics.

There are many proposed implementations of pro-
grammable matter. Scale is one key differentiator be-
tween different forms of programmable matter. At one
end of the spectrum reconfigurable modular robotics pur-
sues a form of programmable matter where the indi-
vidual units are in the centimeter size range.[*Il718] At
the nanoscale end of the spectrum there are a tremen-
dous number of different bases for programmable mat-
ter, ranging from shape changing molecules®! to quantum
dots. Quantum dots are in fact often referred to as arti-
ficial atoms. In the micrometer to sub-millimeter range
examples include MEMS-based units, cells created using
synthetic biology, and the utility fog concept.

An important sub-group of programmable matter are
robotic materials, which combine the structural as-
pects of a composite with the affordances offered by
tight integration of sensors, actuators, computation and
communication,!'”) while foregoing reconfiguration by
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particle motion.

2.3 Examples

There are many conceptions of programmable mat-
ter, and thus many discrete avenues of research using
the name. Below are some specific examples of pro-
grammable matter.

2.3.1 “Simple”

These include materials that can change their properties
based on some input, but do not have the ability to do
complex computation by themselves.

Complex fluids

Main article: Complex fluids

The physical properties of several complex fluids can be
modified by applying a current or voltage, as is the case
with liquid crystals.

Metamaterials

Main article: Metamaterials

Metamaterials are artificial composites that can be con-
trolled to react in ways that do not occur in nature. One
example developed by David Smith and then by John
Pendry and David Schuri is of a material that can have
its index of refraction tuned so that it can have a different
index of refraction at different points in the material. If
tuned properly this could result in an “invisibility cloak.”

A further example of programmable -mechanical- meta-
material is presented by Bergamini et al.''l Here, a pass
band within the phononic bandgap is introduced, by ex-
ploiting variable stiffness of piezoelectric elements link-
ing aluminum stubs to the aluminum plate to create a
phononic crystal as in the work of Wu et al.!'?! The piezo-
electric elements are shunted to ground over synthetic in-
ductors. Around the resonance frequency of the LC cir-
cuit formed by the piezoelectric and the inductors, the
piezoelectric elements exhibit near zero stiffness, thus ef-
fectively disconnecting the stubs from the plate. This
is considered an example of programmable mechanical
metamaterial.[']

Shape-changing molecules

An active area of research is in molecules that can change
their shape, as well as other properties, in response to ex-
ternal stimuli. These molecules can be used individually
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or en masse to form new kinds of materials. For example,
J Fraser Stoddart's group at UCLA has been developing
molecules that can change their electrical properties.[!

Electropermanent magnets

Main article: Electropermanent magnet

An electropermanent magnet is a type of magnet which
consists of both an electromagnet and a dual material
permanent magnet, in which the magnetic field produced
by the electromagnet is used to change the magnetiza-
tion of the permanent magnet. The permanent mag-
net consists of magnetically hard and soft materials, of
which only the soft material can have its magnetization
changed. When the magnetically soft and hard materials
have opposite magnetizations the magnet has no net field,
and when they are aligned the magnet displays magnetic
behaviour.[!?!

They allow creating controllable permanent magnets
where the magnetic effect can be maintained without re-
quiring a continuous supply of electrical energy. For
these reasons, electropermanent magnets are essential
components of the research studies aiming to build pro-
grammable magnets that can give rise to self-building
structures. 1311141

2.3.2 Robotics-based approaches
Self-reconfiguring modular robotics

Main article: Self-reconfiguring modular robot

Self-reconfiguring modular robotics is a field of robotics
in which a group of basic robot modules work together
to dynamically form shapes and create behaviours suit-
able for many tasks. Like Programmable matter SR-
CMR aims to offer significant improvement to any kind
of objects or system by introducing many new possi-
bilities for example: 1. Most important is the incredi-
ble flexibility that comes from the ability to change the
physical structure and behavior of a solution by chang-
ing the software that controls modules. 2. The ability to
self-repair by automatically replacing a broken module
will make SRCMR solution incredibly resilient. 3. Re-
ducing the environmental foot print by reusing the same
modules in many different solutions. Self-Reconfiguring
Modular Robotics enjoys a vibrant and active research
community.'!

Claytronics

Main article: Claytronics
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Claytronics is an emerging field of engineering concern-
ing reconfigurable nanoscale robots (‘claytronic atoms', or
catoms) designed to form much larger scale machines or
mechanisms. The catoms will be sub-millimeter comput-
ers that will eventually have the ability to move around,
communicate with other computers, change color, and
electrostatically connect to other catoms to form differ-
ent shapes.

Cellular automata

Main article: Cellular automata

Cellular automata are a useful concept to abstract some of
the concepts of discrete units interacting to give a desired
overall behavior.

2.3.3 Quantum wells

Main article: Quantum well

Quantum wells can hold one or more electrons. Those
electrons behave like artificial atoms which, like real
atoms, can form covalent bonds, but these are extremely
weak. Because of their larger sizes, other properties are
also widely different.

2.3.4 Synthetic biology

Main article: Synthetic biology

Synthetic biology is a field that aims to engineer cells
with “novel biological functions.” Such cells are usually
used to create larger systems (e.g., biofilms) which can
be “programmed” utilizing synthetic gene networks such
as genetic toggle switches, to change their color, shape,
etc. Such bioinspired approaches to materials produc-
tion has been demonstrated, using self-assembling bac-
terial biofilm materials that can be programmed for spe-
cific functions, such as substrate adhesion, nanoparticle
templating, and protein immobilization.!%!

2.4 See also

Claytronics

Computronium
e Nanotechnology

Smart material

Smartdust

Ubiquitous computing

e Universal Turing machine

o Utility fog

2.5 References

[1] Toffoli, Tommaso; Margolus, Norman (1991).
“Programmable matter: concepts and realization”. Phys-
ica D. 47: 263-272. doi:10.1016/0167-2789(91)90296-
L.

[2] Rothman, D.H.; Zaleski, S. (2004) [1997]. Lattice Gas
Cellular Automata. Cambridge University Press. ISBN
9780521607605.

[3] “CAMS: a Parallel, Uniform, Scalable Architecture for
Cellular Automata Experimentation”. Ai.mit.edu. Re-
trieved 2013-04-10.

[4] http://www.geocities.com/charles_c_22191/
temporarypreviewfile.html?1205202563050

[5] “DARPA research solicitation”. Archived from the origi-
nal on July 15, 2009.

[6] DARPA Strategic Thrusts:  Programmable Matter
Archived December 12, 2010, at the Wayback Machine.

[7] Research
[8]

[9] “UCLA Chemistry and Biochemistry”. Stod-
dart.chem.ucla.edu.  Archived from the original on
2004-10-12. Retrieved 2013-04-10.

[10] M. A. McEvoy and N. Correll. Materials that couple sens-
ing, actuation, computation, and communication. Science

347(6228), 2015.

[11] Bergamini, Andrea; Delpero, Tommaso; De Simoni,
Luca; Di Lillo, Luigi; Ruzzene, Massimo; Ermanni, Paolo
(2014). “Phononic Crystal with Adaptive Connectiv-
ity”.  Advanced Materials. 2 (9). pp. 1343-1347.

doi:10.1002/adma.201305280. ISSN 0935-9648.

[12] Wu, Tsung-Tsong; Huang, Zi-Gui; Tsai, Tzu-Chin; Wu,
Tzung-Chen (2008). “Evidence of complete band gap
and resonances in a plate with periodic stubbed sur-
face”. Applied Physics Letters. 93 (11). p. 111902.

doi:10.1063/1.2970992. ISSN 0003-6951.

[13] Deyle, Travis (2010). “Electropermanent Magnets: Pro-
grammable Magnets with Zero Static Power Consump-
tion Enable Smallest Modular Robots Yet”. HiZook. Re-

trieved 2012-04-06.

[14] Hardesty, Larry (2012). “Self-sculpting sand”. MIT. Re-

trieved 2012-04-06.

[15] (Yimetal. 2007, pp. 43-52) An overview of recent work

and challenges

[16] Nguyen, Peter (Sep 17, 2014). “Programmable biofilm-
based materials from engineered curli nanofibres”. Nature
Communications. 5: 4945. doi:10.1038/ncomms5945.

PMID 25229329.


https://en.wikipedia.org/wiki/Engineering
https://en.wikipedia.org/wiki/Nanoscale
https://en.wikipedia.org/wiki/Robot
https://en.wikipedia.org/wiki/Atoms
https://en.wikipedia.org/wiki/Machines
https://en.wikipedia.org/wiki/Electrostatic
https://en.wikipedia.org/wiki/Cellular_automata
https://en.wikipedia.org/wiki/Quantum_well
https://en.wikipedia.org/wiki/Artificial_atom
https://en.wikipedia.org/wiki/Covalent_bonds
https://en.wikipedia.org/wiki/Synthetic_biology
https://en.wikipedia.org/wiki/Cell_(biology)
https://en.wikipedia.org/wiki/Biofilms
https://en.wikipedia.org/wiki/Gene_networks
https://en.wikipedia.org/wiki/James_Collins_(bioengineer)
https://en.wikipedia.org/wiki/Programmable_matter#cite_note-16
https://en.wikipedia.org/wiki/Claytronics
https://en.wikipedia.org/wiki/Computronium
https://en.wikipedia.org/wiki/Nanotechnology
https://en.wikipedia.org/wiki/Smart_material
https://en.wikipedia.org/wiki/Smartdust
https://en.wikipedia.org/wiki/Ubiquitous_computing
https://en.wikipedia.org/wiki/Universal_Turing_machine
https://en.wikipedia.org/wiki/Utility_fog
https://en.wikipedia.org/wiki/Tommaso_Toffoli
https://en.wikipedia.org/wiki/Norman_Margolus
http://portal.acm.org/citation.cfm?id=104699.104736
https://en.wikipedia.org/wiki/Digital_object_identifier
https://doi.org/10.1016%252F0167-2789%252891%252990296-L
https://doi.org/10.1016%252F0167-2789%252891%252990296-L
https://books.google.com/books?id=STHngizh7LoC
https://books.google.com/books?id=STHngizh7LoC
https://en.wikipedia.org/wiki/International_Standard_Book_Number
https://en.wikipedia.org/wiki/Special:BookSources/9780521607605
http://www.ai.mit.edu/projects/im/cam8/
http://www.ai.mit.edu/projects/im/cam8/
http://www.geocities.com/charles_c_22191/temporarypreviewfile.html?1205202563050
http://www.geocities.com/charles_c_22191/temporarypreviewfile.html?1205202563050
https://web.archive.org/web/20090715100834/http://www.darpa.mil/dso/solicitations/baa07-21mod9.html
http://www.darpa.mil/dso/solicitations/baa07-21mod9.html
http://www.darpa.mil/dso/solicitations/baa07-21mod9.html
http://www.darpa.mil/dso/thrusts/physci/newphys/program_matter/
https://web.archive.org/web/20101212042616/http://www.darpa.mil/dso/thrusts/physci/newphys/program_matter/
https://en.wikipedia.org/wiki/Wayback_Machine
http://groups.csail.mit.edu/drl/research.html
https://web.archive.org/web/20041012001534/http://stoddart.chem.ucla.edu:80/
http://stoddart.chem.ucla.edu/
http://www.sciencemag.org/content/347/6228/1261689.abstract
http://www.sciencemag.org/content/347/6228/1261689.abstract
http://www.sciencemag.org/content/347/6228/1261689.abstract
http://doi.wiley.com/10.1002/adma.201305280
http://doi.wiley.com/10.1002/adma.201305280
https://en.wikipedia.org/wiki/Digital_object_identifier
https://doi.org/10.1002%252Fadma.201305280
https://en.wikipedia.org/wiki/International_Standard_Serial_Number
https://www.worldcat.org/issn/0935-9648
http://scitation.aip.org/content/aip/journal/apl/93/11/10.1063/1.2970992
http://scitation.aip.org/content/aip/journal/apl/93/11/10.1063/1.2970992
http://scitation.aip.org/content/aip/journal/apl/93/11/10.1063/1.2970992
https://en.wikipedia.org/wiki/Digital_object_identifier
https://doi.org/10.1063%252F1.2970992
https://en.wikipedia.org/wiki/International_Standard_Serial_Number
https://www.worldcat.org/issn/0003-6951
http://www.hizook.com/blog/2010/12/07/electropermanent-magnets-programmable-magnets-zero-static-power-consumption-enable-s
http://www.hizook.com/blog/2010/12/07/electropermanent-magnets-programmable-magnets-zero-static-power-consumption-enable-s
http://www.hizook.com/blog/2010/12/07/electropermanent-magnets-programmable-magnets-zero-static-power-consumption-enable-s
http://web.mit.edu/newsoffice/2012/smart-robotic-sand-0402.html
https://en.wikipedia.org/wiki/Programmable_matter#CITEREFYimShenSalemiRus2007
http://www.nature.com/ncomms/2014/140917/ncomms5945/abs/ncomms5945.html
http://www.nature.com/ncomms/2014/140917/ncomms5945/abs/ncomms5945.html
https://en.wikipedia.org/wiki/Digital_object_identifier
https://doi.org/10.1038%252Fncomms5945
https://en.wikipedia.org/wiki/PubMed_Identifier
https://www.ncbi.nlm.nih.gov/pubmed/25229329

6 CHAPTER 2. PROGRAMMABLE MATTER

2.6 Further reading

e Goldstein, Seth Copen; Campbell, Jason; Mowry,
Todd C. (June 2005). “Programmable Mat-
ter”. IEEE  Computer. 38 (6): 99-101.
doi:10.1109/MC.2005.198.

e McCarthy, Wil (2006). “Programmable Matter
FAQ”.

e McCarthy, Wil (2003). Hacking Matter: Levitating
Chairs, Quantum Mirages, and the Infinite Weirdness
of Programmable Atoms. New York: Basic Books.
ISBN 0-465-04428-X.

e Yim, Mark; Shen, Wei-Min; Salemi, Behnam;
Rus, Daniela; Moll, Mark; Lipson, Hod; Klavins,
Eric; Chirikjian, Gregory (March 2007). “Modular
Self-Reconfigurable Robot Systems”. IEEE
Robotics & Automation Magazine. 14 (1): 43.
doi:10.1109/MRA.2007.339623.

2.7 External links

e “DARPA (US Military) Programmable Matter
Thrust”.


http://portal.acm.org/citation.cfm?id=1069668
http://portal.acm.org/citation.cfm?id=1069668
https://en.wikipedia.org/wiki/Digital_object_identifier
https://doi.org/10.1109%252FMC.2005.198
http://www.programmablematter.com/FAQ.html#A1
http://www.programmablematter.com/FAQ.html#A1
https://en.wikipedia.org/wiki/International_Standard_Book_Number
https://en.wikipedia.org/wiki/Special:BookSources/0-465-04428-X
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=4141032
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=4141032
https://en.wikipedia.org/wiki/Digital_object_identifier
https://doi.org/10.1109%252FMRA.2007.339623
http://www.afcea.org/content/?q=programmable-matter-research-solidifies
http://www.afcea.org/content/?q=programmable-matter-research-solidifies

2.8

TEXT AND IMAGE SOURCES, CONTRIBUTORS, AND LICENSES 7

2.8 Text and image sources, contributors, and licenses

2.8.1 Text

Wil McCarthy Source: https://en.wikipedia.org/wiki/Wil_McCarthy?oldid=776699190 Contributors: Bryan Derksen, MarkAtwood,
Shsilver, Edward, JohnOwens, Notheruser, Salsa Shark, Davodd, SimonMayer, Tagishsimon, Hob, MakeRocketGoNow, Kate, Bri, Xez-
beth, Tjic, Pgptag, Mandarax, Dwarf Kirlston, Chanlyn, Avt tor, Skryn, Adam2005~enwiki, SmackBot, RDBrown, Sadads, GoodDay,
Tamfang, Ser Amantio di Nicolao, Cydebot, Thijs!bot, JustAGal, Tillman, TAnthony, Waacstats, GrahamHardy, WOSlinker, Lamro,
Dravecky, MystBot, Addbot, Lightbot, Yobot, AnomieBOT, Citation bot, Alfredmiller, Chicagosffan, Citation bot 1, Jonkerz, Rjwilmsi-
Bot, DASHBot, SporkBot, Frietjes, WikiHannibal, VIAFbot, KasparBot, Skepticalgiraffe, Bender the Bot and Anonymous: 11

Programmable matter Source: https://en.wikipedia.org/wiki/Programmable_matter?oldid=774263221 Contributors: Edward, Darkwind,
Salsa Shark, Palfrey, Dysprosia, Val42, Mignon~enwiki, Altenmann, Desmay, Auric, Xanzzibar, Bogdanb, Mike40033, D3, Karol Langner,
MakeRocketGoNow, Bri, Rich Farmbrough, Bender235, Loadquo, Germen, Tjic, Whosyourjudas, Pgptag, Ricky81682, Saga City, Com-
mander Keane, Waldir, BD2412, Josh Parris, Wavelength, Salsb, Rwalker, Kkmurray, Mais oui!, SmackBot, Tamfang, Frap, Iridescent,
CRGreathouse, Cydebot, Alaibot, Calaka, Xeno, TAnthony, VoABot II, David Eppstein, R'n'B, Belovedfreak, Antony-22, Jamesontai, Syn-
bio87, Lightmouse, Weanhall, Mild Bill Hiccup, Heironymous Rowe, XLinkBot, Addbot, Yobot, Synchronism, AnomieBOT, Citation bot,
HHMI, LilHelpa, Solphusion~enwiki, Twirligig, Jles dy6oBoii, GliderMaven, Peratflexibilityenvelopecom, Citation bot 1, Tom.Reding,
Trappist the monk, Updatehelper, RjwilmsiBot, EmausBot, Makecat, Wingman417, Rangoonl1, Danim, Helpful Pixie Bot, BG19bot,
Virtualerian, Harizotoh9, BattyBot, Cyberbot II, Me, Myself, and I are Here, ALorimer, Pnguyen0713, AdventurousMalk, Omnidrone,
GreenC bot and Anonymous: 54

2.8.2 Images

File: Animation2.gif Source: https://upload.wikimedia.org/wikipedia/commons/c/c0/Animation2.gif License: CC-BY-SA-3.0 Contribu-
tors: Own work Original artist: MG (talk - contribs)

File:Folder_Hexagonal_Icon.svg Source: https://upload.wikimedia.org/wikipedia/en/4/48/Folder_Hexagonal Icon.svg License: Cc-by-
sa-3.0 Contributors: ? Original artist: ?

File:Fullerene_Nanogears_-_GPN-2000-001535.jpg Source: https://upload.wikimedia.org/wikipedia/commons/b/b6/Fullerene_
Nanogears_-_GPN-2000-001535.jpg License: Public domain Contributors: Great Images in NASA: Home - info - pic Original artist:
NASA

File:Symbol_list_class.svg Source: https://upload.wikimedia.org/wikipedia/en/d/db/Symbol_list_class.svg License: Public domain Con-
tributors: 7 Original artist: ?

File:Text_document_with_red_question_mark.svg Source: https://upload.wikimedia.org/wikipedia/commons/a/a4/Text_document_
with_red_question_mark.svg License: Public domain Contributors: Created by bdesham with Inkscape; based upon Text-x-generic.svg
from the Tango project. Original artist: Benjamin D. Esham (bdesham)

2.8.3 Content license

Creative Commons Attribution-Share Alike 3.0


https://en.wikipedia.org/wiki/Wil_McCarthy?oldid=776699190
https://en.wikipedia.org/wiki/Programmable_matter?oldid=774263221
https://upload.wikimedia.org/wikipedia/commons/c/c0/Animation2.gif
//commons.wikimedia.org/wiki/User:MG
//commons.wikimedia.org/wiki/User_talk:MG
//commons.wikimedia.org/wiki/Special:Contributions/MG
https://upload.wikimedia.org/wikipedia/en/4/48/Folder_Hexagonal_Icon.svg
https://upload.wikimedia.org/wikipedia/commons/b/b6/Fullerene_Nanogears_-_GPN-2000-001535.jpg
https://upload.wikimedia.org/wikipedia/commons/b/b6/Fullerene_Nanogears_-_GPN-2000-001535.jpg
http://grin.hq.nasa.gov/
http://grin.hq.nasa.gov/ABSTRACTS/GPN-2000-001535.html
http://grin.hq.nasa.gov/IMAGES/LARGE/GPN-2000-001535.jpg
https://upload.wikimedia.org/wikipedia/en/d/db/Symbol_list_class.svg
https://upload.wikimedia.org/wikipedia/commons/a/a4/Text_document_with_red_question_mark.svg
https://upload.wikimedia.org/wikipedia/commons/a/a4/Text_document_with_red_question_mark.svg
//commons.wikimedia.org/wiki/User:Bdesham
//commons.wikimedia.org/wiki/File:Text-x-generic.svg
//commons.wikimedia.org/wiki/User:Bdesham
https://creativecommons.org/licenses/by-sa/3.0/

	Wil McCarthy
	Books 
	Non-fiction
	The Waisters
	The Queendom of Sol

	Short works 
	Radio plays
	Non-fiction
	Print
	Radio appearances

	References
	External links 

	Programmable matter
	History 
	Approaches 
	Examples 
	“Simple” 
	Robotics-based approaches 
	Quantum wells 
	Synthetic biology 

	See also 
	References 
	Further reading
	External links 
	Text and image sources, contributors, and licenses
	Text
	Images
	Content license



