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ABSTRACT:

Utility fog is a hypothetical collection of tiny robots. A Nanotechnological
replacement for car seatbelts. The robots would benicroscopic, with extending
arms reaching in several different directions, anctould perform lattice
reconfiguration.Nanotechnology is based on the coapt of tiny, self-replicating
robots. The Utility Fogs is a very simple extensionf the idea: Suppose, instead
of building the object you want atom by atom, theihy robots linked their arms
together to form a solid mass in the shape of thébfect you wanted.




UTILITY FOG IN NANOTECHNOLOGY

INTRODUCTION:

Utility fog is a hygghetical collection of tiny robots, envisioned by
Dr. John Storrs Hall while he was thinking about ananotechnological replacement for
car seatbelts. The robots would be microscopic, viitextending arms reaching in
several different directions, and could perform latice reconfiguration. Grabbers at the
ends of the arms would allow the robots (or foglejgo mechanically link to one
another and share both information and energy, ending them to act as a continuous
substance with mechanical and optical properties tht could be varied over a wide
range. Each foglet would have substantial computingower, and would be able to
communicate with its neighbors.The idea of nanobatiswarms was detailed as early as
in 1964 by Stanislaw Lem in the novel The Invincitd.

In the original application as a replacement for satbelts, the swarm o
robots would be widely spread-out, and the arms I&®, allowing air flow between
them. In the event of a collision the arms would kk into their current position, as if
the air around the passengers had abruptly frozendaid. The result would be to spreac
any impact over the entire surface of the passengsrbody. This is a concept similar to
in function, though different in detalil, to that of the "crash field" presented in Larry
Niven's science fiction short story "The Soft Weapn" (1967), and is also similar in
function to the inertial dampers of Star Trek and dher science fiction series.

Utility fog is sometimes thought of as a nanotechihagical version of the Swiss Army
Knife.While the foglets would be micro-scale, conatction of the foglets would require
full molecular nanotechnolog. Each bot would be in the shape of a dodecahedraevith
12 arms extending outwards. Each arm would have 4egjrees of freedom. When linke
together the foglets would form an octet truss. Théoglets' bodies would be made of
aluminum oxide rather than combustible diamond to &oid creating a fuel air
explosive.

In the postcyberpunk comiseries Transmetropolitan, there are a race
of beings known as foglets. Through a complicate@¢thnical process, their
consciousness is transferred into a cloud of billies of foglet robots - a process they see
as stripping away their biological limitations andleaving them with only personal
amusement. The now-vacant body is then used as fueljump-start the foglet. They
can spread themselves so thithey seem invisible, and come together as a picloud of
dust with digital faces when they wish to be seen.




NANOTECHNOLOGY:

Nanotechnology iaged on the concept of tiny, self-replicating
robots. The Utility Fog is a very simple extensioof the idea: Suppose, instead of
building the object you want atom by atom, the tinyrobots linked their arms together
to form a solid mass in the shape of the object youanted? Then, when you got tired
of that avant-garde coffeetable, the robots couldmply shift around a little and you'd
have an elegant Queen Anne piece instead.

The color and reflaeity of an object are results of its properties as
an antenna in the micron wavelength region. Eaclobot could have an "antenna arm”
that it could manipulate to vary those propertiesand thus the surface of a Utility Fog
object could look just about however you wanted ito. A "thin film" of robots could
act as a video screen, varying their optical propdies in real time.

Rather than paint thealls, coat them with Utility Fog and they can
be a different color every day, or act as a floord-ceiling TV. Indeed, make the entire
wall of the Fog and you can change the floor planfgour house to suit the occasion.
Make the floor of it and never gets dirty, looks ke hardwood but feels like foam
rubber, and extrudes furniture in any form you desre. Indeed, your whole domestic
environment can be constructed from Utility Fog; itcan form any object you want
(except food) and whenever you don't want an obje@ny more, the robots that formec
it spread out and form part of the floor again.

You may as well makewmocar of Utility Fog, too; then you can have
a "new" one every day. But better than that, the *nterior* of the car is filled with
robots as well as its shell. You'll need to wear hagraphic "eyephones" to see, but the
Fog will hold them up in front of your eyes and thg'll feel and look as if they weren't
there. Although heavier than air, the Fog is progranmed to simulate its physical
properties, so you can't feel it: when you move yawarm, it flows out of the way.
Except when there's a crash! Then it forms an instat form-fitting "seatbelt"
protecting every inch of your body. You can take d00-mph impact without messing
your hair.

But you'll never havee 100-mph impact, or any other kind.
Remember that each of these robots contains a fasized computer. They alrady have
to be able to talk to each other and coordinate ains in a quite sophisticated way
(even the original nano-assemblers have to, to bdieny macroscopic object). You can
simply cover the road with a thick layer of robots.Then your car "calls ahead" and
makes a reservation for every position in time andpace it will occupy during the trip.

As long as you're covering the roads with Fog you ay as well make it
thick enough to hold the cars up so they can crosstersections at different levels. But
now your car is no longer a specific set of robotsut a *pattern* in the road robots
that moves along like a wave, just as a picture @ car moves across the pixels of a
video screen. The appearance of the car at this paiis completely arbitrary, and could
even be dispensed with--all the road Fog is transpaent, and you appear to fly along
unsupported.

If you filled your housm with Fog this way, furniture no longer need
be extruded from the floor; it can appear instantly as a pattern formed outof the "air"
robots. Non-Fog objects can float around at will te way you did in your "car". But
what's more, your surroundings can take on the appaance, and feel, of any other
environment they can communicate with. Say you wartb visit a friend; you both set




your houses to an identical pattern. Then a Fog rdjga of him appears in your house,
and one of you appears in his. The "air" fog aroundyou can measure your actions so
your simulacrum copies them exactly.

The pattern you botlesyour houses to could be anything, including
a computer-generated illusion. In this way, UtilityFog can act as a transparent
interface between "cyberspace” and physical realityTech Specs
Active, polymorphic material ("Utility Fog") can be designed as a conglomeration of
100-micron robotic cells (“foglets™). Such robots ould be built with the techniques of
molecular nanotechnology (see Drexler, "NanosysterhsViley, 1992). Using designs
from that source, controllers with processing capaitities of 1000 MIPS per cubic
micron, and electric motors with power densities obne milliwatt per cubic micron are
assumed.

STRUCTURE OF FOGLET

Each Foglet hiagelve arms, arranged as the faces of a
dodecahedron. The central body of the foglet is raghly spherical, 10 microns in
diameter. The arms are 5 microns in diameter and 5@icrons long. A convex hull of
the foglet approximates a 100-micron sphere. Eachoglet will weigh about 20
micrograms and contain about 5 quadrillion atoms. s mechanical motions will havea
precision of about a micron.

The arms telepeorather than having joints. The arms swivel on
a universal joint at the base, and the gripper at the end can rotate abbthe arm's axis
The gripper is a hexagonal structure with three firgers, mounted on alternating faces
of the hexagon. Two Foglets "grasp hands" in an irrleaved six-finger grip. Since the
fingers are designed to match the end of the otherm, this provides a relatively rigid
connection; forces are only transmitted axially though the grip. When at rest, foglets
form a lattice whose structure is that of a face-ggered cubic crystal (i.e. an octet
truss)

For a mass of lifti Fog to flow from one shape to another, or to
exert dynamic forces (as in manipulating objectsk laminar flow field for the
deformation is calculated. The foglets in each lama remain attached to each other,
but "walk" hand over hand across the adjacent layes. Although each layer can only




move at a speed differential of 5 m/s with its neltpor, the cumulative shear rate in a
reasonable thickness of Fog is considerable, up 590 m/s per centimeter of
thickness.he atomically-precise crystals of the fégfs' structural members will have a
tensile strength of at least 100,000 psi. As an apkattice, the foglets occupy only about
3% of the volume they encompass. When locked in aa, the Fog has a more or less
anisotropic tensile strength of 1000 psi. In motionthis is reduced to about 500 if
measured perpendicular to the shear plane. As a bkimaterial it has a density of 0.2
g/cc.

Without &lting the lattice connectivity, Fog can contract by
up to about 40% in any linear dimension, reducingts overall volume by a factor of
five. (This is done by retracting all arms simultareously.) Selective application of this
technique allows Fog to simulate shapes and flowefds to a precision considerably
greater than 100 microns.

An approptia mass of Utility Fog can be programmed to
simulate most of the physical properties of any maoscopic object (including air and
water), to roughly the same precision those propeks are measured by human senses.
The major exceptions are taste, smell, and transpancy. The latter an be overcome
with holographic "eyephones" if a person is to be ampletely embedded in Fog.

Consider tlplication of Utility Fog to a task such as
telepresence. The worksite is enclosed in a cloutifeog, which simulates the hands of
the operators to assemble the parts and manipulateols. The operator is likewise
completely embedded in Fog. Here, the Fog simulatése objects that are at the




worksite, and allows the operator to manipulate the.

The Fog cals@support the operator in such a way as to
simulate weightlessness, if desired. Alternativelyhe Fog at the worksite could
simulate the effect of gravity on the objects ther@n any desired direction).

Nanotechnologill make intelligent material possible; but as
usual, the truth will be stranger than the fiction. Not only can we build objects of
intelligent material: we can embed them, along withreal" or pre-existing objects, in
intelligent space!

Intelligent matial need not be polymorphic, and polymorphic
material need not be intelligent. If you melt a piee of metal into a mold, it assumes a
new shape. If you had an object that could perfornthe same transformation on
command, it would be intelligent as well as polymgohic. There will exist technologies
reflecting the entire spectrum between these extrees, starting with today's "memory
plastics".

Using nanotetwiogy, we can design fully intelligent
polymorphic material that consists, like your body,of trillions of microscopic
machines. Like your cells, each machine will have substantial local program and
information storage, but will act in accordance wih patterns of global information.
Unlike your cells, they will be more quickly and moe widely reprogrammable, adopt €
wider array of functions, and look like spiders ratier than jellyfish

THE UTILITY FOG

The particular scheme for intelligent material I'm describing here is
called Utility Fog. You can find a longer and moredetailed exposition in a book edited
by B.C. Crandall called "Nanotechnology: MolecularSpeculations on Global
Abundance”; the chapter entitled "The Stuff that Dreams are Made Of" is about
Utility Fog. There's also a mention in Ed Regis' ecellent book "Nano".

I invented Utility Fgin a typically serendipitous way. Virtually
everyone working with nanotechnology has had idedsr a polymorphic material to
make objects out of. But | was driving in to work me day and became conscious of my
seat belt. | began wondering how good a seat belby could make with
nanotechnology. One of my pet peeves about safe gas the they're built to collapse in
an accident; the crumpling of the structure gives gu a longer deceleration path, whicl
is what makes it safe.

Suppose your vehicteoked more like a living room inside, with lots
of space around you. It would be a lot more comfoable than a conventional car, and
there would be room to decelerate without trashinghe vehicle. Next thought: the case
they ship delicate equipment in, with formfitting foam interiors. Suppose you could d
a similar thing as a seat belt, in such a way that didn't appear to be there when it
wasn't needed. Once the basic notion was there rémained only to figure out how to
implement it.




Utility Fog consists afmass of tiny robots. Unlike water fog, they do
not float in the air but form a lattice by holding hands in 12 directions (corresponding
to the struts in an octet truss). Each robot has body that is fairly small compared to
its armspread, and the arms are relatively thin. Eah arm is telescoping, an action
driven by a relatively powerful motor, and can be vaved back and forth (2 more
degrees of freedom) by relatively weak motors.

One could of course desig Foglet (as the robots are called) with
many fewer arms, e.g. 6, correspond to the easier-visualize cubic lattice. The main
reason for avoiding this is that that lattice is nbisotropic; it responds quite differently
to forces applied along an axis and those appliedaang a diagonal. Another is that the
octet truss structure, which was invented by Bucknmster Fuller, is such that it
remains rigid even if all the arms are connected tthe bodies by hinges; a rectangular
truss would collapse, and therefore needs strong rtars controlling the angle each arn
makes with the body. Thus a 6-arm design would ne€®lbig motors per arm, for a
total of 18.

The octet structure needslly one big motor per arm, for a total of 12.
The arm-waving motors need only have enough poweo fposition the arm itself, not to
exert macroscopic forces throughout the structureThe other reason for so many arm:
is that you need some extra to allow robots to Igjo briefly to change neighbors, and
still retain strength and connectivity in the strudure.

The grippers at the end eich arm have one degree of freedom,
rotation, driven by a weak motor. The gripper has hree fingers that when closed form
an extension of the arm; when open they spread apaat a slight angle. The grippers
are solely for gripping the end of another arm, ina straight line. They are designed so
that two arms approaching each other can be slightloff line and angle, and the
coupling process is compliant. Once they are coumlehowever, the resulting joint is
straight and rigid. Coupling also makes power and @anmunications connections
between the two Foglets.

The material properties dhis mass depend on the programThe
material properties of this mass depend on the pragmming of the robots. The
geometry is such that stresses in the material alppear as longitudinal forces along
the arms. Each Foglet can sense the force along baarm, and do something
depending on the magnitude and relation of those foes. If the program says, extend
when the force is trying to stretch, retract whentiis trying to compress, you have a
soft material. If it says, resist any change up ta certain force, then let go, you have a
hard but brittle material.

PROGRAMING OF UTILITY FOG CONSTRUCTION:

If the programming says, maiain a constant total among the extension
of all arms, but otherwise do whatever the forces auld indicate; and when a
particular arm gets to the end of its envelope, lego, and look for another arm coming
into reach to grab; you have a liquid. If you allowthe sum of the arm extensions to




vary with the sum of the forces on the arms, you hae something that approximates a
gas within a certain pressure range. Note that becae the Foglets can use their own
power to move or resist moving, the apparent dengitand viscosity of the fluid can
anything from molasses to near vaccuum.

Now you can begin to getteuRun a distributed program that at a
specified time, changes a certain volume from runng water() to running wood(). A
solid object would seem to appear in the midst ofdid. It can just as easily disappear.
Now fill your entire house with the stuff, running air() in background mode. Have an
operating system that has a library of programs forsimulating any object you may
care to; by giving the proper command you can causany object to appear anywhere
at any time. You could carry a remote control, whib might happen to be shaped like .
wand with a star on the end...

More ambitiously, since ywoe embedded in the Fog, it can sense every
detail of your bodily position. It forms a "whole-body dataglove", and you can control
it with extremely subtle gestures. At the ultimateextreme, the Foglets can carry
various special sensors ranging from simple electdes with voltmeters to SQIDs and
form an extremely high bandwidth polygraph. With proper programming the Fog
would almost be able to read your mind. This combiation of extreme reactivity to
control and virtually limitless creative and operaional ability suggest a comparison
with the Krell machine in "Forbidden Planet".

Thus, here's a short list of the powers you'd haver appear to have if embedded in
Fog:

Creation: causing objects to appear and disappear on commen

Levitation: causing objects to hover and fly around

Manipulation : causing forces (squeezing, hitting, pulling) onlgects (real ones) at a
distance. This includes a distance of inches; berstieel bars (real ones) like Superman.
Teleportation: nearly any combination of telepresene and virtual reality between Fog-
filled locations

Shape-shifting Want to be a mouse? the Fog around you simulate®ry large feet,
baseboards, etc, while your telepresence drives aomse-sized and -shaped Fog
program. Want to be the Statue of Liberty ... ?

HOW TO BUILD A FOG

The only major breaktiough necessary to enable us to build the Fog
world is nanotechnology itself. Assemblers, the senqua non of nanotechnology, will
require two major feats of molecular engineering: liilding molecular-sized,
individually controllable, physical actuators, arms motors, gears, sprockets, pulleys,
and the like; and then building molecular sized computers to control them.

Foglets need not be trmtlable to the same precision as true
assemblers: They do not need to control chemicalaetions at the atomic level. In fact,
the only constraint on size is the ability to forma smooth enough surface to fool hume
senses. The lower limit, based on designs from Naystems, is about a 1 or 2 micron




body and 5 to 10 micron arms. The upper limit for ompletely undetectable
granularity is probably about 50 to 100 microns, tle range of diameter of human hair.
If "super high fidelity" isn't critical, 1 mm Fogle ts would likely be able to do all the
physical tasks of interest. (Note that the user, epedded in the Fog, is not really
looking at it but at a synthetic image, probably geerated by a pair of active
holographic contact "lenses”. | had originally desgned the Foglets to be very small, so
that they were less than the wavelength of lightnihopes that Fog could be
transparent. After running the idea past several peple, including Drexler, they
managed to convince me that even Foglets of sublumal size, even though quite
invisible individually, would cause enough scatterig that a cloud of them would look
like, surprise, a cloud.)

BENEFITS AND DRAWBACKS

"Foglets" could be of ansize consonant with the objects they had to
manipulate. Imagine building a skyscraper by havinga solidmass of robots each a fou
or so in size, form an active scaffold in which beas and blocks and plates were move
around, hand over hand. Such "Foglets" could be bui today; but they would be way
too expensive for this kind of application. Fog ness the self-reproducing productivity
of nanotechnology to be economical. After all, filhg an average house with even
coarse 1 mm Foglets requires over a trillion of the, and for the hi-fi Foglets it's a
guadrillion (1015) of them. For you to be able to fiord them they'd better cost less
than $0.00000000001 apiece. (If you were very vetgh, you might be able to afford
$0.000000001 Foglets.)

What Foglets don't need o be individually self-reproducing. Foglets,
small though they may be on the macroscopic scake just a completely different
kind of machine than a self-reproducing assemblerAssemblers will be most efficient
when they work in a vat of special precursor chemals. This will also constitute a
built-in safety factor against runaway replication: after all, you don't worry about
baking yeast taking over the whole world when you mke homemade bread; when it
runs out of dough, it stops. Foglets operate out ithe real world, with motion
tolerances bigger than the assembler's entire workg envelope.

We'd expect Foglets to bail like virtually any other end product of a
nano-based technology. There will in all likelihoochot only be specialized Fog-making
machines, and Fog-making-machine making machinesubFog-making-machine-
making-machine making machines. The more specialidea production process is, the
more efficient. The general-purpose assembler isreecessary bootstrap, but as
nanotechnology matures it will engender longer andhore complicated self-referential
loops. The typical specialized nano-factory will ba breadbox to refrigerator-sized
object, with literally trillions of parallel assembly lines converging in a tree-like
structure to produce ever-larger subcomponents ofite end product. For something as
small as a Foglet the factory could be quite a bgmaller, of course.




APPLICATIONS:

» Main application,we make our desire things like paiting a car,artifical view of
things

» It can be used as seat belts in car

» It can be as protective layer inside in the car
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