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ENERGY CONVERSION SYSTEMS UTILIZING PARALLEL.
ARRAY OF AUTOMATIC SWITCHES AND GENERATORS

Background of the Inventiorn

- [0001] ‘This invention relates to nanometer scale

electromechanical systems. In particular, the present

invention relates to nanometer scale electromechanical
systems that may.be.used in varipué applications, such
as heat engines, heat pumps, or'propulsion systems.
[0002]  Electromechanical systems that rely on
molecuiar‘motion are known. For example, U.S. Patent
No. 4,152,537 (the "{537 patent"), describes an .
electricity generator that produces‘electricél energy
from the random: movement of moleculés‘in*a gas; and the
uneven‘distribution of thermal energy. in different
molecules of the gas, which is at an overall uniform
temperaturé.

[0003] cher such systems are described in, for
example, U.S;'Patent Nos. 3,365,653; 3,495,101, A
2,979,551; 3,609,593; 3,252,013 and 3,508,089. These
systems produce electricity or devices driven by

electiicity, such as an oscillator, based on molecular

motion and thermal enerqgy.

[0004] One problem common to all of these systems is

the low level of output power when compared to the
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amount of power requiredAto operate the systems. For
example, such systems often require a certain amount of
energy to maintain the systems at a constant overall
temperature. While the '537 patent attempted to

address some of the known deficiencies in such systems,

'the electricity generator described therein also

suffers from similar. deficiencies. For example, the’
1537 patent attempts to heat the thermocouple junction
between two dissimilar méterials by simply being in
contact with a gas-molecule having an abéve—average
speed. 1In addition, the '537 patent utilizes an

array of electrical rectifiers (see, e.g., rectifier
bridge 40 in FIGS. 2 and 4) that may have difficulty
in operating properiy due to the infinitesimally small
voltages produced at the molecular scale.

[0005] = Moreover, as the use of electrohic devices
continues to flourish, there is an ever increasing need
to provide more efficient and/or quieter ways to cool
the components that are typically the heart of such
devices. For example, most personal computers include
one or more fans that are required to maintain the
temperature of the miqroprocessor within a certain
operational range. These fans are often noisy, and
often result in large quantities of dirty air being
pulled through the computer from the air intakes.
[0006]" Accofdingly, it is-an object of the present
invention to provide nanometer scale electromechanical
systems that efficiently convert molecular-level
energy into another form that can be used at a
macroscopic scale. A

f0007] Another object of the present invention

is to provide nanometer scale electromechanical systems
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that efficiently convert molecular-level heat energy

~into useful mechanical aﬁd/or electrical energy.
" [0008] A still further objeét of the present

~ invention is to provide nanometer scale

electromechanical systems that utilize molecular-level
eneréy to create a pressure differential on a surface
of an object to propel the object in a controllable
direction.

[0009]  An even further object of the present '
invention'is to provide nanometer scale ‘
electromechanical systems that utilize molecular-level

energy to heat or cool an external substance.

Summary of the Invention

[0010] This application improves upon U.S. patent
Application No. 09/885,367, filed June 20, 2001, which
is herein incorporated by reference in its entirety.

[0011] - The nanometer scale electromechanical systems

~of the present invention efficiently convert molecular-

level energy from one form into another'form by
reducing the velocity of the molecules within the
working substance. These systemS’maY'indlude, fdr
example, a heat engine that converﬁs moiecﬁlar—level
heat energy intb useful mechanical ox %ledtrical'
energy. Such systems may also include a heat‘pﬁmp that:
utilizes moleculaf-level energy to either heat or cool
a substance. For'example,'a system of the present
invéntion may be mounted to a microprocessQr as ‘the
primary.cooling device, so that little or no fans would
be neéessary. In addition, these systems may also
include propulsion systems in which molecular-level

energy 1s utilized to create a pressure differential on
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the surface of an”objecth thereby providing the ability
to propel that object in a controllable direction.
[0012] Nanometer scalg-electromechanical.systems
constructed in accordance with the present invention
may include a large number of nanometer-sized objects,
such as paddles, impact masses, and/of tubes, that are
placed in a liquid or gas. These objects may be sized
on the order of several panometers.per side, and may -
have a thickness on the order of about one 6r two
nanometers. One side of the paddle is connected to a

flexible, spring-like, attachment, that couples thé

‘ paddles to a common base. Also attached to each paddle

is some form of generator device, such as a
piezoelectric, elecﬁromotive force or electrostatic
generator, that converts random molecular'motion into
electrical, electromagnetic or thermal energy:

[0013] The nanometer-sized paddles, in conjunction
with an associated generator, reduce the speed of
individuél molecules which results in a reduction of
thermai energy within the<w0rking fluid. The geﬁerated
electrical energy may be converted back to thermal
enérgy at a higherltemperature than the working fluid
and used to establish a temperature differential that
is capable of performing useful work. Essentially,

the paddles are configured to be immersed in a working-
substance. The paddles move in a random ﬁanner within
the working substance due to variations in the thermall
motion of the molecules of the working substance. This
movement necessarily results from collisions between .
the molecules of the working substance and the paddles
which are large enough to cause the paddles to
oscillate. The kinetic energy from this oscillation

may then be converted into electrical, electromagnetic
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or thermal energy by various methods, as described

“above.

" [0014] Nanometer scale electromechahioal systems

constructed in accordance with the present inventicn
also provide components that efficiently collect and
sum the outputs of the numerous paddles so that a
useful electrlcal output is produced. For example, one
embodlment of the present invention includes the use of
an array of resistive elements, one for each paddle,
that are in contact with one side of the thermocouple,‘
The other side of the thermocouple is placed in thermal

contact with something else that is at an ambient

-temperature (such as a gas or liquid). Each of the

thermocouples produces an output (i.e., a DC current
and voltage) that can be summed through a simple series
connection to produce an output, depending on the
number of paddles and configuration, on the order of
several milliwatts.

[0015] In one particular embodimeht, a nanometer
scale electromechanical system constructed in
accordance with the present invention may include an
array of nanotubes, such as tubes made of cerbonL which
are coupled between two plates of e'capacitor One of
the tubes is phy81cally connected -to one plate of the
capacitor, while the other end is free to move. The
entire assembly is immersed in a fluid (i.e., a liquid
or a gas). A voltage is applied to the capacitor
(across the plates), which creates an electric field
("E") that keeps the length of the tubes perpendicular
to the surface of the capacitor plate. The "free" ends
of the tubes, which are immersed in a working
substance, move erratically due to collisions between

the molecules of the working substance and the tubes,
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causing some of the tubes collide into each other.

Kinetic 'energy of the colliding tubes, as well as other

‘energy, may be converted for one or more useful.

purposes, as previously described.
[0016] In another embodiment of the present

invention, numerous nanotubes are connected at each end

to an electrically and thermally conductive rail. Each

of the tubes is installed such that there is slack, or
bend, in the tube. The slack permits the tubes to
vibrate in response to random pressure variations from

surrounding fluid (gas or liguid). In this case, an -
external magnetic field ("B") is applied to the entire

assembly which is perpendicular to the tubes and rails.
Heat geﬁefated in the tubes, from the induced current,
flows down the tubes to the thermélly conductive rails,
which are attached to a thermally conductive ﬁlate.
{0017] Further features of the invention, its nature
and various advantages will be more apparent from the
accompanying drawings and. the followihg detailed .

description of the preferred embodiments.

Brief Description of the Drawings

[OOlBj The above aﬁd bther objects and advantages of
the present inVéntion.will be apparent upon
consideration of the following detailed description,
taken in conjunétion with accompanying drawings, in
which like reference characters refer to like parts
throughout, and in which: A
[0019] FIG. 1A is an illustrative schematic diagram

of a portion of a nanometer scale electromechanical

'system constructed in accordance with the present

invention;
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[0020] FIG. 1B is an illustrative schematic diagram.
of one embodiment of conversion circuitry constructed

in accordance with the principles of the present

~invention;

[0021] FIG. 2 is an illustrative schematic diagram
of a.portibn of another nanometer scale '
electromechanicél_system constructed in accordance with
the principles of the present invention; f
[0022] FIG. 3 is a perspective Qiew of 'a portion of
a nanometér scale electromechanical system constructed‘
in accordance with the principles of the present
invention; '

[0023] FIG. 4 is a pérspective view of a portion of
another’nanometer écale electromechanical system |
constructed in accordance4with the principles of the
present invention;

[0024] FIG. 5 is an illustrative schematic diagram
of a nanometer scale electromechanical system
constructed in accordance with the principles of the
present invention; |

[0025] FIG. 6 is an illustrative schematic diagram‘
of another nanbmeter scale electromeéhanicai syétem"
constructed in accordance with the principles of the
presént invention; . '

[0026] FIG. 7 is a perspecti&e view of anothér
nanometer scale electromechanical system constructed in
accordance with the principles of the present |
invehtion; ' A

[0027] FIG. 8 is an illustrative schematic diagram
of a portion of the nanometer scale electromechanical

system of FIG. 7;
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[0028] FIG. 9 is another illustrative schematic
diagram’of a portion of the nanometer scale
‘electromechanical system of FIG. 7; |
[0029] FIG. 10 is a cross-sectional view of another

'5 nanometer scale electromechanica1 system constructed in .
accordance with the principles of the present ‘
Ainvention; 4
[o0301. FIG. 11 is a perspective, partial cross-
sectional view of another nanometer scale

10 electromechanical system constructed in éccordance with
the principles of the present invention;

[0031] FIG. 12 is an illustrative schematic diagram
of a portion of the nanometer scale electromechanical
system of FIG. 11; |

15 [0032] FIG. 13 is a perspective, partial cross-
sectional view of another nanometer scale
electromechanical system constructed in accordance with
the principles of the present invention;

[0033] FIG. 14 is an illustrative schematic diagram

26 of a portion of the nanometér scale electromechanical
system of FIG. 13;

[0034] FIG. 15 is a cross-sectional plan view of the
nanometer scale electromeéhaniéal system of FIG. 13 '
taken élong line 14-14; , ‘

25 [0035] FIG. 16 is an illustrative schematic diagram
of a portion of the nanometer scale electromechanical
system of FIG. 13; o
[0036] FIG. 17 is an iliustrative'schematic diagram
of an electromechanical propulsion system constructed

30 in accordance with the principles of the present
invention;

[0037] FIG. 18 is a graphical representation of a

velocity versus potential curve for nanometer



WO 2004/109104 PCT/US2003/040488

10

15

20

25

30

piezoelectric generator assemblies constructed in
-accordance with the p:inéiples of the present

" invention;

[0038] - FIG. 19 ig an illustrative schematic diagram
of a portion of an alternative embodiment of a
nanoﬁeter‘scale electromechanical system constructed in
accordance with .the present invention;

[0039] FIG. 20 is a perspective view of a portion of
the nanometer scale electromechanical system of

FIG. 19; ‘

[0040]‘ - FIG. 21 is a cross-sectional plan view of the

nanometer scale electromechanical system of FIG. 20

-taken along line 20-20;

[0041]  FIG. 22 is a perspectivé view of an
alternative embodiment of nanometer scale
electromechanical systems constructed in accordance
with the principles of the present invention;

[0042] FIG. 23 is an illustrative schematic diagram
of an array of the nanometer scale electromechanical
systems of FIG.‘22; = |

[0043] @ FIG. 24 is a cross-sectional plan view of the
nanometer scale'electromechanical system of FIG. 22 =
taken along line 22-22;

[0044] - FIG. 25 is a perspective view of an array of
the nanometer scale electromechanical systems of

FIG. 22;

[0045] FIG. 26 is a circuit schematic of a nanometer

" scale transistor constructed in accordance.with the

principles of the present invention;

[0046] FIG. 27 is a perspective view of one
embodiment of a nanometer scalé transistor of FIG. 26;
[0047] " FIG. 28 is a circuit schematic of a nanometer

scale electromechanical system constructed in
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‘accordance with the principles of the present

. invention; and

[00438] FIG. 29 is a circuit schematic of a nanometer
scale electromechanical system constructed in
accordance with the principles. of .the present

invention.

Detailed Description of the Invention

[0049] =~ FIG. 1A shows an illustrative example of a
pbrtion of & nanometer scale electromechanical system

constructed in accordance with the present invention.

"The portion shown includes an impact mass in the form

of paddle 100, a restraining member 102, an generator

device 104 (which provides an electrical output at
leads 106), and a base 108 (which is typically
thousands or millions times larger than paddle 100).
Paddle 100 is attached to base 108, which may be
thermally conductive, but need not be, so that

paddle 100 may be moved within a predetérmined range of
distance in one or more directions (such as laterally,
or up and down):. A complete energy conversion system
using nanometer scale assemblies would typically
include a million or more of the devices shown in

FIG. 1A,'as will become more apparent below (seé,Afor
example, FIGS. 5 and 6).

[0050]; Paddle 100 wmay be constructed, for example,
from -a substance such as carbon or silicon, although
persons skilled in the art will appreciate that
Variaﬁions may be made in the fabrication materials of
paddle 100 without departing from the spirit of the
present invention. Moreover, paddle 100 can generally

be manufactured using known semiconductor fabrication
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techniques such as sputtering, etching,
photolithography, etc. |

[0051]I In addition, each paddle 100 may be
constructed to be about five nanometers on each side,
and have a height of about one to two nanometers --
this size being selected so that the effects of
Brownian motion are large enough to overcome

inertia of paddle 100 and the spring constant of
restraining member 102. Persons skilled in the art
will appreciate that the specific size of paddle 100

is not critical to the basic operation of the preseéent
invention, provided that paddle 100 is able to move

in an irregular manner within the working substance

as a result of random variations in the velocity of the
working substance molecules that strike paddle 100.
[0052] Also shown in FIG. 1A, is molecﬁle 110 which
is shown as having bounced off of paddle 100, and is
now traveling at a reduced velocity. Persons skilled
in the art will appreciate that, while some molecules
will have a reduced velocity as a result of the impact,

others may exhibit little change in velocity, and

' others may actually achieve an increased velocity. 1In

general however, and in accordance with the present
invention, the impact of molecule 110 with paddle 100
results, on the average, with a reduction in velocity.
[0053] The molecule is a molecule of the working
substance of the system, which is preferably a fluid
(i.e., a gas or a liguid), but may also be a solid.

The fluid may be kept at atmospheric pressure or it may
be kept at an elevated pressure, such as, for example a
pfessure in excess of about 15 PSI. As described
above, the pressure of the working fluid may have

an impact in the output provided by the system.
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Molecule 110 strikes paddle 100, thereby causing
molecule 110 to eXperience a reduction in velocity. .

The reduction in velocity corresponds to a reduction in

.. temperature of the working substance of the system.’

[0054] The reduction in velocity of molecule 110 is
causéd’by paddle 100'in-conjunction with device 104,
which may be any one of a variety of devices without
departing from the present invention. For example,
device 104 may be a piezoelectric device, or it may be
a electromotive force or electrostatic generator. 1In
each instance, device 104 converts the energy of the

impact mass, from the impact of molecule 110 into

-impact mass 100, into electrical energy that is output

via leads 106.

[0055] The amount of electrical energy output via
leads 106, even under the most favorable conditions
will be very small. For example, the output of

paddle 100 may be on the order of about 10712 watts,
depending on the size of the device and various other
factors. Accordingly, for the system to provide useful
output power, such as, for example, a few microwatts,
the sysﬁem requires that millions of such paddles be
fabricated, and that they be connected together in some
fashion, so that the outputs of all, or substantially
all, of them can be summed into a single output signal.
[0056] If a million or so of paddles 100 were
arranged together in an array (see, for example,
FIGS.. 5 and 6), one way to sum all of the energy from
each of those paddles would be to couple the leads 106
of each paddle 100 to resistive element 112 (see

FIG. 1B), and have resistive element 112 be in thermal
contact with one side 114 of thermocouple 116. The
other side 118 of thermocouple 116 would theq be in
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thermal contact with a heat sink or some other

substance at ambient temperature (which may

‘even include the working substance itself).

Thermocouple 116 is a thermoelectric generator that,
in response to a temperature differential, produces

a voltage across a pair of leads and, if the leads

.are connected to a load, a DC current.

{00571 Variations in molecular impacts on paddle 100

will cause an increase in the temperature of resistive

element 112, which will then be converted into
electrical energy by thermocouple 116 and.output via
leads 120. One advantage of the use of resistive
elements is the fact that, because a resistive load is
independent of currént/polarity direction, there ig no
need for a rectifier associated with each paddle.

Thus, in accordance with the present invention, even
infinitesimal voltages produced by the impacts of
molecules 110 on paddles 100 can be used to heat
resistive elements to useful values. Each thermocouple
in the array, in turn, produces an output having a DC
voltage, and current if connected through an electrical
loéd. All of these outputs can then be connected
together in series to produce an output of at least
several microwatts.

[0058] If additional power is needed, numerous
subassembiies.of paddles could be coupled together‘in
series. For example, if a given subassembly was formed.
to include an array of paddle assemblies in which each
assembly occupied approximately one hundred square
nanometers, a sqguare centimeter assembly would include
roughly one trillion paddle assemblies. Then, any

number of the one square centimeter subassemblies could
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‘be coupled together in series or parallel to achieve

the desired rativof yvoltage and current. .
[0059] In addiﬂign, with a cdmbined output on the
order of'approximately 700 mV, fhe output of each one
square centimeter assembly could even be manipulated
using conventional éémiconductor switches. Thus, a
given component could be fabricated by fabricating many
one square centimeter assemblies next to each other on
a thin, fiexible sheet of material (such as aluminum)
in a continuous process. The resultant sheets of
material could then be cut up and rolled into a tube,
similar to the fabricatidn process of some capacitors.

[0060] Persons skilled in the art will appreciate

that the electrical output of these devices per unit

surface area is proportional to the pressure of the
fluid, the average temperature of the fluid, the
oscillation frequency of the paddle and the mass of the
fluid molecules used (regardless of whether the fluid
is a gas or a ligquid). ' The output per unit area is
ihversely proportional to the size of the paddle and
the density of the paddle material. Accordingly, by
choosing a heavy molecule gas, such as xenon, or by
using a fluid heavily laden with‘particulate, such as
air laden with carbon molecules, and/or by immersing
the paddies in the gas at elevated pressure, suéhf

as 100 times atmospheric pressure, the power output
of the units can be incfeased by a factor of over iOO,

as compared with units operating in air at

.atmospheric pressure.

[0061] FIG. 2 shows a alternate embodiment of the
paddle assembiy shown in FIG. 1. 1In particular, the
assembly. in FIG. 2 varies from that in FIG. 1 in that

restraining member 102 is coupled to a housing 208 .
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instead of base 108. Housing 208 .is a thermally
conductive chamber which includes the ability to
receivé thermal inputs (shown as "Q" in FIG. 2). In
this embodiment, the influx of heat Q is converted into’
electrical energy that is output via each of leads 106.

In addition, while the assembly shown in FIG. 1 does

not include a housing, it may be desirable, but is

certainly not required, to locate that assembly in a
housing as well, if only'to protect it from
contaminates.

[0062] The embodiment shown in FIG. 2 may be useéed

to illustrate one of the advantages of the present
invention, in that the nanometer scale energy
conversion systems of the present invention may be used
as a heat pump. For example, thermally conductive
housing 208 will be cooled as a result of‘theAmolecular
impacts on paddles 100 and subsequent conversion of the
paddle kinetic energy into electrical eﬁergy. Warm or
hot air may be cooled by blowing it across housing 208.

On the other hand, resistive load 112 may be connected

T in series with leads 106, which results in the

' temperature of resistive load 112 being raised.

Cool air may be warméd by blowing it over resgistive
load 112. In this manner, the same assembly may be
used to heat an external substance or to cool an
external substance.

[0063] FIG. 3 shows another embodiment of a portion
of a nanometer scale electromechanical system 300
constructed in accordance with the principles of the
present invention. The portion of system 300 shown

in FIG. 3 includes three paddle assemblies 302, 322

and 342, which are each coupled to one of piezoelectric

generators 304, 324 and 344. Each of paddie
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assemblies 302, 322 and 342 is somewhat similar to

paddle assembly 100 of FiG. 1, in that each paddle

" assembly shown in FIG. 3 also includes a substantially

planar surface that is held in place such that it may
move in response to molecular impacts. 1In this
instance, paddle assemblies 302, 322 and 342 are
attached at one end which is generally referred to

by numeral 380 in FIG. 3. .
[0064] ‘The piezoelectric generators are each formed
from a portion of piezoelectric material and a resistor
aSsembly; Generator 324, for example, which

is substantially similar to generators 304 and 344,

'ig illustrated to show the division between

piezoelectric material 326 and resistor assembly 328.
ﬁowever, the division between the piezoelectric portion
and the resistor assembly may also be observed in

FIG. 3 for generators 304 and 344.

[0065] Resistor assemblies 308, 328 and 348 are each
connectedAto two wires that are made from different
material. For example, each of wires 307, 327 and 347
are made from one material, while wires 309, 329

and 349 are all made from a different material. The’
other end of all of the wires are dqnnected to a series
of heat sinks 360, which are themselves mechanically
coupled to a substrate 370 (which may, for examplé,.be4

a silicon substrate). It should be noted that paddle

. assemblies 302, 322 and 342 are only connected to
~substrate 370 at one end, generally referred to by

.reference number 380, so that, for éxample, the paddle

assemblies may easily vibrate up and down.
[0066] System 300 operates in accordance with the
present invention as follows. The entire system is

immersed in a fluid (i.e., a liguid or a gas) that
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is the working substance. Statistical variations in
the ve}ocity of working substance molécules that
strike paddle 302, for example, cause the free. end of
paddle 302 to vibrate up and down. The up and down
motion of paddle 302 causes strain in piezoelectric
material 306, which generates a voltage between lower
conductive outer layer 385 and upper conductive

layer 387 of material 306.

[0067] Outer conductive layers 385 and 387 of

material 306 are in contact with resistor assembly 308,
so that a current flows from material 306.through ’
resistor 308 and back to material 306. The current
through resistor 308 heats up the resistor, which is
coupled to omne side of the thermoelectric generator
formed by wires 307 and 309 (which, as described above,
are made from different materials). The 6ther side

of the thermoelectric generator (which may also be
referred to as a thermocouple) is coupled to heat
sinks 360, which are at a lower temperature. Persons
skilled in the art will appreciate that other devices
may be used, such as thermal to electric heat engines
(such as, for example, a thermionic heat engine) ,
rather than'thermoéléctric generators described
herein, without departing from the spirit of the
present invention.

[0068] The temperature differential causes the
thermoelectric generator to produce a voltage, which,.
as described more fully below, may be combined with the
voltages from other paddle assemblies to provide a
system output voitage. These voltages, in accordance
with the present invention, may be coupled together in
series to produce an electrical output at a useable

level from system 300. The process of summing ﬁoltages
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from each paddle assembly is more partlcularly ‘
1llustrated with respect to FIGS. 5 and 6 below.
[0069] Persons skilled in the art will appreciate

. that, while system 300 has been described as a system

that converts kinetic energy of the impact mass
(resulting from the Brownian motion of the impact mass
immersed in & working substance) to AC electrical

energy to thermal energy and to DC electrical energy,

 system 300 may, with minor changes, directly produce DC

electric. energy as-a result of this kinetic energy.
[0070] . In particular, it should be noted that
movement of paddle 302 upward and then downward to its
resting location generates a voltage of one polarity.
Movement downward and then upward back to the restingy
location generates a voltage in the opposite polarity.
Thus, in accordance with the present invention,
paddles 302 can be substantially limited to moving
between a neutral point (i.e., the resting location)
and a singie limit point (versus normal vibration that
goes from a first limit point, through the neutral
point to a second limit point and back).

[0071] | Accordingly, if paddle 302 were limited to
"upward" movement by placing an objéct at location 303
(i.e., toward the free end of paddle 302), the output
voltage would be limited to one polarity (essentially,

pulsating DC). In such a configuration, the outputs of-

-the piezoelectric generators (such as generator 304)

could be directly coupled together in series, which

would eliminate the need of, for example, resistor

assembly 308, wires 307 and 309 and heat sinks 360,
while still providing useful levels of electrical

power without the need for rectification circuitry.
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[0072] FIG. 4 shows anothér‘embodiment of a portion
of a nanometer scale electromechanical system 400
constfucted in accordance withAthe principles of the
present invention. The'portion of system 400 shown
in FIG. 4 includes three paddle assemblies 402, 422

and 442, which are each coupled to one of piezoelectric

‘generators 304, 324 and 344 (which were described above

with respect to FIG. 3).

[0073] As shown in FIG. 4, each of the paddle

assemblies 402, 422 and 442 includes an impact mass 490
and a multitude of nanotubes 492 that are mounted on
impact mass 490 such that they are substantially
perpendicular to impact mass 490. Each of
nanotubes 492 may, for example, be constructed of a
material such as carbon, having a‘diameter of about

approximately 2 nanometers and a height of about

.approximately 25-50 nanometers (persons skilled

in the art will appreciate that the dimensions of
nanotubes 492 may be varied without departing from

the spirit of the present invention). Moreover, the
stiffness and alignment of hanotubes 492 may be
controlled by the application of a.static voltage,

such as that shown iﬁ.FIG. 7, and described below.
[0074] System 400 operates in very much the same way
as previously described for system 300. Statistical
variation in gas pressure about paddles 402, 422

and 442 cause the free end of paddle 402 to vibrate

up and down, thereby causing strain in the
piezoelectric material, which generates a voltage on
the conductive outer layers of the piezoelectric
Material. In system 400, however, the up and down

motion of .the paddles in system 400 may be enhanced
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by nanotubes 492, which cause additional molecular

~impacts.

[0075] The outer conductive layers -of the
piezoelectric material are in contact with resistor
assembly, so that a current flows, which heats up thé
resistor. The thermoelectric generator formed, for
example, by wires 307 and 309 is between the heated
resistor and the heat sinks 360, which are at a lower
temperature. The temperature differential causes the
thermoelectric generator to produce a voltage. '
[0076] = FIGS. 5 and 6 show two similar configurations

of nanometer scale electromechanical systems 500

-and 600, respectively,vthat are each constructed in

accordance with the principles of the present
invention. Systems 500 and 600 each include a
multitude of paddle assemblies 302, coupled to
generators 304 which are themselves, coupled to

wires 307 and 309 that are connected to heat sinks 360.
This may be more apparent by viewing the dashed box
showing where the portioh of system 300 of FIG. 3, for
example, may be found. As shown in FIGS. 5 and 6,
systems.soo and 600 each include ninety padale
assemblies 302 and the associated components (i.e.,
generators, wires and heat sinks)f

[0077] In practice, nanometer scale
electromechanical systems constructed accordance

with the present invention may include a billion or

- more paddle assemblies on a single substrate. The

output voltage across each pair of wires extending’froﬁ
each thermoelectric generator on a single substrate
are, in accordance with the present invention, coupled
tbgether in series to provide a single output signal

for the system. That output signal may have a voltage



WO 2004/109104 PCT/US2003/040488

10

- 15

20

25

30

- 21 -

that may be on the order of a volt, depending on the
number of individual components used and the specific
fabrication techniques used to manufacture those
components. The primary difference between systems 500
and 600, is that system 500 includes a load

resistor 502 while sgystem 600 does not.

[0078] Persons skilled in the art will appreciate
that, while load resistor 502 is shown as being mounted
to substrate 370, it may be preferable to thermally
isolate load resistoi from the working £fluid

substrate 370 is immersed in so that heaﬁAdissipatéd
by load resistor 502 does not affect the temperature
of the working fluid. ‘

[0079] FIG. 7 shows another embodiment of a
nanometer scale electromechanical system 700
constructed in accordance with the principles'ofAthe
present invention. System 700 includes an array of
nanotubesg 702 located bétween an upper plate 704 and
lower ﬁléte 706 of capacitor 708, and a source of
voltage 710, which is also cdoupled across the plates of
capacitor 708. Each of nanotubes 702 may, for example,
be.constructed of a material such as carbon, having a
diameter of about approximately 2 nanometers and a
height of about approximately 25-50 nanometers (persons
skilled in the art will appreciate that the dimensions
of nanotubes 702 may be varied without departing from
the spifit of the present ihvention).

[o0801] One end of each nanotube 702 is fixed to
lower plate 706 of capacitor 708. The other end of
gach nanotube 702 is free to move. The entire
assembly 700 is then typically immersed in a fluid
(i.e,, gas or liquid). Once a voltage V is applied

from source 710 across the plates of capacitor 708, an
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electric field E is produced that creates a force that
helps keep the length of nanotubes 702 oriented

substantially perpendicular,with the surface of

- capacitor plates 704 and 706, Statistical variations

in the speed and direction of working fluid molecules
which strike nanotubes 702 cause statistical variations
in fluid pressure about nanotubes. 702 which, in turnm,
cause nanotubes 702.to move erratically as illustrated
in FIGS. 8 and 9.

‘[0081] As shown in'FIG. 8, nanotubes 802 and 822
(which are simply any two adjacent nanotubes 702)

are substantially perpendicular to lower capacitor

‘plate 706 even though individual molecules 110 have

recently impacted each nanotube. In this instance,
there is no variation in the gas pressure on either
gside of the nanotubes, and the tubes remaln erect.
Persons skilled in the art will appre01ate that, while
the interaction of two nanotubes is shown, the

molecular impact of thousands or millions of

‘nanotubes would be occurring simultaneously.

{0082] FIG. 9, on the other hand, illustrates the
effect of statistical variation in. fluid pressure about
nanotubes 902 and 922 (which, like nanotubes 802

and 822, are simply two adjacent nanotubes 702)
resulting from variations in the thermal movement of
working fluid molecules, which cause the free ends of
nanotubes 902 and 922 to collide at location 930. The'

" kinetic energy of COllldlng nanotubes 902 and 922 is

partially converted into thermal energy as a result of

the friction from contact and as the tubes slide past
each other. The thermal energy is conducted down the
length of nanotubes 902 and 922 to thermally conductive
plate 706.
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[0083] In addition, as illustrated in FIGS. 8 and 9,
each of 'manotubes 702 (or nanotubes 802, 822, 902

and 925) has an electrostatic charge due .to the
electric field E between capacitor plates 704 and 706.
The collision of nanotubes 902 and 922 further

dissipates tube kinetic energy by accelerating

electrical charges, which in turn produces

electromagnetic waves, at the free end of the
nanotubes. In this mannér, a portion of the kinetic
energy of the working fluid is transferred to lower
capacitor plate 706, and to the surrounding space,'as-
electromagnetic energy resulting in a net effect of
cooling the working substance and heating lower
capacitor plate 706. This temperature differential may
then be used to directly heat or cool an area of space
or to power a heat engine.

[0084] FIG. 10 shows another embodiment of a
nanometer scale electromechanical assembly 1000
constructed in accordance with the present invention.
Assembly 1000 includes many nanotubes 1002, all

connected to a base 1004. Unlike the previous

' embodiments, nanotubes 1002 are closed at their upper

end such that gas molecules are capturedAwithin each
nanotube 1002. 1In addition, as shown in FIG. 10, at
least one molecule in each nanotube 1002

is electrically charged (for example, individual
nanotube 1012 includes at least one positively charged
molecule, while individual nanotube 1022 includes at
least one negatively charged molecule) .

[0085] Assembiy 1000 is configured such that the net
charge of nanotubes 1002 in the assembly is zero, with
half of the tubes including positive charges and the

other half including negative charges. In this
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embodiment; as- the éharged molecules bounce against the

nanotube walls and the other molecules within the
~nanotubes, an‘accelerétion Qf charge results that

genefates electromagnetic waves'Which pass through .

5 the tube assembly to theysurrounding space. As a
resﬁlt of 'the electromagnetic fadiation, gas within
nanotubes 1002 cools, which cools thermally conductive
base 1004. In this_instance, the reduced temperature
of base 1004 may be utilized to cool a volume of fluid,

10 or can be used as the "cold side" of a heét engine, as’
will be apparent to persons skilled in the art. |
[0086]  FIG. 11 shows a nanometer scale

.electromechanical assembly 1100 constructed in
accordanée with the principles of the'present

15 invention. Assembly 1100 includes a series of
nanometer members 1102 that are connected between
a pair of electrically and thermally conductive
rails 1104 and 1106. In this embodiment, nanometer
members 1102 are carbon nanotubes and each one

20 of nanotubes 1102 is provided with some 'slack, which
enables the nanotubes to vibrate in reaction to random
pressure variations in the surrounding working
substance. Rails 1104 and 1106 are mounted to and in
thermal contactﬂwith'thermally conductive base 1108.

25 [0087] It shoﬁld be noted that various other-
nanometer members may be used in accordance with Ehe
present invention instead of the nanotubes described
herein. For example, the principles of the present
inveﬁtidn may be carried out'using éssentially any-

'30 electrically conductive material that may be formed
into very small fibers. This may include simple carbon

fibers instead of nanotubes.
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[0088] The nanometer members shown in FIGS. 11

and 12 (as well as those of FIGS. 13-16 discussed
below)'perform additional functions when compared to,
for example, the previously.described paddles. For
example, the nanometer members of. FIGS. 11-16 all
function as the impact mass while contributing to

the functions of the previously described restraining
member and generator device. 1In addition, the
nanometer members of FIGS. 11 and 12 also function as
the registive element (FIGS. 13-16 include resistive
element 1304, as described more fully béle).

[0089] Attached to thermally conductive base 1108,
in accordance with the principles of the present
invention, is a thermal insulation material 1110

that covers at least a majority of the otherwise
exposed portions of conductive base 1108. The use of
insulation 1110 aides in the prevention of thermal
energy losses. Moreover, persons skilled in the

art will appreciate that similar insulation may be
utilized in the previously described embodiments

to- further increase the efficiency of those systems

- and assemblies.

[0090] An ‘external magnetic field (shown as np"

in FIG. 11) penetrates assembly 1100 which is
perpendicular to rails 1104 and 1106 and base 1108.
The operation of assembly 1100 is illustrated in

FIG. 12, which shows a portion of rails 1104 and 1106,
and includes two individual nanotubes 1202 and 1222

(which are simply two adjacent nanotubes 1102).

" Nanotubes 1202 and 1222, which are immersed in a

working substance, move in an irregular manner from
the relaxed "rest" position (shown as straight dotted

lines 1203 and 1223) due to random variationsg in the

PCT/US2003/040488
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thermal motion of the molecules of the working

substance. Motion of nanotubes 1202 and 1222 in the
presence of the magnetic field ®B induces an electric

field E along the length of nanotubes 1202 and 1222 (as

shown in FIG. 12).

[0091] Field E induces current "i" to flow that
flows from one nanotube, down oné rail, across the
other nanotube, and up the other rail (Which, whiIe'
illustrated as a clockwise current, may be
counterclockwise at some other point in time when the
direction of the motion of the nanotubes changes,
thereby producing AC current). The current flow.

through the nanotubes and rails causes resistive

heating and causes heat to travel along the nanotubes

and rails to conductive base 1108. - Fluid (either gas
or liguid) surrounding the nanotubes cools while base
1108 heats up, thereby establishing a temperature
differential that may be used in a variety of ways
(such as the heat pump,‘or heat engine previously
described) . ‘

[0092] FIGS. 13-16 show a further illustration

of the use of insulation in accordance with the
principles of the present invention in assembly 1300.
Assembly. 1300 is similar to assembly 1100 of FIG. 11
in many aspects. Assembly 1300 also includes
nanotubes 1302 that are immersed in a working
substance. Moreover, as described above with respect
to nanotubes 1102, nanotubes 1302 are installed with
slack such that they can move in an irregular mannér
due to random fluctuations in the thermal motion of

the molecules of the working substance.
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[0093] Assembly 1300 also relies on an external

magnetic¢ field B. As previously described, motion of

nanotubes 1302 through the magnetic field B induces

an AC current to flow, which in this case, is directed

through a resistor 1304 located directly below each of

nanotubes 1302. The value of resistor 1304 may be

chosen to be about twice the resistance of the
nanotube, in which case the majority of power generated
is disgipated as heat through the resistor.

[0094] Assembly 1300 is configuréd such that the
resistors 1304 are located below insulating layer 1310
and above thermally conductive sheet 1312. This
results in directing most of the generated power and

heat downward into assembly 1300, rather than up into

"the working fluid. Moreover, rather than.using_rails,

assembly 1300 utilizes posts 1306, so that only a
limited amount of surface area that is at an elevated
temperature is exposed to the working fluid.
Resistors 1304, posts 1306 and the resistor leads are

electrically insulated from thermally conductive

- sheet 1312 by a thin layer of electrical

insulation 1314 that is deposited on top of

- conductive layer 1312.

25

30

[0095] Heat from resistor 1304 raises the
temperature of’thefmally conductive sheet 1312.

The bottom of conductive sheet 1312 is in thermal
contact with a "HOT" portion 1330‘of4a thermoelectric
generator‘1334 (sheet 1312 is electrically inéulated
from hot portion‘1330 via electrically insulating
sheet 1316). A second thermaily conductive sheet 1322
is in thermal contact with a "COLD" portion 1332 of a

thermoelectric generator 1334 (while the two are
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electrically insulated by thin layer 1318). In this

manner, generated'heat is directed from resistors 1304

'downWard through assembly 1300 and out the bottom of

lower layer 1322. ,

[0096] Temperature differentials between the HOT
and COLD portions (1330.and 1332, respectively) of
thermoelectric generator 1334 create a DC voltage
across each junction. By interconnecting a multitude
of these junctions together in series, assembly 1300
may be used to prbVidé a useable voltage which may be
about at. least 1 volt, as was previously described for

the other. embodiments. When assembly 1300 is used to

. drive a load, such that the load is connected in series
to thermoelectric generator 1334, and the. working fluid

is being cooled or maintained within a predetermined

temperature range, improved efficiency of the system
will be obtained by keeping the load away from the -
working fluid so that dissipated power in the load does
not affect the temperature of the wdrking fluid.

[0097] Moreover, as can be viewed most clearly in
FIG. 15, additional layers of thermal insulation are
used to separate the HOT portions of assembly 1300 from
the COLD portioms of assembly 1300. In particular,
assembly 1300 also includes insulating layer 1342
sandwiched between conductive sheet 1312 (actually, as
shown, layer 1342 is below electrical insulating

layer 1316) and COLD portion 1332. Insulating

layer 1352, on the other hand, is located betweeﬂ a
second conductive sheet 1322 and HOT portion 1330 -
(actually, aé shown, layer 1352 is underneath
electrically insulating layer 1318)., These insulating
layers increase the temperature difference between HOT

and COLD portions of thermoelectric generator, thus
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increasing the electrical output of thermoelectric
generator 1334.

[0098] Operation of assembly 1300 is similarﬂto
assembly 1100, and is illustrated with respect to

FIG. 16. Movement of nanotubes 1302 in the external

magnetic field ®B induces a current "i" to flow as

‘shown in FIG. 16. 1In this case, thoﬁgh, the current

from each individual nanotube 1302 remains in a self-

‘contained circuit, along with the corresponding

resistor 1304. For example, the current induced in -
individual nanotube 1342 remains in an "isolated"
circuit with individual resistor 1344, rather than
interacting with an.adjacent nanotube, as was described
with respéct to assembly 1100. Once again, persons
skilled in the art will appreciate that, while the
movement of two nanotubes is shown, the movement of
millions or billions of nanotubes would be occurring
simultaneously.

[0099] Persoris skilled in the art should appreciate
that, while it may appear that an individual
thermoelectric generator portion is available for each
individual nanotube 1302, is will likely be impractical
and or prohibitively expeﬁsive'to implement such a
configuration. ‘Thus, it may be more likely that, in
accordance with the present invention, several, if not
millions, of nanotubes 1302 will be thermally coupled
to each individual portion of thermoelectric

generator 1334.

[0100] FIG. 17 shows a propulsion system 1700
constructed in accordance with the present invention in
which an object immersed in a working substance is
moved in a controllable direction as a result of

variations in molecular impacts of working substance
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molecules into the object. System 1700 includes

sphere 1702 and a series 6f electromagnets 1704, 1706,
1708; i710, 1712 -and 1714- (1712 and 1714 are shown as a
single pair of dotted 1ines} arranged axially aboht
electronics core 1716 (axially simply refers to the
fact that there is one electromagnet located parallel’
to each of the six sides of electronics core 1716, and
that each electromagnet may have its center aligned
with an imaginary axis eitending perpendicular to the
core sqrface). These electromagnets, along with a
control system form a drive system that, as set forth.
in more detail below, -helps to propel sphere 1702. -
[0101] Sphere 1702 may be any three-dimensional
object. - Although a 9phere is shown, other shapes such
as a cube, cylinder, etc., may be used. The surface of
sphere 1702 is covered with nanometer scale assemblies,
such as a series of nanotubes, that are mounted to the
surface with some slack, as described above with
respect to FIGS. 11-16.

[0102] Electromagnets 1704, 1706, 1708, 1710, 1712

and 1714 may be powered from, for example, a battery or

- some other source. In any case, external power is

provided to electronics core 1716 that is then provided
to the appropriate electromagnets, as described below.
[0103] Assuming sphere 1702 is located in a fluid
maintained at non-zero temperature, when 6ne '
electromagnet is energized, such és electromagnet 1704,
the resultant magnetic field 1718, along with. the
nanotube assembly, lowers the fluid pressure .

immediately above the surface. The reduced pressure

' causes sphere 1702 to move in direction 1720 (if the

propulsion force is strong enough). If, for example,

electromagnet 1710 is also energized, thereby
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establishing magnetic field 1722, a force 1724 also

affects sphere 1702. In this instance, sphere 1702

WOuld;be propelled along a vector 45 degrees away from

magnetic axes 1718 and 1722 (as ‘shown by arrow 1726).

By varying the current supplied to each of the.
electromaghets, the movement of sphere 1702 through a
fluid can be controlled.

[0104] Turning back to FIG. 3, persons skilled ;n
the art will recognize that Johnson noise may be
present in system 300. Johnson noise is a result of
the random movement of carriers, generally brought '
about beéause of temperatﬁre vibrations, in the body of
a resistor that generates an unwanted voltage. .
Although Johnson noise is typically not_a problem in
éentimeter scale resistors that are émployed to
regulate standard vdltages (e.g., 124 volts), Johnson
noise can be troublesome in nanometer scale resistors
because -the Johnson noise may cancel all, or some, of
the infinitesimally small voltages that need to be

regulated. Because piezoelectric generators 304, 324,

- and 344 of system 300 generate infinitesimally small

voltages around resistors 308, 328, and 348,
respectively, Johnson noise in these. resistors may
cancel a portion-of the system's output power.
[01051 To mitigate the effects of Johnson noise from
system 300, automatic switches may be included to/
selectively cduple piezbelectric generators 304, 324,

and 344 with resistors 308, 328, and 348,‘respective1y.

When such an automatic switch is ON, a .closed circuit

exists between the two components that allows the
resistor to draw current from the piezoelectric
génerator’s potential. When such an automatic switch.

is OFF, an open circuit exists between the two.
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components and no.potential will be applied across the

resistor. In controlling the ON and .OFF times of the

‘automatic switches with respect to the amount of

potential generated by the piezoelectric generators,
the voltages regulated by the resistors can be

controlled. This "turn-on" voltage would preferably be

'greater than the average voltage created by Johnson

noise, thus essentially~removing the negative effects.

of Johnson noise from thé system.

'[0106] Graph 1800 of FIG. 18 shows Maxwellian

distribution curve 1800 with respect to vertical axis
1801 and horizontal axis 1802. Particularly, vertical
axis 1801 repréSents the number of possible molecules
in a working substance. Hofizontal axis 1802
represents .the possible velocities for a molecule in a
working substance. Maxwellian curve 1800 therefore
shows the range of velocities that molecules have in a
working substance. Persons skilled in the art will
appreciate that Maxwellian curve 1800 will distort
depending on a Qariety of factors. For example, if the
temperature of the working substance increases,
Makwellian curve 1800 will take on a different shape as
the average sbeed of a. molecule increéses.

[0107] Looking at grabh 1800, -it becomes apparent
that, at any one time, multiple molecules having a wide
range of Velocitiés may impact paddles 302, 322, and
342 of FIG. 3. Accordingly, paddles 302, 322, and 342
will bend according to the force éreated by these
impacts. At any instance, hundreds, or even thousands,
of molecules may‘impact paddles 302, 322, and 342. As.
previously stated, the automatic switches of the
present invention are pfeferably constructed such that

piezoelectric generators 304, 324, and 344 couple to
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‘resistors 308, 328, and 348 when the potential

. generated by plezoelectrlc generators 304, 324, and 344

is greater than the Johnson. n01se bresent 1n resistors
308, 328, and 348. Because the amount of potential
created by system 300 of FIG. 3 is indicative of the
amount of force applied to paddles 302, 322, and 342,
persons skilled in the art will appreciate that the

automatic switches may be constructed such that

piezoelectric generators 304, 324, and 344 couple
resistors 308, 328, and 348, respectively, when the
total force of all the molecules impacting on paddles

302, 322, and 342 has at least a particular magnltude

-and a particular dlrectlon

[0108] As will be described later in conjunction

with system 2700 of FIG. 27, systems of the present
invention do not- have to be immersed in a working
substance in order to operate. .More particularly, an
object will oscillate at an average speed that is
proportional to its temperature and inversely
proportional to its mass. Thus, the embodiments of the
pfesent invention may operate in a vacuum and may be
excited by temperature. Heat sources may Eherefore be
included. These heat sources may be low grade heat
sources (e.g., body heat) or.the'heat provided by .
sunlight. Although such embodiments do not require a
surroundihg fluid to operate, immersing them in a
working substance may be beneficial.

[0109] FIG. 19. illustrates an example of a pertion
of a nanoelectromechanlcal system 1900 utlllzlng paddle
1901 conflgured with automatic. sw1tch 912 constructed
in accordance with the present invention. System 1900
includes,an impact mass in the form of paddle 1901,

restraining member 1902, generator device 1904 (which
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provides an electrical output at leads 1906 dependent
on the state of switch 1912), and base 1908 (which is
typicaily thousands, or millions, times larger than
paddle 1900). Paddle 1901'is attached to base 1908,

which may be thermally conductive, but need not be, so

.that paddle 1901 may be moved within a predetermined

range of distance in one or more directions (such as
laterally, or up and down).

fo0110] Persons skilled in the art will appreciate
that.mpre than one restraining member 1902 may conﬁectv

paddle 1910 to base 1908. For example, two opposite

" ends of paddle 1901 may be restrained by two separate

restraining members 1902. In such an embodiment,
paddle 1901 may take the form of a net and produce a
infinitesimally small, yet useable, potential when
impacted by a molecule or a group of molecules.

{0111} Also shown in FIG. 19, molecule 1910 is shown
as having bounced off of paddle 1901, and is now
traveling at a reduced velocity. Persons skilled in
the art will appreciate that, while some molecules will

have a reduced velocity as a result of the impact,

- others may exhibit little change in velocity, and

others may actually achieve an increased velocity. 'In
general, however, the impact of moleculée 1910 with
paddle 1901 results, on average, with a reduction in
velocity. '

[0112] Molecule 1910 is preferably a molecule of the
working substance of the system, which is preferably a |
fluid (e.g., a gas or a liquid), but may also.be a
solid. As described above, the pressure of the working

fluid may have an impact in the output provided by the

" system. Thus, it may be preferable to submerse system

1900 in a working substance with a large density of
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molecules moving at high velocities. Heat may also be
introduced on this working substance in order to
increase the. velocities of the molecules that the
worklng substance contains. | '

[0113] The reduction in ve1001ty of molecule 1910 is
caused’by paddle 1901 in conjunction with device 1904,
which may be any one of a variety of devices without
departing from the principles of the present invention.
For example, device 1904 may be a piezoelectric deviee,
or it may be a electromotive force or'electrostatics
generator. -In each instance, device 1904 converts the

kinetic energy of the impact mass, from the impact of

molecule 1910 into impact mass 1900, into output

" electrical energy via leads 1906.

[0114] The amount of electrical output via leads
1906, even under the most favorable conditions, will be
very small. For example, the output of paddle 1900 may
be on the order of about 10°*? watts, depending on the
size of the device and various other factors.
Acdordingly, for the system to provide useful output
power, such as, for example, a few microwatts, the
system requlres ‘that mllllons of such: paddles be
fabricated and conneeted together, such that the
outputs of all, or substantially all of the systems,
can be summed into a single output signal.

[0115] Persons skilled in the art will appreciate

that system 1900 may operate without a working

substance. 'More particilarly, system 1900 may operate

in a vacuum and paddle 1901 may vibrate due to its

finite temperature.
[ol11ie6] As discussed above, Johnson noise of the -
electrical circuit that includes elements coupled to

leads 1906 may cancel some or all of a generator's
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output power if the voltage bf‘generator 1904 is not

large enough. Switch 1912 may be included at

leads i906 to control when the output power of

paddle 1901 is utilized. -Switch-l912 may be configured
so that the output power of generator 1904 is only
utilized when a minimum amount of voltage has been
crgated. Preferably, this minimum amount of voltage
will be greater than the average amount of voltage
created by Johnson noise of the circuit elements
.coupleq to leads 1906.

[0117] The direction that a paddle is moved by a
workihg substance (or by its own thermal vibrations)
affects the direction that paddle 1901 is moved.
Different directional stresses on paddle 1900 may
result in different polarities of .voltages being
produced. It should be noted that in the illustrated
embodiment of system 1900, movement of paddle 1501
upward from its resting location and then downward to
its resﬁing location generates a voltage of omne
polarity. Movement downward and then upward back to

the resting location generates a voltage in the

: opposite polarity. In this manner, when a paddle is

struck by a molecule, the paddle may vibrate between
both sides of the resting location and create
potentials of both polarities (e.g. an AC voltage) .
Accordingly, switch 1906 can be constructed to open
only when a minimum voltage of a specific polarity is
achieved by the paddle. 1In other‘words, switch 1912
can also‘be used to create a pulsating DC voltage.
[0118] - FIG. 20 is a perspective view of a portion of
nanometer scale electromechanical system 2000
constructed with an automatic éWitch that reduces the

effects of Johnson noise while forming a randomly
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pulsating DC output voltage. System 2000 is similar to
system 300 of FIG. 3. _However, system 2000 inciudes
switch 2091 and integfates the(piezoelectric layer ihto
the @addle.assemblies(e.g,-paddlé assemblies 2002, -

5 2022, and 2042). In system 2000, the paddle éssemblies
are:piezoelectric génerators cénfigured as paddles.
[0119] For example, paddle assembly 2042 is a
piezoelectric generator formed by upper conductivg,4
layer 2044, piezoelectric material 2046, and lower

10 conductive layer 2045. Thus, when paddle assembly 2042
absorbs energy from impacting molecules (or its own.
thermal vibrations in a vacuum), piezoelectric material
2046 will be stressed and a potential will be formed
between upper conductive layer 2044 and lower

15 conductive layer 2045. When this potential is
connected to resistor assembly 2048) a current will
flow through resistor assembly 2048. Heat is produced
as a byproduct of current flowing through resistor
assembly 2048. This heat can be captured by a

.20 ‘thermoelectric»generator or it can be used to heat a
different substance.

[0120] = Automatic switch 2091 influences when paddle
assembly 2042 will be attached to resistor |
assembly 2048. Thus; switchA2991 influences when the

25 wvoltage generatiﬁg attributes of paddle assembly 2024
are attached to resistor assembly 2048. Specifically,
one side of resistor assembly is attached to upper
conductive layer 2044. The opposite side of resiétor
_asseﬁbly 2048 is connected to switch 2091 via

‘30 conductive extension 2092.

[0121] Automatic switch 2091 is placed near paddle
aSsembly‘éoéz such that when paddle assembly 2042 ig in

a resting location, lower conductive layer 2045 does
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not come into contact with switch 2091 and an open

circuit 'exists betweén paddle assembly 2042 and

‘resistor assembly 2048. However, switch 2091 is also

preferably placed near paddle assembly 2042 so that
when paddle assembly 2042 is displaced a desired

distance from its resting location, lower conductive

layer 2045 comes. into contact with switch 2091 and a

‘closed. circuit exists between paddle assembly 2042 and

resistor assembly 2048. 'An isolating layer 2093 may be
placed to separate lower conductive layer‘2045 from
layer 2092. .

[0122] Decreasing the distance between automatic
switch 2091 and the resting location of paddle assembly
2042 will increase the number of times that lower
conductive  layer 2045 will come into contact with
switch 2091 per unit time when system 2000 is . immersed
into a working substance. Persons skilled in the art
will appreciate that system 2000 may also work in a
vacuum that does not contain any working substaﬁce.
Such a system may utilize the/thermal characteristics
of the paddle itself. In particular, paddle assembly
2042 may oscillate due to thermal vibrations. In this
manner, if the distahce between switch 2091 and the
resting location of paddle assembly 2042 is decreased
then the number of times that lower conductive layer
2045 will come into contact with switch 2091 will,
preferably, increase.

[0123] persons skilled in the art will recognize
that shifting the position of automatic switch 2091
laterally undernéath paddle assembly 2042 may also
increase, ‘or . decrease, the'nﬁmber of times that lower
conductive layer 2045 may come into contact with

automatic switch 2091. Similarly, increasing the
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distance between automatic switch 2091 and the resting

location of paddle assembly 2048, or the location of

switch 2091, will decrease the number of times that
lower conductive layer 2045 will come into contact with
automatlc switch 2091. ‘

[0124]. In increasing the diétance between

switch 2091 and the resting location of paddle

assembly 2042 the amount of force needed to close
paddle assembly 2042 to switch 2091 also increases.

This increased amount of force is dlrectly proportional
to the amount of stress induced upon piezoelectric |
layer 2046 of paddle assembly 2042. Thus, this

increased amount of force will result in a higher

potential being created in the piezoelectric generator.
To minimize the effects of Johnson noise in resistor
assembly 2048, the distance between automatic switch
2091 and the resting location of paddle assembly 2042
should be preferably chosen so that the amount of force
required to form a closed circuit creates a potential
that is greater than the avérage.amount of‘potential
created by Johnson noise within resistor 2048.

[0125]  Persons skilled in the art will appre01ate-

 that switch 2091 may be placed on either side of paddle

2042 depending on what polarity of power is desired.
Similarly, two separate aﬁtomatic switches may also be
included in a piezoelectric paddle assembly of the
present -invention. Specifically, one automatic switch
may be positioned in a certain location and at a '
certain distance beneath a paddle assembly while a

second switch may be positioned in a certain location

- and at a certain distance above the same paddle

aésembly In doing so, an alternating current may be

produced by the paddle assembly The produced
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alternating current would not suffer significantly from

the effects of Johnson noise of resistor 2048 because

- the oufput power of paddle assembly 2042‘Wi11, in most

cases, be produced at a value greater than the Johnson
noise produced by resistor|2048.. |
[0126] The current through resistor 2048 heats up
resistor 2048, which is coupled to one side of the

thermoelectric generator formed by wires 2047 and 2049

'(which, as described above, are made from different

materigls). Wires 2047 and 2049 may be isolated from
each other by isolating layer 2094. The other side

of the thermoelectric generator (which may also be
referred to as a thermocouple) is coupled to heat
sinks 2060, which are‘at a lower temperature than
resistor 2048. Persons skilled in the art will
appreciate that other devices may be used, such as
thermalAto electric heat engines (such as, for example,
a thermionic heat engine), rather than thermoelectrié
generators described herein, without departing from the
spirit of the present invention.

[0127] The temperature differential causes the

- thermoelectric generaﬁor to produce a DC voltage,

which, as described in more detail below, may be
combined with the voltages from other paddle assemblies
to provide a system output voltage. These voltages, in
accordance with the present invention, may be coupled
together in series to produce an electrical output at a -
useable level from system 2000. Persons skilled in the
art will appreciate that the resistive element,
thermoelectric generators, and heat sinks of system
2000 may be removed and electtical current routed
directly from the piezoelectric assemblies. Persons

skilled in the art will also appreciate that-in
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‘addition to contact 2091 being a nanotube, conductive

layer 2045 may also be a:nanotube:or may- be provided on

" top of a nanotube. Doing so will decrease wear between

layer 2045.and contact 2091.

[0128] - Persons skilled in the art will recognize
that automatic switch 2091 is exposed to a large number
of lower conductive layer 2045 contacts per second. In
practice, the number of contacts between switch 2091

and lower conductive layer 2045 could easily reach 1000

_times per second. - Appropriately, automatic switch 2091

is preferably constructed from a conductive material
that exhibits low wear characteristics. For example,
automatic switch 2091 may be constructed with a

nanotube because a nanotube, as a-single molecule,

exhibits good wear characteristics. Yet, any

electrically conductive material-may be used to
fabricate switch 2091. A nanotube may be placed on the
bottom of lower conductive layer 2045 to reduce wear
between automatic switch 2091 and lower conductive
layer 2045. |

[0129] FIG. 21 illustrates system 2100 which is a
cross-sectional plan view of the nanOmeter'scaie.
electromechanical system of FIG. 20 -taken along

line 20-20. System 2100 preferably operates in the .
same manner as system 2000. Particularly, when paddle
assembly 2142 is located about resting location 2199
and ﬁolecule 2110 (or a group of molecules 2110) .
strikes paddle assembly 2142 the resultant force 2111
absorbed by paddle assembly 2142 will cause paddle
assembly 2142 to vibrate about resting location 2199.
If force 2111 is large enough (e.g., if the vertical
cbmponent of force 2111 is large enough), paddle

assembly 2142 will come into contact with contact 2191.
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At this instance, the potential produced across peddle

assembly 2042 as a result of the imposed stress on

" piezoelectric layer 2146 will be carried through upper

conductive layer 2144 to oqe'side of resistor 2148 and
through lower 'conductive layer 2145, switch 2191, and
conductive layer 2192 to the oﬁher side of resistor
2148. '

[0130] The potential applied across resistor 2148

will result in resistor 2148 heating up. The heat of

this resistor is carried through wires 2147 and 2149 to
heat sink 2160. Heat from other paddle assemblies -
(e.g., an adjacent paddle assembly) wmay also be carried
into heat sink 2160 via wire 2194.

[0131] Persons skilled in the art will appreciate
that the thermoelectric generating components of system
2100 are not needed to obtain an electricel current or
potential. Additionally, the individual resietor,
assemblies of system 2100 are not needed to obtain an
electrical current or potential. FIG. 22 illustrates
system 2200 which is an array of an alternative

embodiment of nanometer scale electromechanical systems

" that does not include individual resistor assemblies or

thermoelectric generator components.

[0132] paddle 2242 of system 2200 is comnstructed
without a resistor assembly or thermoelectric generatof
components. "As a result, a larger number of

paddle assemblies 2242 may be placed in an array than
paddle assemblies that integrate a resistor assembly
and thermoelectric generator components. Similar to
paddle assembly 2142 system 2100 of FIG. 21, paddle
aesembly 2242 forms a piezoelectric generator such that
when .piezoelectric layer 2246 is displaced from its

resting location, stress is placed on piezoelectric
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layer 2246 that creates a potential between upper

conductive layer 2244 and lower conductive layer 2245.
Switch.2291 controls when this potential is allowed to
pass.onto~thé output of -system 2200 (shown in

system 2300 of FIG. 23) ... ‘

[01331 ‘Persons skilled in the art will appreciate
that the paddle assembiies of system 2200 are in a
different configuration than those of system 2100. .
Particulafly, the automatic switch 2261 is utilized to
open and close the circuit between lower conductive
layer 2295 of paddle assembly 2262 and upper conductive
layer 2244 of different paddle assembly 2242. 1In this
manner, system 2100 places paddle assemblies 2242.and
2262 in.a series coﬁfiguration with each other.

[0134] - Persons skilied in the art will also notice
that some of the paddles of system 2200 share common
upper conductive layers. Specifically, the paddle
assemblies of‘systemlzzoo are divided into rows such
that each row consists of multiple paddle assemblies in
a parallel connection‘with each other. Specifically,"
paddles 2202, 2222, and 2242 are in a parallel
connection with one another and form- a portion of one
of theupaddle rows of system 2200. " These paddle
assemblies éhare4common upper conductive layer 2244
that is subsequehtly connected'to the automatic
switches of a different paddle assembly row of system
2200 (e.g., the paddle assembly row including automatic
switches 2065, 2063, and 2061). ‘

' [0135] If a molecule impacts paddle . assembly 2262, a

closed circuit is formed between lower conductive layer
2295 of assembly 2262 and conductive layer 2244 via
switch 2261. In this example, conductive layer 2244

would approximately have a potential equivalent to the
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potential of layer 2294 added to (or, depending on the

configuration of assembly 2262, subtracted from) the
potential created by the piezbelectric layer of paddle
assembly 2262. Ndw, if assembly 2202 is also closed
then conductive layer 22921will be approkimately‘ 1
equivalent to the voltage poteﬁtial created by -
assemblies 2202 and 2262 added to (or, depending upon
the configuration of thé assemblies, subtracted from)
the voltage at conductive layer 2294 .

[0136] System 2200 may contain millions, if not
billioﬁs, of paddle assemblies (e.g., piezoelectric
generators) and thousands, if not millions, of rows of
paddle assemblies. FIG. 23 depicts circuit 2300 in
which the .array priﬁciples of system 2200 of FIG. 22
are illustrated. Particularly, circuit 2300 includes
two rows (e.g., rows 2310 and 2320) of paddle.
assemblies. Row 2310 includes paddle assemblies 2312,
2302, 2322, and 2342, while row 2320 includes paddle
assemblies 2368, 2366, 2364 and 2362. Each paddle

assembly is controlled by an automatic switch similar

to automatic switch 2261 of FIG. 22.

[0137] Persons skilled in the art will appreciate
that the configuratibnrof the paddle assemblies of
circuit 2300 will preferably result in an additive
function across the voltages generated between lines
2392, 2344, and 2394. For example, in the instance
captured-in circuit 2300 only switches 2392 and 2394
are closed. As a result, the potential across

lines 2392 and 2394 is substantially equivaleﬁt to the
total potential generated by both paddle |
assemblies 2312 and 2364. As stated abo&e, the paddle

agssemblies in each individual row of system 2300 are
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placed in a parallel connection. Each row of system
2300 is placed in a seriés connection.
[0133] Turning‘to FIG. 24, system 2400 is
illustrated and is a cross-sectional plan &iew of the
5 nanometer scale electromechanical system of FIG. 22
taken ‘along line 22-22.. System 2400 includes paddle
assemblies 2410 and 2420 configured between contact
lines 2492 and 2494. Paddle assemblies 2410 and 2420
are each included in separate paddle assembly rows(ﬁot
10 shown) . | |
(01391 . Paddlé assemblies 2410 and 2420 are -shown
with respect to their resting locations 2401 and 2402,
respectively. An intermediate contact layer 2493 is
also included between paddle assembliés 2410 and 2420.
15 'When both paddle assembly 2410 closes on automatic
‘ switch 2419 and paddle assembly 2420 closes on
automatic switch 2429, the poteﬁtial between contact
line 2492 and contact line 2494 will be substantially
equivalent to the total of the potentials created by
20 paddle assemblies 2410 and 2420. By including more
rows (placed in a series connection) into the array of
system 2400, the higher the potential'willAbe between
lines 2492 and 2494. ‘
[0140] A load resistor may be placed between
25 1lines 2492 and 2494 as shown in system 2500 of FIG. 25.
FIG. 25Ai11ustrates system- 2500 that includes load
resistor 2590 betiween lines 2592 and 2594. Load
resistor 2590 may be thermally isolated from the‘
- working substance.
30 [0141] Persons skilled in the art will appreciate
that the principles of the automatic switches discussed
in connection with FIGS. 19-25 may be employed in the

- other nanometer scale energy conversion systems
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discussed above. For examplé,'an‘automatic switch may
be added to system 1300 of FIG. 13 in -order to reduce
the effects of Johnson noise. Additionally, automatic
switches of the present invention may be fabricated
without adding any additionél components or struétures.
[0142] For éxample, load resistor 1304 of FIG. 13
may be specially shaped to have a specific critical
magnetic field so that resistor 1304 operates as a
superconductor with zeio‘internal resistance (e.g., no
Johnson noise) when LOW currents pass through it. The
criticél magnetic field of resistor 1304 could be
shaped to have a specific critical magnetic field so
that resistor 1304 operates as a normal resistive
conductor when HIGH currents pass through it. Persons
skilled in the art will appreciate that only when HIGH
currents pass through resistor 1304 will resistor 1304
heat up and produce useable energy. In other words,
resistor 1304 may be fabricated using a superconducting
material. System 1300 may then be placed in a
thermally insulated chamber and cooled to a temperature

where resistor 1304 loses all electrical resistance

- (i.e., becomes supercohducting) when not conducting

unusually HIGﬁ currents.

[0143] . In the above example, the shaping of resistor
1304 creates an automatic switch in accordance with the
principles of the present invention. More '
specifically, HIGH currents only occur -in resistor 1304"
when the nanotubes are hit by molecules moving at
relatively HIGH velocities because HIGH currents '
produce a HIGH magnetic field in resistor 1304. If
this HIGH magnetic field is lérge enough, it will
overcome the résistor'slcritical magnetic field and

become a normal resistive conductor. Yet, LOW currents
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occur when the nanotubes are hit by molecules moving at

relatively -LOW velqcities. LOW currents produce a LOW

magnetic field in resistor 1304. If this LOW magnetic

_ field is not‘large enough.tovovercome the resistor's

critical magnetic field, resistor 1304 will remain in a
superconducting state. BAs shoWn, the principles of
shaping load resistor 1304 are similar to those
associated with censtructing automatic switch 2392 of
FIG. 23. .
[0144] ‘Turning to FIG. 26, nanometer seale
transistor 2600 is illustrated. Transistor 2600 is

defined by base terminal 2622, collector terminal 2641,

and emitter terminal 2642. Generally, galvanic switch

2611 electrically COuples collector terminal 2641 with

emitter terminal 2642 when appropriate signals are

- applied to base terminal 2622 and collector

terminal 2641. More particularly, switch 2611
electrically couples to emitter terminal 2642 when

signals from base voltage source 2621 positions switch

2611 to position 2613. Switch 2611 may be, for -

example, a positively charged nanotube or nano-wire.
[0145] Persons skilled in the art will appreciate -
that the designation of terminals 2622, 2641, and 2642
as a base, collector; and emitter terminal, ,
respectively, does not limit the functionality of these
terminals. For example, terminals 2622, 2641, and 2642

could be utilized‘as,"for.example, gate, source, and

-drain terminals, respectively.

[0146] In preferred embodiments, base terminal 2622
is a negativeiy charged layer located about (e.g.,
beneath) and electrically isolated from contact 2642.
Thus, by providing switch 2611 with a positive charge,
switch 2611 will attract to base terminal 2622 as the
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density of negative charge.on base terminal 2622

-increases. The -amount of charge on base terminal 2622

may be'controlled, for example, by base voltage.
éource 2621. Collector te;minal.2641 may be coupled to -
voltage source 2631 and separated from emitter |
terminal 2642 by load resistor 2632. Generally, it is
the combination of voltages 2631 and 2621 that 4
determines the switching characteristics of switch 2611
with contact 2642. Preferably, voltages 2631 and 2621
should have opposite polarities and the absolute vélue'
of Vgﬂ;*vxm_should be of some minimum vaer; Base -
voltage 2621 may also be set such that nanotube 2611

touches emitter contact 2642 when the relative velocity

of the tip of nanotube 2611 exceeds a particular amount

(e.g., the.velocity of point 1804 from FIG. 18) if an
external magnetic field is present (not shown in

FIG. 26)4.

[0147] Siﬁilar to assembly 1100 of FIG. 11,
transistor assembly 2600 may be placed in a magnetic
field. When no static charge is placed on base
terminal 2622, switch 2611 moves between positions 2612
and 2613 due to its thermal vibrations and rarely
(e.g., once per hour) touches emitter terminal 2642 .
If a static charge is placed on base terminal 2622 and

switch 2611 gains positive charge by voltage source

© 2631, switch 2611 may connect to emitter terminal 2642

more frequently (e.g, once per millisecond). If a
magnetic field is employed in nanémeter scale
transistor 2600, switch 2611 can be forced to‘stay ’
closed (e.g., coupled to emitter terminal 2642) while
current flows through switch 2611. ‘

[0148] Persons skilled in the art will appreciate

that thermal noise may be advantageously utilized
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through. the many -components of system 2600. For

example, thermal n01se about voltage source 2631, 1oad

" resistor 2632, or the re31stance of nanometer scale

mechanlcal switch 2611 may be utilized to create the

time-varying voltage at- tip of mechanical switch 2611.

" More particularly, a DC voltage may be applied at

charge member 2622 such that mechanical switch 2611
electrically couples contact 2642 when the voltage at

the tlp (free-moving portlon) of sw1tch 2611 reaches’

some minimum value. Because the voltage of switch 2611

may in some systems, like a vacuum-based system, be .

configured to be dependent upon thermal noise then thlS

.minimum value may relate to a minimum thermal noise

value. - Thus, in some embodlments, the_voltage on
charge member layer 2622 may be both DC and controlled
while voltage on.switch 2611 that is induced by thermal
noise is both AC and uncontrolled. A

[0149] Additional advantageous nanometer scale
electromechanical assemblies are described in commonly
assigned copending U.S. Patent Application No.

to Pinkerton'et al, (Attorney Docket No. AMB/OOB)
entltled "Nanoelectromechanlcal Transistors and Sw1tch
Systems", commonly assigned copending U.S. Patent
Application No. | to. Pinkerton et. al (Attorney
Docket No. AMB/004), entitled "Nanoelectromechanioal
Memory Cells and Data Storage Devices", and commonly
asgigned copending U.S. Patent Application No.

to Pinkerton et. al (Attorney Docket No. AMB/OOZ))
entitled "Electromechanical Assemblies.Using Molecular-
Scale Electrically Conductive and Mechanically Flexible
Beams And Methods For Applications of Same", which are
all hereby incorporated by reference .in their entirely

and filed concurrently herewith.



WO 2004/109104 PCT/US2003/040488

10

15

20

25

30

- 50 -

fo1501 FIG. 27'illust;ateé nanometer scale
transistor 2700 that is-constructed to include

nanotube 2711 as a switching méchanism. " As
illustrated, nanotube 2711 is in a closed position such
that nanotube '2711 electrically couples collector

contact 2741 to emitter contact 2742. However, when

‘nanotube 2711 is located at positions 2712 or 2713,

nanotube 2711 is in. an open position such that nanotube
2711 does not electrically couple collector
contact 2741 to emitter contact 2742. - Generally,

nanotube 2711 is attracted to emitter contact 2742 when

" the voltage applied to collector contact 2741 and the

voltage applied.to charge member 2722 are of opposite
polarities. Persons skilled in the art will appreciate
that nanotube 2711 may be any type of mechanically
flexible and electrically conductive nanometer-scale
beamn.

[0151] Preferably, nanotube 2711 is in a closed
position'when.the negative charge at charge member 2722

is high enough to attract the positively charged

~ nanotube 2711 (the positive charge of which is affected

by'the voltage of collector contact 2741) towards
charge member 2722At6‘an extent where nanotube 2711 .
electrically couples to emitter terminal 2742.
Isolation layer 2752 is provided such that the DC
voltage on charge'member 2722 does notvleak into
emitter contact 2742. Additionally, one end of
nanotube 2711 is attached to collector contact 2741 by
retaining member 2761. | '
[0152] Personé skilled in the art will appreciate

that the charge profiles of a nanometer-scale beam and

-charge member constructed in accordance with the

principles of the present invention could have any type
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of polarity For example, nanotube 2711 may have a

negative charge and be manlpulated by a positive charge

applied to charge member 2722.

[0153] .. Persons skilled in the art will appre01ate
that nanometer scale tran31stor 2700 may be
benef1c1a11y manlpulated by an external magnetic field.
Introducing a magnetic field‘upon‘transistqr 2700 may
cause, for example, nanotube 2711 to remain in a qlosed
position when current is flowing from collector
contact 2741 to emitter contact 2742. Additionally,
multiple‘instances of transistor 2700 may be employed

and arfayed in a variety of different configurations

.(e.g., parallel and series configurations).

[0154] = Nanotube 2711 may also be‘oécillated in a
vacuum by a heat source. 'For)example, nanotube 2711
may oscillate onAaverage of about 16 meters per second
at room temperature, even when transistor 2700 is
operating in a vacuum. To limit wear on transistor
2700, a second nanotube may be placed on layer 2742
sich that nanotube 2711 contacts this second nanotube
instead of layer 2742. Moreover, layer 2742 may be

replaced with a second nanotube since the collision

* between two nanotubes' will, generally, result in

little, if any, wear. ,
[0155] Sense circuitry 2792 may be coupled to

contact layer 2742 to sense electrical signals provided

. by nanotube 2711 as nanotube 2711 electrically coupies

with contact layer 2742. Sense circuitry 2792 may also
include the functionality of sensing the rate of |
contact between nanotube 2711 and contact layer 2742
for e period of time by sensing the number of
electricel impulses provided from nanotube 2711 to

contact layer 2742 per unit of time. Similarly,
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control circuitry 2791 may be coupled to either charge

member layer 2722, contact layer 2741, or both charge

~memberllayer 2722 and contact layer 2741. Generally,

control circuitry 2742 may provide electrical signals
(e.g., voltage or current signals) to a particulér

conductive component of system‘2700.~~Control

circuitry 2742 way also control the magnitude,

polarity, and frequency of such control signals. '
Persons skilled in the art will appreciate. that control
circuitry 2791 and sense circuitry 2792 méy be coupled_
to othér conductiﬁe components of system‘2700. For
example, control circuitry 2791 may be coupled to
contact layer 2742 while sense circuitry 2792 may be
éoupled to contact layer 2741.

[0156] Base 2793 may be utilized as a support layer
for the rest of the components of system 2700.as well
as other components not shown in system 2700. For
example, multiple transistor assemblies, like the one
shown iﬁ‘system‘2700, may be fabricated on a single
base 2793. Base 2793 may be included as, for example,

a layer of silicon. Persons skilled in the art will

- appreciate that nanotube 211 is generally mounted to

base 2793 by ‘way of a mounting assembly. This mounting
assembly may take on various forms. As shown in
system 2700, this mounting assembly may include contact
layer 2741, isolation layer 2752, and charge membér
layer 2722. However, system 2700 may also be
configured, for example, such that only contact

layer 2741 or isolation layer 2742 forms this mounting
assembly. More particularly, the mounting assembly
fixes a poftion of nanotube 2711 to base 2793 while
providing nanotube 27i1‘with a portion that is free to

move. This free-moving portion may, for example, move

1
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between positions 2712, 2713, and the position that

nanotube 2711 is 1llustrated as being in for

‘ system 2700. As per another example, paddle 490 of

FIG. 4 may- be cons1dered affixed to base‘370 of FIG. 4
where base 370 of FIG. 4 is the mounting assembly for
paddle 490 of FIG. 4.

[0157] Persons skilled in the art will appreciate
that nanotube 2711 need not- physically contact .
conductive'layer 2742 in order for an electrical signal
to pass from nanotube 2711 to conductlve layer 2742.
Generally, nanotube 2711 need only to electrically

couple with conductive layer 2732 in order for an

.electrical signal to pass from nanotube 2711 to

conductive layer 2742. Forms of electrical coupling

may include, . for example, capacitive and inductive

coupling as well as any physical electrical connection
between two components.

[0158] Multiple instances of transistor 2700 may be
arrayed together similar to system 2300 of FIG. 23 such
that useful functionality is realized. Nanometer scale
electromechanlcal system 2800 of FIG. 28 1s one such
array conflguratlon In preferred embodlments, system
2800 is utilized as a heat engine such that thermal
energy from heat source 2840.is converted into useful
amounts of electrical energy across load resistor 2860..

In this manner, system 2300 is not removing the effects

- of Johnson noise. Rather, system 2300 converts.

unusually high spikes of Johnson noise into a useable
energy source. '

[0159] System 2800 includes any number of nanometer-
scale electromechanical switches 2801-2806. Each one
of nanometer-scale beams 2801-2806 is preferably

coupled to one resistor 2811-2816, respectively.
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Furthermore, electric’ charges 2821-2826 are applied

around nanometer-scale beams 2801-2806, respectively.
Electfic charges 2821-2826 are preferably generated -
from base voltage source 2850. -The conversion-of
thermal energy to a useful amount of electrical energy

occurs as follows. Persons skilled in the art will

© appreciate that -if nanometer-scale beams 2801-2806 are

included as nanotubes then resistors 2811-2816 may not

‘be required. This is because nanotubes exhibit

resistive qualities and, therefore, may be the source
of Johnson noise in system 2800. In this‘manner,‘any
component of system 2800 that has a. resistive quality
may be the source of Johnson noise in system 2800.
[0160] One or more heat sources 2840 is applied to
resistors 2811-2816, respectively. As a result,
thermal noise (i.e., Johnson Noise) is produCed.in the
resistors. The thermal noise of resistors 2811-2816
creates an electric charge on the end of the respective
mechanical switch 2801-2806. Preferably, if electric
charges 2821-2826 have an appropriate intensity and a
polarity opposite that of the polarity of the charge of
mechanical switches 2801—2806, mechanical switches
2801-2806 will elecﬁrically couple (creating a galvanic
connection) to contacts 2831-2836, respectively.
Current created from the electrical couplings of
switches‘2801—2806 to contacts 2831-2836, respectively,
are then added together and placed through load

resistor 2860.

- [0161] Thus,>the voltage across load resistor 2860

may be used as electrical energy. Similarly, the heat
produced by load resistor 2860 may be used as thermal
energy. Additional thermal sources and mechanical

switches could be added to system 2800 to increase the
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“amount of voltage across load resistor 2860. Persons

skilled in the art will appreciate that, in preferred

embodiments, only resistors 2811-2816 that are
genefating an unusually high spike of thnson noise
will result. in charges being produced at the end of
nanometer-scale beams 2801—2806.lérge enough to close
nanometer-scale beams 2801-2806 into contacts 2831-
2836. | _ 4
[0162]  Thus, it is beneficial to include at least

‘two parallel sources of thermal noise in system 2800.

This may be done in many ways. As shown in system
2800, multiple instances of a switch are placed
together in both parallel and series configurations

where each switch has its own source of thermal noise.

Other embodiments may easily be realized and

constructed in accofdance with the principles of the
present invention. For example, two or more switchés
may be constructed together in only a parallel
configuration. Moreover, each switch of the present
invention may be coupled to more than one source of
thermal noise. Preferably, voltage from base voltage
source 2850 is adjusted such that at‘least”lo%‘of the
mechanical switches of system 2800 are electrically
coupled (again,,creating a galvanic connection) to
respective contacts at any giVen time.

[0163] Persons skilled in the art will appreciate

. that the nanometer scale electrical assemblies (e.g.,

assembly 2890) of system 2800 may be replacedAby‘
Eranéistors 2700,6r’2800 of FIGS. 27 and 28,
respectively. Thus, mechanical switch 2801 of
assembly 2890 may be employed as a nanotube or, for
ekamplehlbe manipuléted by a magnetic field. Switches

2801-2806 may also be configured such that an
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electrical coupling to conteets 2831-2836 only occurs
for a thermal noise voltage of a specific polarity and
a miniﬁum‘magnitude. Persons ékilled in the art will-
appreciate that resistors 2811-2816 may be seen as
converting energy from one form to another while
nanometer-scale beams 2801—2806 regulate the amount of
energy that is provided across load resistor 2860.
Persons skilled in the art will appreciate that
nanometer scale beams also differentiate and regulate
between high and low spikes of Johnson-n01se voltage.
{ox any voltage supplied to nanometer-scale beams 2801-
2806) . |

[0164] Looking at FIG. 29, nanometer scale
electromechanical system 2900 is provided. System 2900
is similar to system 2800 of FIG. 8. Particularly,
components 29XX are the same as componenté 29XX.

[0165] Nanotubes 2971-2976 preferably are immersed
in magnetic field 2970 such that the movement of

nanotubes 2971-2976 due to heat source 2940 creates an

-electrical charge on nanometer-scale beams 2901-2906,
- respectively. Each end of nanotubes 2971-2976 may be

" electrically coupled to mounting points and slack may

be provided between ﬁhese mounting points such that -
motion can occur. In this manner, nanotubes 2971-2976
may be similar to, for example, system 1100 or the
nanotubes of sYstem 1100 of FIG. 11. Nanometer-scale
beams 2901-2906 are preferably configured‘to only
electrically couple with contacts‘2931—2936 when

nanotubes 2971-2976, respectively, create an electrical

- charge at the free moving ends of nanometer-scale beams

2901-2906 having a specific polarity and minimum
magnitude. Persong skilled in the art will appreciate

that nanotubes 2971-2976 may be seen as converting
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energy from one form to another whlle nanometer- scale

beams 2901- 2906 regulate the amount of energy that lS

prov1ded across load resistor 2960.

[0166] . System 2900 can be utilized to convert the
heat of a worklng substance, snch.as air, into useable
electrical energy by using nanotubes 2971-2976 to
selectively slow down~the molecules of the working
substance. Molecules exhibiting high velocities that
impact nanotubes 2971-2976 will cause nanotubes 2971-
2976 to move through field 2970 and generate a voltage
on nanometer scale beams 2901—2906 respectlvely As a
result, nanometer scale beams 2901- 2906 will be

provided an electrical charge at the tip of the free

" moving portion and, if 1arge ‘enough to attract to the

charge of layers 2921-2926, respectively, will cloSe to
make a galvanic connectlon with contacts 2931-2936. As
illustrated in system 2900, nanometer scale beams 2902
and 2906 are closed upon contacts 2932 .and 2936,
respectively. . The voltages generated by nanotubes 2972
and 2976 are combined and switched into main current
through load resistor 2960. In this manner,'the
kinetic energy of the working fluid is converted to
useable ‘electrical energy. System 2900 can be used 1n
a variety of apolications such as, for example,
propulslon appllcatlons | '
[0167] .Persons" skllled in the art will apprec1ate
that system 2800 of FIG. 28 and system 2900 of FIG. 29
may be employed 1n a variety of useful appllcatlons
For example, system 2800 of FIG. 28 may be placed in
the prox1m1ty of a microprocessor and utilized to
convert any heat expelled by the microprocessor into a
useful amount of electrical energy (e.g., a time-

varying DC signal). In turn, this electrical energy
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may then be fed back into the microprocessor in order ’
to redﬁce the;microproceésor's power .consumption and
reducé'the magnitude of input pbwer needed to operate
the microprocessorlwhile~simultaneéusly cooling the
microprocessorl | : ‘ I

[0168] Persons skilled in the art will appreciate
that two components do not have to be connected or
coupled together in order for these two components to.
electrically interact With each other. Thus, persons
skille@ in the art will appreciate that Ewo components

are electrically coupled together, at least for the

- sake of the present application, when one component

electrically affects the other componeht. Electrical
coupling may include, for example, physical connection
or coupling between two components such that one |
compénent electrically affects the other,'capacitive
coupling} electromagnetic coupling, free chargé flow
between two éonductors separated by a gap (e.g., vacuum
£ubes), énd indugtive coupling.

[0169] From the foregoing déscription,Apersons

skilled in the art will recognize that this invention

© provides nanometer scale electromechanical assemblies

and systems that may‘be used to convert one form of

energy to another. These assemblies and systems may be
used to provide, for example, heat engines, heat pumps
or propulsion devices. In addition, persons skilled in
the art will appreciate that the various configurations
described herein may be combined<Without departing from

the present invention. For example, the nanotubes

.shown in FIG. 4 may be mounted .directly to

piezoelectric generators of FIG. 4, instead of the
configuration shown. As per another example, system

2900 of FIG. 29 may be utilized to propel the sphere of
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"FIG. 17. It will also be recognized that the invention
may take many forms othe?'than those disclosed in this
:Specification. Acbordingly{ it is emphasized that fhe
B inveﬁtion is not limited to the disclosed methods, .
5 syétems and.apparatuSes,ibﬁtAis intended to include
variations to and mbdificationé thereof which are

within the spirit of the following claims.
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What 1s Claimed is:

+ 1. . An enexrgy convers1on and regulation
-system comprising:
a base member,

+ a generator coupled to said base member
that converts thermal energy into a time-varying
electrical signal; and |

a nanometer-scale SW1tch coupled to sald
base member, wherein said switch is electrlcally
connected in series with said generator such that séid‘
switch\automaticaily closes in reaction to said time-~
varying electrical signal having at least a minimum
non-zero magnitude. A ‘

2. The energy conversion system of claim 1,
wherein said generator comprises: ’ ,

a nanometer-scale beam'flexibly'coupled
to -said base member, wherein said generator converts
thermal motion of said nanometer-scale beam into said

time-varying electrical signal.

3. The energy conversion system of claim 1;
wherein said:generatcr‘comprises:
a source of a magnetic field; and
a nanometer-scale beam suspended between
two mounting pads, wherein said generator converts
thermal motion of said nanometer-scale beam into said

time-varying electrical signal.

4. The energy conversion system of claim 1,
wherein said generator comprises:
a nanometer-scale piezoelectric beam

flexibly coupled to said base member, wherein said
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generator converts thermal motion of said piezoelectric .

beam into said time-varying electrical signal.

5. The energy‘converSion system4of claim 1,
wherein said generator comprises: '
‘a resgistor, wherein said time-varying
electrical signal is created by Johnson Noise of said
resistor. |
‘6. The enefgy»conversion‘sYstem of claim 1,
wherein said switch comprises: ' ‘
o a nanometer-scale beam coupled to said

base member and having a portion that is‘free;to4flex.

7. The energy conversion system of claim 6,

wherein said nanometer-scale beam comprises a nanotube.

8. .The energy conversion system of claim 7,
wherein said switch further comprises:
a piezoelectric layer coupled to said

nanotube.

‘ 9. The energy conversion system of claim_?,
wherein said’switch.further comprises: '

‘ ‘ a charge member‘layer placed in the
proximity of said free-to-flex portion, whereiﬁ said
charge member'layer provides an electric field near’
said.nanométer—scale beam causing said nanometer-scale -

'béam to flex.

10. The energy conversion system of claim 1

wherein said system is immersed in a working fluid.
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11. An . energy conVersiqn and regulation
system comprising: o
a base member;
a system output;
‘ a plurality ofrpafallel,arrays, wherein at
‘least two of said plurality of parallel arrays are
electrically connected in series, each one of said
'plurality of parallel'arrays'comprising:
a plurality of geneiator—switch
éssemblies electrically connected in parallel and
electrically connected to said system output, wherein
- each of said plurality of generatorﬁswitch'assemblies

comprises: ‘ . |

‘a generator coupled to said base

member that converts thermal energy into a time-varying

electrical signal; and ‘
‘ a nanometer-scale switch cbﬁpled to
said base member, wherein said switch is electrically
connected in series with said generator such that said
switch automaficélly closes in reaction to said time-
varying electrical signal having at least a minimum

non-zero magnitude.

12; An energy conversion and regulation

system comprising:

-a base member;

a plurality of nanometer-scale
piezoelectric generators electrically éqnnected in a
parallel configuration fixed 'to said base member at
only one end, the othér end being free-to-move; and

a nanometer-scale contact'in the
proximity of said free-moving end such that said

contact electrically couples said free-moving end when
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‘1said generator produces an above-average electrical
output. | ‘
13. BAn energy regulation and conversion -
system comprising:
- ‘a source of DC Voltage;

a plurality of resistor-transistor
assemblies coupled. in a parallel configuration, each of
said assemblles comprising:

a resistor; and

o - a nanometer-scale transistor ha#ing
base, collector, and emitter terminals, wherein said
transistor isAelectrically connected in series with .
said resistor, said resigtor is- produ01ng Johnson N01se
at said collector termlnal said base terminal is
coupled to said source of DC voltage, and said DC
voltage automatically turns said transistor ON when

said Johnson noise exceeds a minimum level.

14. The system of claim 13, wherein at least
two of said plurality of assemblies are coupled in

series to a system output.

15. 2n enérgy generation and regulation:

system comprising: ' |
a source of:DC voltage;
‘ a plurality of genérator~trénsistbr
assemblies coupled in a parallel configuration{.each
one of said generator-transistor assémblies cbmﬁrising:f
‘a transistor having a collector

terminal, a base terminal coupléd to said DC voltage,

and emittér.terminél; and -
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a nanometer-scale electromotive
force generator coupled in series with said transistor,
wherein said generator produces an output voltage at

said collector terminal and DC voltage automatically

. turns said transistor ON when said output voltage

exceeds a minimum level.

16. The system of claim 15; wherein at least
two of said plurality of assemblies are coupled in

series to a system output.

i
'

17. An energy conversion and regulatioh )
system comprising: ‘ ‘

a base membér;

a plurallty of nanometer-scale assemblles
coupled to sald base member, whereln each of sald
nanometer-scale assemblies can convert one form of
energy, a non-converted energy, into another form of
energy, a converted energy, wherein each one of said
nénometer—scale éssemblies comprising:

"an output;

~a mounting assembly coupled to said base
member; ‘

a nanometer-scale beam fixed to said
mouﬁting,assembly, said beam having a free-moving
portion; and

an electrically conductive automatic
switch placed within the p;oximity of said free-moving
portion,Awherein said converted energy is provided to
said output when'said.free—moving portion electrically

couples said automatic switch.
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18. The system of claim 17, wherein.said
nanometérascale beam includes‘a layer of biezoeiectric
matérial 1ocated‘bétwéen a first electrically
condﬁctive,layer and a second eléctrically‘conductive~

laYer.

19. The system of’claim 18, wherein said
second electrically conductive layer of said free- .

moving poftion electrically couples said switch.

20. The system of claim 19, wherein said

automatic switch is a nanotube.

21. An energy conversion and regulation
3ystem,4said.system comprising:

a baseAmember; and

a plurality of assemblies coupled to said
base member, wherein each one of said plurality of
assemblies comprises:

ah assembly oﬂtput;

an energy conversion device that
cénverts'one form of energy into an electrical energy;
and | :

a nanometer-scale electrical regulator
that regulates the amount of said electrical energy'and’
provides said regulated energy to said assembly output,-
wherein séid electrical regulator is coupléd to said

energy conversion device in a series configuration.

22. The system of claim 21, wherein said
regulated amount of energy is equal to the amount of
sdaid electrical energy when the magnitude of said

electrical energy is above a minimum magnitude.
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23. The system of claim 21, wherein said
regulated amount of energy is zero when the wmagnitude

of said electrical energy is not a mlnlmum magnitude.

24. ' The system of claim 21, wherein said

electrical regulator further comprises:

a regulator output contact coupled to
sald assembly output; and

a nanometér-scale beam that is
electrically conductive and mechanically‘fiexible,
whereiu'said nanometer scale beam has a free-moving
portlon that is located in the prox1m1ty of said

regulator output contact.

25. The system of claim 24, wherein said
electrical regulator further comprises:

a charge member layer placed in the
proximity of said free-moving portion and electrically
isolated:from.said regulator output, wherein said
charge membertlayer electrically applies mechanicai

stress to said nanometer-scale beam.

26.. The system of claim 24 further
comprising:
a source of a magnetic field.
27. nanometer-scale transistor comprising:
first input contact;
second input contact;

‘base member;

O 9 o o

mounting assembly coupled to said base

member;
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‘a nanometer-scale beam fixed to said
moﬁnting assembly and haﬁing a portion that is free—to-
:move,ywherein said'ﬁaﬁometer-scalé beam is coupled to
said‘first,input contact andAis‘proVided a first
charge; and ’
| -a charge,memberilayer placed in the
proximity of said free-moving portion, wherein said
-charge member layer is coupled to said second 1nput
contact, sald charge member layer is prov1ded a second
charge, and said first charge and said second charge
interact to provide mechanical stress in said free-

moving portion.

28. The nanometer-scale transistor of
claim 27, wherein said nanometer-scale beam is a

nanotube.

29.. The nanometer-scale transistor of
claim 27 further comprising: '

an external magnetic field.

30. The nanometer;écale transistor of
" claim 27 further comprising: A
| an output contact, wherein said
mechanical ‘stress causes gaid free~moving portion -to

electrically couple with said output contact.

31. The nanometer-scale tran31stor of
‘_clalm 30, wherein said flrst and second charges-have

the same polarity.-
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32. The nanometer-scale transistor of
claim 30, wherein said first and second charges have

opposite polarities.

33. . The nanometer scale transistor of
claim 30, further comprising:
an external light source wherein the.
amount of said mechanical stress is proportional tb,‘at
least in part, the magnitude of sald second charge

sald flrst charge and.said external llght source.

34. A nanometer-scale assembly that converts-
one form of energy into an electrical energy; said
nanometer-scale assembly comprising:

a nanometer-scale piezoelectric paddle
mounted at one end to a base member, wherein the end
oppositevsaid one end is free-to-move, wherein said
paddle comprises:

L a first electrically conductive
layer; '

a second electrically conductive

Clayer; ‘ '

a pilezoelectric layer placed
between said first and second conductive layers,
wherein said piezoelectric paddle creates electrical
energy across said first and second conductive laYers
when said free-moving portion is flexed; and

a third electrically conductive layer
separated from said second layer by an isolation gap,
~wherein. said second metal layer electrically couples Eo
said third metal layer when said free- mov1ng portion is
flexed.
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35. 'An energy conversion system that 1s
immersed in a worklng substance having a plurallty of
‘molecules that converts energy. from one form to
another, said system comprising: '

‘a first thermally conductive member;

‘a sedond,thermaily conductive member;

a first plurality of mounting points;

a second plurality of mounting p01nts,
each of sald second plurality of mountlng points
correspondlng to one of said first plurallty of
mountlng p01nts, ‘

a plurality of nanometer members each of
which is loosely mounted between one of'sald first and

' gecond pluralities of mdunting'points‘snch that slack
exists in each of said nanometer members, wherein
Brownian motion causes said nanometer members. to move;

a plurality of resistive elements, each

.of which is thermally coupled to said first conductive
member and is mounted .between one of said first and

" second pluralities of mounting points such. that there
is a resistive element'corresponding to each nanometexr
member; ' ' ' -

, ' an external magnetic field that, when

applied to said‘ﬁoving nanometer members,_induces:an"

electric-field that induces current to flow; and
a_plurality of thermoelectric‘generators

_comprising first and second thermally responsive '
members, eash of said first thermally responsive
memberSMbeing coupled to said first thermally
.conductive member, each of said second thermally
responsive members being coupled to said second

thermally conductive member.
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36.. An energy conversion system that is
1mmersed in a working substance having a plurality of
molecules, said system comprlslng

a base member;
+a plurality ef nanometer-scale
assemblies coubled to said base member, each of said
nanometer-scale assemblies comprising:
| .a molecular-scale paddle‘having a.
first end mounted to said base memBer and a second end
that is free to move; A
| a piezoelectric generetor
comprising a portion of piezoelectric material and a
resistor assembly coupled to said first end} and
at least a first heat engine comprising
a HOT side .and a COLD side, said HOT side being
- thermally coupled to one of said resistor assemblies-
and said'COLD side being thermally coupled to a first

heat sink.

37. An energy conversion and regulation
system comprising:

a base member;

- a nanometer-scale generator coupled to
.sald base member that converts thermal energy into a
time-varying electric
al signal; and:

a variable resistor, fabricated from
superconductlng material, coupled to'said base
member, wherein said res1stor is couﬁled to said
generator, said resistor automatically~transitions from
zero resistance to a finite resistance in reaction to
the current of said time—varyiﬁg electrical signal

having at least a minimum non-zerd magnitude.
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, 38. ‘An energy conversion and regulation
system comprising:

a base mémbér;‘

a plurality of paiallel arrays, each one .of
said plurality of parallel arrays comprising:'

- -a plurality of genérator—switch
assemblies electrically connected in parallel, wherein
each of said plurélity of generator-switch assemblies
comprisesék ‘ '

( a generator coupled to said base
member that converts thermal energy into a,time—varYing
electrical signal; and

‘ ' a'nanometer—scale switch coupled to
said base member, whereinhsaid'switch'ié eiectrically
connected in.séries with said generator such that said
switch automatically éloses in reaction to said timg—
varying electrical signal having at least a minimum

non-zero magnitude.
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