a2 United States Patent

Wang et al.

US009843275B2

US 9,843,275 B2
Dec. 12,2017

(10) Patent No.:
45) Date of Patent:

(54)

(71)

(72)

(73)

")

@
(22)

(65)

(60)

CYLINDRICAL AND SPHERICAL
TRIBOELECTRIC GENERATORS

Applicants:Zhong Lin Wang, Atlanta, GA (US);
Guang Zhu, Atlanta, GA (US); Ya
Yang, Atlanta, GA (US); Hulin Zhang,
Atlanta, GA (US); Youfan Hu, Atlanta,
GA (US); Jin Yang, Atlanta, GA (US);
Qingshen Jing, Atlanta, GA (US); Peng
Bai, Atlanta, GA (US)

Inventors: Zhong Lin Wang, Atlanta, GA (US);
Guang Zhu, Atlanta, GA (US); Ya
Yang, Atlanta, GA (US); Hulin Zhang,
Atlanta, GA (US); Youfan Hu, Atlanta,
GA (US); Jin Yang, Atlanta, GA (US);
Qingshen Jing, Atlanta, GA (US); Peng
Bai, Atlanta, GA (US)

Assignee: Georgia Tech Research Corporation,

Atlanta, GA (US)

Notice: Subject to any disclaimer, the term of this

patent is extended or adjusted under 35
U.S.C. 154(b) by 0 days.

Appl. No.: 15/338,846
Filed:  Oct. 31, 2016

Prior Publication Data

US 2017/0077838 Al Mar. 16, 2017

Related U.S. Application Data
Division of application No. 14/307,656, filed on Jun.

18, 2014, now Pat. No. 9,571,009, and a
(Continued)

Int. CL.

HO2N 1/04 (2006.01)

U.S. CL

CPC oo HO2N 1/04 (2013.01)

(58) Field of Classification Search

CPC oot HO2N 1/00-1/012

(Continued)

(56) References Cited
U.S. PATENT DOCUMENTS

4,754,185 A * 6/1988 Gabriel .................. HO2N 1/004
310/309
4,990,813 A * 2/1991 Paramo ............... HO2N 1/04
310/308

(Continued)

OTHER PUBLICATIONS

F.-R.Fan, et al., Flexible triboelectric generator, NanoEnergy, Jan.
20, 2012.*

Primary Examiner — Thomas Truong
(74) Attorney, Agent, or Firm — Bryan W. Bockhop;
Bockhop Intellectual Property Law, LLC

(57) ABSTRACT

A generator includes a first member, a second member and
a sliding mechanism. The first member includes a first
electrode and a first dielectric layer affixed to the first
electrode. The first dielectric layer includes a first material
that has a first rating on a triboelectric series. The second
member includes a second material that has a second rating
on the triboelectric series that is different from the first
rating. The second member includes a second electrode. The
second member is disposed adjacent to the first dielectric
layer so that the first dielectric layer is disposed between the
first electrode and the second electrode. The sliding mecha-
nism is configured to cause relative movement between the
first member and the second member, thereby generating an
electric potential imbalance between the first electrode and
the second electrode.
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CYLINDRICAL AND SPHERICAL
TRIBOELECTRIC GENERATORS

CROSS-REFERENCE TO RELATED
APPLICATION(S)

This application is divisional of, and claims the benefit of,
U.S. patent application Ser. No. 14/307,656, filed Jun. 18,
2014, which claims the benefit of U.S. Provisional Patent
Application Ser. No. 61/836,454, filed Jun. 18, 2013, and
which is a continuation-in-part of, and claims the benefit of,
U.S. patent application Ser. No. 14/189,656, filed Feb. 25,
2014, which claims the benefit of U.S. Provisional Patent
Application Ser. No. 61/771,371, filed Mar. 1, 2013 the
entirety of each of which is hereby incorporated herein by
reference.

STATEMENT OF GOVERNMENT INTEREST

This invention was made with government support under
agreement No. DE-FG02-07ER46394, awarded by the
Department of Energy, and under agreement No. CMMI-
0946418, awarded by the National Science Foundation. The
government has certain rights in the invention.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to generators and, more
specifically, to a system for generating voltage and current
using the triboelectric effect.

2. Description of the Related Art

Energy harvesting by converting ambient energy into
electricity may offset the reliance of small portable elec-
tronics on traditional power supplies, such as batteries.
When long-term operation of a large number of electronic
devices in dispersed locations is required, energy harvesting
has the advantages of outstanding longevity, relatively little
maintenance, minimal disposal and contamination.

When two materials, at least one of which is non-con-
ducting, come into contact with each other, a chemical bond,
known as adhesion, is formed between the two materials.
Depending on the triboelectric properties of the materials,
one material may “capture” some of the electrons from the
other material. If the two materials are separated from each
other, a charge imbalance will occur. The material that
captured the electron will negatively charged and the mate-
rial that lost an electron will be positively charged. This
charge imbalance gives rise to what is sometimes referred to
as “static electricity.” The term “static” in this case is
somewhat deceptive, as it implies a lack of motion when in
reality motion is necessary for charge imbalances to flow.
The spark one feels upon touching a door knob is an
example of such flow.

The triboelectric effect is a type of contact electrification
in which certain materials become electrically charged after
they come into contact with another such as through friction.
It is the mechanism though which static electricity is gen-
erated. The triboelectric effects associated electrostatic phe-
nomena are the most common electrical phenomena in daily
life, from walking to driving. However, the triboelectric
effect has been largely ignored as an energy source for
electricity. Some electrostatic micro-generators have been
developed and used in research relating to micro-electro-
mechanical systems (MEMS), but such designs rely on an
extra voltage source to charge electrode plates instead of
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harnessing triboelectric effect, leading to complicated struc-
tures and fabrication processes.

Previously demonstrated triboelectric generators require
periodic contact and vertical separation of two materials that
have opposite triboelectric polarities, making it only appli-
cable to harvest energy from intermittent impact or shock.
Such systems typically include a cavity with a constantly
changing volume, which makes packaging difficult and
limits applications in atmospheres with high humidity, cor-
rosive chemicals or gases, and in water or other liquids.

Therefore, there is a need for a reliable, small and easily
manufactured system for harvesting triboelectric energy.

SUMMARY OF THE INVENTION

The disadvantages of the prior art are overcome by the
present invention which, in one aspect, is a generator that
includes a first member, a second member and a sliding
mechanism. The first member includes a first electrode and
a first dielectric layer affixed to the first electrode. The first
dielectric layer includes a first material that has a first rating
on a triboelectric series. The second member includes a
second material that has a second rating on the triboelectric
series that is different from the first rating. The second
member includes a second electrode. The second member is
disposed adjacent to the first dielectric layer so that the first
dielectric layer is disposed between the first electrode and
the second electrode. The sliding mechanism is configured
to move the first member laterally against the second mem-
ber in a first direction, thereby generating an electric poten-
tial imbalance between the first electrode and the second
electrode.

In another aspect, the invention is a method of generating
electricity, in which a first member is placed against a
second member. The first member includes: a first electrode
and a first dielectric layer affixed to the first electrode the
first dielectric layer including a first material that has a first
rating on a triboelectric series. The second member includes
a second material that has a second rating on the triboelectric
series that is different from the first rating. The second
member also includes a second electrode. The second mem-
ber is disposed adjacent to the first dielectric layer so that the
first dielectric layer is disposed between the first electrode
and the second electrode. The first member is slid laterally
against the second member along a first direction so that
when at least a portion of the first member has slid apart
from at least a portion of the second member, an electric
potential imbalance occurs between the first electrode and
the second electrode.

In another aspect, the invention is a generator that
includes a substantially cylindrical first member, which
includes: a first electrode; and a first dielectric layer affixed
to the first electrode, the first dielectric layer including a first
material that has a first rating on a triboelectric series, the
first dielectric layer including a first grating of evenly spaced
apart parallel ridges and troughs disposed along a second
direction that is transverse to the first direction. A substan-
tially cylindrical second member is disposed inside of the
first member. The second member includes a second mate-
rial that has a second rating on the triboelectric series that is
different from the first rating. The second member includes
a second electrode. The second member is disposed adjacent
to the first dielectric layer so that the first dielectric layer is
disposed between the first electrode and the second elec-
trode. The second member includes a second grating of
evenly spaced apart parallel ridges and troughs disposed
along the second direction. A sliding mechanism configured
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to cause relative motion between the first member against
the second member, thereby generating an electric potential
imbalance between the first electrode and the second elec-
trode.

In another aspect, the invention is a generator that
includes a cylinder having a top end and an opposite bottom
end. A top cap member caps the top end of the cylinder and
includes a first electrode layer and a first triboelectric
material layer disposed under the first electrode layer. The
first triboelectric material layer has a first rating on a
triboelectric series. A bottom cap member caps the bottom
end of the cylinder and includes a second electrode layer and
a second triboelectric material layer disposed above the
second electrode layer. The second triboelectric material
layer has a second rating on the triboelectric series. A piston
is slidably disposed within the cylinder. The piston includes:
a cylindrical body portion having a top surface and an
opposite bottom surface; a third electrode layer disposed on
the top surface; a third triboelectric material layer disposed
on the third electrode layer, the third triboelectric material
layer having a third rating on the triboelectric series that is
different from the first rating on the triboelectric series; a
fourth electrode layer disposed on the bottom surface; and a
fourth triboelectric material layer disposed below the fourth
electrode layer, the fourth triboelectric material layer having
a fourth rating on the triboelectric series that is different
from the second rating on the triboelectric series.

In another aspect, the invention is a generator that
includes a first reference surface. A second reference surface
is spaced apart at a fixed distance from the first reference
surface. A spring has a first end and an opposite second end.
The first end is affixed to the reference surface and the spring
depends downwardly therefrom. An inertial member is
affixed to the second end of the spring and has a bottom
surface. A first triboelectric member is affixed to the bottom
surface of the inertial member and includes a material that
has a first rating on a triboelectric series and a conductive
layer. A second triboelectric member is disposed below the
first triboelectric member and is affixed to the second
reference surface. The second triboelectric member includes
a material that has a second rating on the triboelectric series.
The second rating is different from the first rating. The
second triboelectric member also includes a conductive
layer. A dielectric layer is disposed on a selected one of the
first triboelectric member and the second triboelectric mem-
ber. The dielectric layer is configured to electrically isolate
the conductive layer of the first triboelectric member from
the conductive layer of the second triboelectric member.

In yet another aspect, the invention is a generator that
includes a waterproof shell having an inside surface. A
conductive inner surface is affixed to the inside surface of
the shell. A first triboelectric layer is affixed to the conduc-
tive inner surface and includes a first material that has a first
rating on a triboelectric series. A conductive three dimen-
sional object has dimensions configured to fit inside of the
shell. A second triboelectric layer is affixed to the three
dimensional object and includes a second material that has
a second rating on the triboelectric series, in which the
second rating different from the first rating. A first conductor
is electrically coupled to the conductive inner surface and
extends to outside of the shell. A second conductor is
electrically coupled to the three dimensional object and
extends to outside of the shell. A member is configured to
suspend the three dimensional object within the shell and to
allow the three dimensional object to move freely from a
plurality of positions in which the second triboelectric layer
is in contact with the first triboelectric layer to a plurality of
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positions in which the second triboelectric layer is not in
contact with the first triboelectric layer.

These and other aspects of the invention will become
apparent from the following description of the preferred
embodiments taken in conjunction with the following draw-
ings. As would be obvious to one skilled in the art, many
variations and modifications of the invention may be
effected without departing from the spirit and scope of the
novel concepts of the disclosure.

BRIEF DESCRIPTION OF THE FIGURES OF
THE DRAWINGS

FIGS. 1A-1D are a series of schematic diagrams one
embodiment of a triboelectric generator.

FIG. 2A is a perspective view of an embodiment of a
grooved triboelectric generator.

FIG. 2B is a perspective view of an embodiment of a
grooved triboelectric generator in which the first member is
separated from the second member.

FIGS. 3A-3D are a series of schematic diagrams showing
electric generation using the embodiment shown in FIG. 2A.

FIGS. 4A and 4B are side elevational view of triboelectric
generating devices employing two dielectric layers.

FIG. 5 is a perspective view of a cylindrical embodiment
of'a grooved triboelectric generator in which the groves run
along a cylindrical axis.

FIG. 6 is a perspective view of a cylindrical embodiment
of'a grooved triboelectric generator in which the groves run
transverse to a cylindrical axis.

FIG. 7 is a perspective view of a disc-shaped embodiment
of a grooved triboelectric generator in which the groves
extend radially from a central axis.

FIG. 8 is a schematic diagram showing dimensions of a
triboelectric generator used in analysis thereof.

FIG. 9 is a perspective view of a second cylindrical
embodiment of a grooved triboelectric generator in which
the groves run along a cylindrical axis.

FIG. 10 is a perspective view of a second cylindrical
embodiment of a grooved triboelectric generator in which
the groves run transverse to a cylindrical axis.

FIG. 11 is a perspective view of a cylindrical embodiment
of'a grooved triboelectric generator in which the groves run
helically to a cylindrical axis.

FIGS. 12A-12G are a series of schematic diagrams show-
ing one embodiment of a reciprocating triboelectric genera-
tor.

FIGS. 13A-13B are a pair of schematic diagrams showing
one embodiment of a spring-type reciprocating triboelectric
generator.

FIGS. 14A-14D are a series of schematic diagrams show-
ing one embodiment of a spherical triboelectric generator.

DETAILED DESCRIPTION OF THE
INVENTION

A preferred embodiment of the invention is now described
in detail. Referring to the drawings, like numbers indicate
like parts throughout the views. Unless otherwise specifi-
cally indicated in the disclosure that follows, the drawings
are not necessarily drawn to scale. As used in the description
herein and throughout the claims, the following terms take
the meanings explicitly associated herein, unless the context
clearly dictates otherwise: the meaning of “a,” “an,” and
“the” includes plural reference, the meaning of “in” includes
“in” and “on.”
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Related U.S. patent application Ser. No. 13/598,132, filed
on Aug. 29, 2012 by Wang et al. and Ser. No. 14/032,864,
filed on Sep. 20, 2013 by Wang et al. disclose methods of
making triboelectric generators and components thereof and
are both incorporated herein by reference for the purpose of
disclosing such methods.

The present invention includes a triboelectric nanogen-
erator (TENG) that converts small-scale mechanical energy
into electricity by sliding two surfaces laterally against each
other. The principle of the TENG is based on sliding
electrification between two surfaces, which expands the
applicability of the TENG for diverse forms of mechanical
motions.

As shown in FIGS. 1A-1D, a basic sliding embodiment of
a TENG 100 includes a first member 110 disposed oppo-
sitely from a second member 120. The first member 120
includes a first electrode 112 and a first dielectric layer 114
coupled thereto. The second member 120 can serve as both
a contact surface and an electrode. In one embodiment, the
second member 120 can simply include a layer of aluminum
(or other conductive material that is at a different position on
a triboelectric series that the first dielectric layer 114), the
first dielectric layer 114 can include a PTFE film and the first
electrode 112 can include a metal, such as copper. The first
electrode 112 may be coupled to the second electrode 120
through a load 130. (While not shown in FIGS. 1A-1D for
the sake of simplicity, both the first member 110 and the
second member 120 may each be mounted on a suitable
substrate, such as an acrylic plate.) The first member and the
second member do not have to be planar. They can be curved
surfaces as long as they are parallel and have conformal
contact with each other.

When the first dielectric layer 114 is placed against the
second member 120, as shown in FIG. 1A, the triboelectric
effect causes electrons to be transferred from the second
member 120 to the first dielectric layer 114, thereby causing
anet negative charge in the first dielectric layer 114 and a net
positive charge in the second member 120. As the first
member 110 is in contact with the second member 120 over
their entire surfaces, the charges are balanced out. However,
when a lateral force is applied to the second member 120
causing it to slide away from the first member 110, as shown
in FIG. 1B, then the extra electrons in the first dielectric
layer 114 stay in place due to the charge immobility asso-
ciated with a dielectric while positive charges in the second
member 120 move away from the first dielectric layer 114,
causing a potential imbalance between the first member 110
and the second member 120. This then causes electrons to
flow from the first electrode 112 through the load 130 to the
second member 120. When the second member 120 is slid
at its maximum offset from the first member 110, as shown
in FIG. 1C, all of the negative charges held by the first
dielectric layer 114 are balanced with corresponding positive
charges in the first electrode 112 while the second member
120 is electrically neutral.

When the second member 120 is slid back over the first
member 110, as shown in FIG. 1D, electrons flow back from
the first electrode 112 through the load 130 into the second
member 120, thereby more closely balancing the charges
with the first dielectric layer 114. This causes a current to
flow through the load 130 in an opposite direction from the
direction it flowed during the motion shown in FIG. 1B.
Once the second member 120 returns to the position shown
in FIG. 1A, the charges are again balanced between the first
dielectric layer 114 and the second member 120. (The same
would hold true if the first member 110 is slid over the
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6

second member 120, or if both members are in motion so
that there is relative sliding motion between the two mem-
bers.)

The cycle shown in FIGS. 1A-1D can repeat itself,
thereby generating an alternating current, if the TENG 100
is adapted with a sliding mechanism to receive force from a
reciprocating motion source. The force can be directly
applied, or it can be an inertial force due to acceleration. For
example, the reciprocating motion source could be the
repetitive footfalls of a person walking, or wave motion, or
motion coming from a biological system—such as a heart-
beat, or gusting wind, or one of many other types of
repetitive motion.

One experimental embodiment of a TENG has a structure
in which two contacting surfaces that can slide smoothly
with one against the other. Acrylic was selected as a sub-
strate material due to its decent strength, light weight and
good machinability. On one substrate, aluminum thin film
plays dual roles of an electrode and a sliding surface. On the
other substrate, copper electrode is sandwiched between the
substrate and a PTFE film. The PTFE film acts as another
sliding surface. At its original position, the two sliding
surfaces are fully aligned, with one sitting freely on the
other. Driven by a tangential force applied to a substrate,
relative displacement in contact mode occurs in lateral
direction. After the two surfaces are fully displaced, the
reciprocating force retraces them back to the aligned posi-
tion.

The principle of the TENG is explained by the coupling
between triboelectric effect and electrostatic effect. Once the
PTFE film is brought into contact with the aluminum thin
film, surface charge transfer takes place due to the tribo-
electric effect or contact electrification. Since PTFE is much
more triboelectrically negative than aluminum, electrons are
injected from aluminum into PTFE. At the aligned position,
though triboelectric charges present on the surfaces, positive
ones on aluminum are fully compensated by the negative
ones on PTFE, producing no electric field in the surrounding
space if the electric field at the edge is ignored. Once a
relative displacement is introduced by an externally applied
force in the direction parallel to the surfaces, triboelectric
charges are not compensated at the displaced/mismatched
areas, resulting in the creation of an effective dipole polar-
ization parallel to the direction of the displacement. There-
fore, the uncompensated charges generate electric potential
difference (EDP) across the two electrodes. If the electric
potential of the copper electrode is set to be zero, the EDP
can be analytically expressed as a function of the displace-
ment under simplified approximations.

EPD=Us —Ucy

(i)
- tan!{ £ )a
ZnEOWLfo ool

__ 4 L2 71(5]]
= ZHEOWL[ZIH([ + 1) + rtan ;

®

where 1 is the mismatched displacement between the two
sliding plates, q is the quantity of the triboelectric charges on
one plate, €, is the vacuum permittivity, L is the length of
the TENG’s plate, W is the width of the TENG, and t is the
thickness of the PTFE film.

If the two electrodes are electrically connected, once
displacement is established, the uncompensated negative
triboelectric charges on PTFE will repulsively drive free






