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JAMMING DEVICE WITH JAMMING SHEETS

Cross Reference to Related Applications
This application claims the benefit of US Application No. 62/691,461, filed June 28, 2018,

the disclosure of which is incorporated by reference in its/their entirety herein.

Technical Field
[0001] The present disclosure is related to jamming devices that can be used for motion
resistance.

Summary

[0002] At least some embodiments of the present disclosure direct to an electrostatic sheet
jamming apparatus comprising a first sheet comprising a first conductive layer, the first sheet
comprising a set of first features protruded from a first general plane of the first sheet, a first
dielectric layer disposed adjacent to the first conductive layer, and a second sheet comprising a
second conductive layer and disposed proximate to the first dielectric layer, the second sheet
comprising a set of second features protruded from a second general plane of the second sheet. The
first dielectric layer is disposed between the first conductive layer and the second conductive layer.
The first sheet and the second sheet are non-extensible and flexible. At least some of the set of
first features are configured to mate with at least some of the set of second features. The first sheet
and the second sheet are movable relative to each other in a first state. The first sheet and the
second sheet are jammed with each other in a second state when a voltage is applied between the
first conductive layer and the second conductive layer.

[0003] At least some embodiments of the present disclosure direct to an electrostatic sheet
Jjamming apparatus comprising: a first set of sheets, each of the first set of sheets comprising a first
conductive layer, a second set of sheets, each of the second set of sheets comprising a second
conductive layer, a first connector electrically conductively connected to the first conductive layers
of at least part of the first set of sheets, a second connector electrically conductively connected to
the second conductive layers of at least part of the second set of sheets, and a set of dielectric
layers. The first set of sheets are connected on two edges. The second set of sheets are connected
on two edges. The first set of sheets and the second set of sheets are interdigitated, wherein each of
the adjacent pair of the first set of sheets and the second set of sheets has one of the set of
dielectric layers disposed in between. The first set of sheets and the second set of sheets are
movable relative to each other in a first state. The first set of sheets and the second set of sheets are
jammed with each other in a second state when a voltage is applied between the first connector and

the second connector.
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[0004] At least some embodiments of the present disclosure direct to an electrostatic sheet
Jjamming apparatus comprising a first sheet comprising a first conductive layer, a first dielectric
layer disposed adjacent to the first conductive layer, and a second sheet comprising a second
conductive layer and disposed proximate to the first dielectric layer. The first dielectric layer is
disposed between the first conductive layer and the second conductive layer. The first sheet and
the second sheet are made of non-extensible materials and flexible. The first sheet comprises a set
of first slit features such that the first sheet is extensible on a first axis. The second sheet comprises
a set of second slit features such that the second sheet is extensible on a second axis. The first sheet
and the second sheet are slidable relative to each other in a first state. The first sheet and the
second sheet are locked against each other in a second state when a voltage is applied between the

first conductive layer and the second conductive layer.

Brief Description of Drawings

[0005] The accompanying drawings are incorporated in and constitute a part of this specification
and, together with the description, explain the advantages and principles of the invention. In the
drawings,

[0006] Figures 1A-1F illustrate several examples of electrostatic jamming devices;

[0007] Figures 2A-2B illustrate examples of jamming sheets;

[0008] Figures 3A and 3B illustrate some examples of arrangements of jamming sheets in a
jamming device;

[0009] Figures 4A-4F illustrate some examples of jamming sheets having patterns and features;
[0010] Figures 4G illustrates one example of urging elements;

[0011] Figure 5A illustrates one example of a flexible apparatus having a jamming device;
[0012] Figure 5B illustrates one example a flexible display having a jamming device;

[0013] Figure 6 illustrates a flow diagram of assembling an ¢lectrostatic jamming device;

[0014] Figures 7A and 7B illustrate some examples of urging components; and

[0015] Figure 8 illustrates a lab prototype of a jamming device.

[0016] In the drawings, like reference numerals indicate like elements. While the above-identified
drawings, which may not be drawn to scale, set forth various embodiments of the present
disclosure, other embodiments are also contemplated, as noted in the Detailed Description. In all
cases, this disclosure describes the presently disclosed disclosure by way of representation of
exemplary embodiments and not by express limitations. It should be understood that numerous
other modifications and embodiments can be devised by those skilled in the art, which fall within

the scope and spirit of this disclosure.
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Detailed Description

[0017] Unless otherwise indicated, all numbers expressing feature sizes, amounts, and physical
properties used in the specification and claims are to be understood as being modified in all
instances by the term “about.” Accordingly, unless indicated to the contrary, the numerical
parameters set forth in the foregoing specification and attached claims are approximations that can
vary depending upon the desired properties sought to be obtained by those skilled in the art
utilizing the teachings disclosed herein. The use of numerical ranges by endpoints includes all
numbers within that range (¢.g. 1 to 5 includes 1, 1.5, 2, 2.75, 3, 3.80, 4, and 5) and any range
within that range.

[0018] As used in this specification and the appended claims, the singular forms “a,” “an,” and
“the” encompass embodiments having plural referents, unless the content clearly dictates
otherwise. As used in this specification and the appended claims, the term “or” is generally
employed in its sense including “and/or” unless the content clearly dictates otherwise.

23 <C

[0019] Spatially related terms, including but not limited to, “lower,” “upper,” “beneath,” “below,”
“above,” and “on top,” if used herein, are utilized for case of description to describe spatial
relationships of an element(s) to another. Such spatially related terms encompass different
orientations of the device in use or operation in addition to the particular orientations depicted in
the figures and described herein. For example, if an object depicted in the figures is turned over or
flipped over, portions previously described as below or beneath other elements would then be
above those other elements.

[0020] As used herein, when an element, component or layer for example is described as being

33 23 ¢

on” “connected to,

23 ¢

coupled to” or “in contact with” another element, component or layer, it can
be directly on, directly connected to, directly coupled with, in direct contact with, or intervening
elements, components or layers may be on, connected, coupled or in contact with the particular
clement, component or layer, for example. When an element, component or layer for example is
referred to as being “directly on,” “directly connected to,” “directly coupled to,” or “directly in
contact with” another element, there are no intervening elements, components or layers for
example.

[0021] Articles with adjustable stiffness and variable resistance to motion are often needed. For
example, a flexible display is bendable and capable of sustaining a bent position. At least some
embodiments of the present disclosure are directed to an electrostatic jamming device that
generates a controlled resistance to motion. Such a jamming device can be incorporated into
various devices, systems, and structures to resist different motions, for example, bending motions,

translations, rotations, and the like. The motions can be largely planar, or along or within surfaces.
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[0022] Sheets of materials can be jammed together with vacuum to resist motion. Sheets of
materials can be jammed together with electrostatics. This eliminates the need for a vacuum
source and gas impermeable envelope. Previous electrostatic jamming devices had several
limitations. Some devices enable only simple bending of sheets which can only be shaped into
developable surfaces (or a smooth surface with zero Gaussian curvature). The previous devices
tend to be difficult to build and operate at high voltages.

[0023] At least some embodiments of the present disclosure direct to a jamming device that can
be used to allow bending in one state and resist bending in another state. In some embodiments,
the jamming device includes multiple sheets and the sheets can be electrostatically jammed to
resist motions. Such jamming device includes conductive layers and dielectric layers disposed
between adjacent conductive layers. At least some embodiments of the present disclosure are
directed to electrostatic jamming devices that can operate at low voltages yet achieve useful levels
of motion resistance. Low voltage refers to a voltage that is lower than the break down voltage of
air for the minimal distance between any two oppositely charged conductive layers. Some of the
existing jamming devices include dielectric layers that extend well beyond conductive layers to
make the shortest path in air between two oppositely charged conductors much longer than the
path through the dielectric layer. This makes such jamming devices more difficult to fabricate and
susceptible to pin holes or cracks in the dielectric layers because they would create a distance
between oppositely charged conductors that would allow breakdown of the air (shorting and
arcing). Some embodiments of the jamming devices in the present disclosure are immune to
shorting or arcing despite cracks, cuts, pin holes, and other defects in the dielectric layers. In some
embodiments, the conductive layers are held at or beyond the thickness of the diclectric layer and
the jamming device is operated below the breakdown voltage of air for that distance. In some
embodiments, jamming sheets can be cut from a continuous roll of material with no special
treatment to the edges of the sheets and used to assemble a jamming device. This enables a low
cost high speed manufacturing method for electrostatic sheet jamming devices where a roll of
sheet material is created and then easily converted into a desired shape and assembled into a
device. In some cases, the low voltage jamming device has the advantage of storing much less
energy in the device and being safer for use on and near the human body.

[0024] Breakdown voltage refers to the voltage that will cause air to break down and become
conductive across a gap of a given distance between two conductors. This is also known as arcing
or sparking across the gap. The breakdown voltage varies with pressure. The present disclosure
generally refers to the breakdown voltage of air within the range of standard pressures experienced
on carth. In the present disclosure, the breakdown voltage refers to the shortest distance through

air (not through other dielectric materials) between any two conductors that are not intentionally
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connected electrically. In the present disclosure, the value of the breakdown voltage at a given
distance and pressure has been well studied for years and is generally accepted to follow Pashen’s
Law at gaps above several micrometers but deviate from it at smaller gaps. The breakdown
voltage can be determined using a simplified formula proposed by Babrauskas, Vytenis, Arc
Breakdown in Air over Very Small Gap Distances, Interflam 2013, Volume 2, pp. 1489-1498, as
provided in Equation (1) below:

178 + 2.48d +58Vd, d=7um
V = 1337, 3.5um £d < 7um (1),
97d, d=35um

where V is the breakdown voltage in Volt, d is the distance between the two conductors.
Breakdown strength, also referred to as dielectric strength, can be understood as the maximum
electric field strength (V/m) that does not cause breakdown in the material.

[0025] Jammed state is used to describe the condition where relative motions between two
adjacent parts, sheets, or structures is resisted by the introduction of an external pressure that
squeezes the adjacent parts, sheets, or structures together. The relative motion refers to sliding
motion, rotating motion, or translational motion between two adjacent parts, sheets, or structures in
the jamming device. There is a spectrum of “jammed” intensity, which requires different forces to
overcome the resistance to motion. The external pressure causing the jamming can come from a
mechanical source, or application of a vacuum (so atmospheric pressure presses sheets together),
from electrostatic attraction between sheets, or the like. Unjammed state, also referred to as loose
state, is used to describe the condition where relative motions between adjacent sheets are not
given additional resistance.

[0026] Figure 1A is a cross-section schematic view of a jamming device 100A. The jamming
device 100A includes a first sheet 110, a second sheet 120, and a dielectric layer 130A. The first
sheet 110 includes a first conductive layer 115. The second sheet 120 includes a second conductive
layer 125. The dielectric layer 130A is disposed between the first conductive layer 115 and the
second conductive layer 125. In some implementations, the first sheet 100 and the second sheet
120 are non-e¢xtensible and flexible. In some cases, the first sheet 100 and the second sheet 120
are movable (¢.g., slidable, rotatable) relative each other in a loose state and are not movable with
cach other in a jammed state, where a voltage (V) is applied to the jamming device 100A. As
illustrated, the high potential V+ is applied to the first conductive layer 115 and the low potential
V- is applied to the second conductive layer 125. In some cases, the jamming device 100A can be
induced to a jammed state with a low voltage.

[0027] In some embodiments, the conductive layer (115, 125) can include a metal (¢.g., copper,
aluminum, steel), which can be annealed or hardened, laminated metal layers or foils (e.g., of the

same or different metals); a conductive polymer, or a material filled with conductive particles such

-5-



10

15

20

25

30

WO 2020/003178 PCT/IB2019/055422

as carbon. In some embodiments, the sheet (110, 120) can include a support layer. The support
layer can be made from paper or other fibrous material, a polymeric material (¢.g., polyurethanes,
polyolefins), a composite material (e.g., carbon fiber), an elastomer (¢.g., silicone, styrene-
butadiene-styrene), or other materials, and combinations thercof. In some cases, the support layer
has a thickness no less than 50 micrometers. In some cases, the support layer has a thickness no
less than 125 micrometers. In some cases, the support layer and the conductive layer can be
combined into one layer. In some cases, the first conductive layer 115 is a coating on the first
sheet 110. The conductive coating material may be, for example, copper, aluminum, silver, nickel,
indium tin oxide, carbon, graphite, or the like. In some embodiments, the dielectric layer can
include silicon oxide, aluminum oxide, titanium oxide, mixed metal oxides, mixed metal nitrides,
barium titanite, or polymers such as polyimide, acrylates, or the like. In some cases, the dielectric
layer can be a diclectric film. In some cases, the dielectric layer 130A is a coating on the first
sheet 110. The coating material can include silicon oxide, aluminum oxide, titanium oxide, mixed
metal oxides, mixed metal nitrides, barium titanite, or polymers such as polyimide, acrylates, or
the like.

[0028] In some cases, the dielectric layer 130 is very thin. In some cases, the dielectric layer 130
has a thickness (D) less than or equal to 10 micrometers. In some cases, the dielectric layer 130
has a thickness (D) less than or equal to 5 micrometers. In some cases, the dielectric layer 130 has
a thickness (D) less than or equal to 1 micrometers. In some cases, the distance between the first
conductive layer 115 and the second conductive layer 125 is no greater than 10 micrometers. In
some cases, the jamming device is jammed with a low voltage. In some cases, the low voltage is
no greater than 100V. In some cases, such voltage is less than or equal to a break-down voltage of
a distance between the first and the second conductive layer.

[0029] Electrostatic jamming can be understood by modeling each set of adjacent oppositely
charged conductive layers with dielectric material between them as a parallel plate capacitor. The
opposite charge on those layers are attracted to each other. It can be shown that the attractive force
creates a compressive pressure on the dielectric material that can be represented by Equation (2):

&rg V2

p="a0"
2 d2’

2

where € is the relative permittivity (or dielectric constant) of the dielectric material, €o is the
permittivity of free space (or vacuum permittivity or electric constant, %.854187817...x107" F/m),
V is the voltage potential between the two conductive layers, and d is the distance between the two
conductive layers (i.¢., the thickness of diclectric material(s)).

[0030] In some cases, the total thickness of the dielectric material includes one or more layers of

dielectric material, and may also include some air gap or debris that was trapped between the

-6-



10

15

20

25

30

WO 2020/003178 PCT/IB2019/055422

conductive layers. When multiple dielectric layers exist (including multiple films, coatings, air,

debris, etc) they can be modeled in series. In this case each layer can be modeled as a capacitor

€04

with capacitance C = , where A is the total area, d is the thickness of that layer, and &y is
the relative permittivity of that layer. The total capacitance of the layers in series can be calculated

1 1 1 1
= — 4 — + — 4 .-+, where Cyyis the total capacitance and Cy, Cy... are the
Ctor €1 G G

as

capacitance of the individual layers. The total jamming pressure on the stack of dielectric material

can be calculated as Equation (3):

b= (CZ) t) Z(thot)’ ®

where P is the pressure on the stack of diclectric material, Cyy is calculated above, d 1s the total

thickness of the dielectric layers(i.c., the distance between adjacent two conducting layers). An
average relative permittivity for this space between conducting layers can also be calculated as
Equation (4):

_ AeotCrot
Eqve = A_eo' 4

[0031] The electrostatic jamming allows sliding motion, both translational and rotational, between
oppositely charged conductive layers. The sliding interface can exist between a conductive layer
and a diclectric layer, or between a dielectric layer and another dielectric layer. There may be
more than one slidable interface between two adjacent oppositely charged conductive layers.
When voltage is applied, the pressure created causes the surfaces of the slidable interface to press
against each other and resist motion. The resistance to motion can be modeled by considering two
interdigitated sets of sheets being jammed together. The resistance to sliding two uniform sets of
clectrostatically jammed sheets apart can be calculated as Equation (5):

F = PAuN, 5)
where F is the force required to pull the sets apart (or push them together), A is the area of overlap
between the sheets (the capacitor area),  is the coefficient of friction at the sliding interfaces, and
N is the total number of interfaces. This is a simplified model, since the areas, frictions and
material properties may not be constant, but it is useful to show the primary factors in electrostatic
jamming.
[0032] It is desireable to have a large jamming pressure that can resist significant forces. For
many applications, it is desireable to utilize a very low voltage, which increases the safety, and
reduces the cost and energy consumption of the controling electronics. The jamming performance
(i.c., jamming pressure) at very low voltage, according to Equation (2), can be improved by

increasing the relative permittivity of the dielectric layers, and by reducing the distance between
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conductive layers. Using very thin dielectric layers, on the order of a few micrometers or less than
ong micrometer can enable significant jamming pressures at extra low voltage levels. For
example, the International Electrotechnical Commision defines an extra low voltage device to be
one that does not exceed 120V d.c. Other standards in the U.K. and USA define extra-low voltage
systems as not exceeding 75V d.c. or 60V d.c. Based on the calculations earlier, a pressure
approximately 10% of atmospheric pressure can be achieved at 120V if the total thickness of
dielectric layers is around 4.4 micrometers (assuming an average relative permittivity of 3). One
of the challenges of extra low voltage electrostatic jamming, is that the jamming pressure is
reduced by the square of the distance between adjacent oppositely charged conductive layers. If
debris or significant airgaps exist in the slidable interface between the conductive layers, the
Jjamming pressure can become too low to achieve a usefull resistance to motion, or even to pull the
layers together. For example, only 1% of atmospheric pressure is achieved at 120V if the 4.4
micrometer distance above is increased to around 9.6 micrometers by adding a 5.2 micrometer
airgap. Therefore, a small dielectric distance is need for appropriate jamming pressure for a
jamming device operating at a low voltage. Additionally, an airgap not only increases the total
dielectric distance, but also reduces the average relative permittivity causing an even greater
reduction in the jamming pressure, according to the above equations. Some embodiments of the
present disclosure enable extra low voltage jamming by using very thin dielectric layers and
introducing an urging means to bring the sheets together to reduce airgaps.

[0033] In some cases, the jamming device 100A includes more than two sheets. The jamming
device 100A includes one or more urging elements configured to keep the first conductive layer
and the second conductive layer close to each other. In some cases, the one or more urging
elements is an enclosure that the sheets of the jamming device 100A are disposed within. In some
cases, the urging elements are spring elements, such as foam or elastic layers that exert a small
pressure on the layers so they maintain light contact and can then be close enough to be jammed
together with the application of voltage. In some cases, the gap between conductive layers is filled
completely with dielectric material and only a minimal amount of air or other material.

[0034] In some cases, the dielectric layer 130A covers less than one hundred percent (100%) of a
circumference of the first sheet 110. In other words, the jamming device 100 has the first
conductive layer 115 exposed at a portion of or the entire edge of the sheet 100, which is not
covered by dielectric materials at the edge. The exposed conductive layers can facilitate electrical
connections. In some cases, the dielectric layer 130A covers less than eighty percent (80%) of a
circumference of the first sheet 110. In some cases, the dielectric layer 130A covers less than sixty
percent (60%) of a circumference of the first sheet 110. One challenge for electrostatic jamming

devices is protecting the device from electrical breakdown (or dielectric breakdown) of air. Some
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existing electrostatic jamming devices have used high voltages, from several hundred volts to
several thousand volts. This requires the jamming device to include continuous dielectric layers
that extended far beyond the conductive layers so that the shortest path between conductive layers
in air is many times longer than the path between conductive layers through the dielectric layer.
This is because the dielectric strength of air at most voltages is only 3MV/m, while many dielectric
materials (such as polyethylene or polyimide) have dielectric strengths of 100 or more Mv/m.
Some embodiments of the present disclosure, including the one illustrated in Figure 1A, solves that
problem by enabling useful jamming pressure with field strengths below the breakdown strength
of air. Additional benefit is gained from the fact that the actual breakdown strength of air
increases significantly at small gap distances, particularly below 10 micrometers. By operating
below the breakdown voltage of air, some embodiments of the present disclosure enable a low cost
efficient method of manufacture, where large master rolls of material can be created. Those rolls
might include a structural layer, one or more conductive layers, and one or more dielectric layers.
The rolls of material can then be cut into many smaller sheets of any shape, connected electrically,
constrained mechanically as described later, and assembled into finished products. Because the
electrostatic sheet jamming device is operated at a voltage less than the breakdown voltage of air
for the thickness of the diclectric material between adjacent oppositely charged conductive layers,
such jamming device is protected from electrical breakdown of air that can apear as electric arcing
(or arc discharge) and cause melting or burning of material. Another advantage of some
embodiments of the present disclosure is immunity to small pinholes or cuts or other imperfections
in the dielectric layer. At high voltages, even a small pinhole can cause an electric arc. Some
embodiments of the present disclosure enables not only the outer perimeter of jamming sheets to
be cut without an extended diclectric layer, but it also enables complex patterns to be cut into the
jamming sheets that increase the conformability of the sheets and enable other advantages
presented later.

[0035] In some embodiments, the jamming device 110A can include multiple sheets, as the
examples illustrated in Figures 1B and 1C and described in further detail below. In some cases,
the sheets can be solid or patterned, ¢.g., to improve the flexibility (bendability) and/or the
extensibility of the sheet. In some embodiments, the sheets have patterns to increase the flexibility
along one or two axes but to have a desired stiffness along a third axis. In some embodiments, the
sheets have patterns cut into them to make them extensible along one or two axes or to allow
regions of the sheet to move in plane or along a surface relative to other regions. The patterning
can be formed by a variety of methods, including but not limited to, steel rule die cutting,
extrusion, molding, laser cutting, water jetting, machining, stereolithography or other 3D printing,

laser ablation, photolithography, chemical etching, rotary die cutting, stamping, other suitable
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negative or positive processing techniques, or combinations thereof. Solid and patterned sheets of
the present disclosure can be single or multi-layer constructions and can be formed of a variety of
materials and layers of materials as described above.

[0036] In some embodiments, a jamming device includes two sets of sheets, each set includes
multiple sheets. Figure 1B illustrates one example of a jamming device 100B having two set of
sheets. In the embodiment illustrated, the jamming device 100B includes a first set of sheets 110
and a second set of sheets 120, where the first set of sheets and the second set of sheets are
interdigitated. Each of the first set of sheets includes a first conductive layer 115. Each of the
second set of sheets includes a second conductive layer 125. The jamming device 100B further
includes a set of dielectric layers 130B, where an adjacent pair of the first conductive layer 115
and the second conductive layer 125 has one of the set of diclectric layers 130B disposed in
between. In some embodiments, the jamming device 100B includes a first connector 140B
electrically conductively coupled to the first conductive layers 115 of at least part of the first set of
sheets 110. In some cases, the jamming device 100B includes a second connector 150B
electrically conductively coupled to the second conductive layers 125 of at least part of the second
set of sheets 120. In some cases, the first set of sheets 110 and the second set of sheets 120 are
movable relative cach other in a loose state; and the first set of sheets 110 and the second set of
sheets 120 are jammed with each other in a jammed state. In some cases, the jammed state is
induced when a voltage less than or equal to 100V is applied between the first connector 140B and
the second connector 150B, as illustrated. In some cases, the jammed state is induced when a
voltage less than or equal to 200V is applied. In some cases, the jammed state is induced when a
voltage less than or equal to a break-down voltage of air for the distance between adjacent
conductive layers of one of the first set of sheets and one of the second set of sheets is applied to
the first connector 140B and the second connector 150B.

[0037] In some embodiments, some dielectric layers 132B, which is a part of the dielectric layers
130, are coated on the first set of sheets. In some embodiments, some diclectric layers 134B,
which is a part of the dielectric layers 130, are coated on the second set of sheets. In some cases,
cach of the dielectric layers is very thin. In some cases, the thickness of each of the dielectric
layers is less than or equal to 10 micrometers. In some cases, the thickness of each of the
dielectric layers is less than or equal to 5 micrometers. In some cases, the thickness of each of the
dielectric layers is less than or equal to 1 micrometers. In some cases, a distance between the
adjacent pair of the first conductive layer and one of the second conductive layer in a loose state is
no greater than 10 micrometers. In some cases, a distance between the adjacent pair of the first

conductive layer and one of the second conductive layer in a loose state is no greater than 10
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micrometers. In some cases, a distance between the adjacent pair of the first conductive layer and
ong of the second conductive layer in a loose state is no greater than 5 micrometers.

[0038] In some cases, the first set of sheets 110 has a first longitudinal axis and the second set of
sheets 120 has a second longitudinal axis, and the first longitudinal axis and the second
longitudinal axis are parallel to each other. In some cases, the first longitudinal axis and the
second longitudinal axis has an angle greater than 0°. In some cases, the first longitudinal axis and
the second longitudinal axis has an angle proximate to 90°.

[0039] The conductive layers and diclectric layers can have various arrangements. One example
arrangement of a jamming device 100C is illustrated in Figure 1C, where each of the conductive
layers is sandwiched between two dielectric layers, for example, the conductive layer 115 is
sandwiched between two dielectric layers 132B and the conductive layer 125 is sandwiched
between two dielectric layers 134B. In this arrangement, a slidable interface exists between two
dielectric layers in the unjammed state, and the total dielectric thickness includes the dielectric
layer 132B, the diclectric layer 134B, and possibly an air gap. Another example arrangement of a
jamming device 100D is illustrated in Figure 1D, where each of the conductive layers (115, 125)
includes a core layer 160 with a conductive layer on both surfaces with a dielectric layer (132B,
134B) external to the conductive layer. This multiple layered construction can be constructed by
stacking or laminating the layers. In some cases, the conductive layers are coated or deposited
(chemical or physical vapor deposition, for example) onto the core layer. In some cases, the core
layer 160 provides structural support. In some cases, the dielectric layers are coated or deposited
(chemical or physical vapor deposition, for example) onto the conductive layers. One other
example arrangement of a jamming device 100E is illustrated in Figure 1E, where one of the
conductive layers (115, 125) by the core layer 160 has an adjacent dielectric layer (132B, 134B).
[0040] Figure 1F illustrates one example of a jamming device 100F. The jamming device 100F
includes jamming sheets (110, 120), each having a core layer 160, a conductive layer (115, 125)
adjacent to the core layer 160, and a dielectric layer (132B, 134B) adjacent to the respective
conductive layer. In some cases, the connector (140B and 150B) provide a mechanical as well as
an electrical connection between the sheets. The connector can comprise tape, electrically
conductive tape, conductive epoxy, conductive adhesive, conductive paste, elastomeric conductors,
conductive or non-conductive thread, staples, clamps, rivets or other fasteners. The mechanical
and electrical connection may be achieved by separate elements.

[0041] In some embodiments, the sheets in the jamming device can be provided in a tape form.
In some cases, the tape is in a roll form. Figure 2A illustrates one example of a jamming sheet 200
in a continuous tape form; Figure 2B illustrates one example of a jamming sheet 220B in a roll

form. The jamming sheets (200, 200B) may have any of the configurations and embodiments as
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described herein. In one example, the jamming sheet 200 has at least a conductive layer and a
dielectric layer, for example, illustrated in Figures 1B-1E. In some cases, the jamming sheet
includes a substrate or a core layer for support. In some cases, the jamming sheet may have
patterns and features incorporated, for example, as illustrated in Figures 4A and 4B, and described
in more details below.

[0042] In some embodiments, the jamming sheet (200, 200B) can be separated in a first section
210 and a second section 220. In some embodiments, the jamming sheet 200 includes lines of
weakness 240 to allow easy separation of sections. In some cases, the diclectric layer has a
thickness less than or equal to 10 micrometers. In some cases, the dielectric layer has a thickness
less than or equal to 5 micrometers. In some cases, the dielectric layer has a thickness less than or
equal to 1 micrometer. In some cases, the sheet (200, 200B) is non-extensible and flexible. In
some embodiments, the first and second sections are removed from the jamming sheet 200B by die
cutting, laser cutting, rotary die cutting, or other suitable techniques.

[0043] In some embodiments, a jamming device can be formed by the first section 210 of the
sheet and the second section of the sheet 220. In some embodiments, the first section and the
second section are movable relative each other in the loose state and are jammed with each other in
the jammed state. In some cases, the jammed state is induced when a voltage is applied between
the conductive layer of the first section and the conductive layer of the second section. In some
cases, the applied voltage is less than or equal to a break-down voltage of a distance between the
first and the second conductive layer. In some cases, the applied voltage is no greater than 100V,
In some cases, the applied voltage is no greater than 200V. In some cases, the distance between
the conductive layer of the first section and the conductive layer of the second section is no greater
than 5 micrometers. In some cases, the distance between the conductive layer of the first section
and the conductive layer of the second section is no greater than 10 micrometers. In some
embodiments, the dielectric layer is a coating on the sheet 200. In some embodiments, the
conductive layer is a coating on the sheet 200.

[0044] In some embodiments, the sheets are in various arrangements in a jamming device to
achieve the desired functionality. In some cases, the sheets have a connector at one end, as
illustrated in Figures 1B and 1C. Figures 3A and 3B illustrate some other examples of
arrangements of jamming sheets in a jamming device. Figure 3A illustrate two sets of jamming
sheets (310, 320) arranged at an angle in a jamming device 300A. Each jamming sheet can have
any of the configurations and embodiments as described herein. In some embodiments, each of
the first set of jamming sheets 310 and the second set of jamming sheets 320 has a conductive
layer. In some embodiments, ecach of the first set of jamming sheets 310 and the second set of

jamming sheets 320 has a conductive layer and a dielectric layer. In some cases, the first set of
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jamming sheets 310 and the second set of jamming sheets 320 are interdigitated. In some cases,
the jamming sheets are arranged such that a dielectric layer is disposed between two adjacent
conductive layers. In some cases, the first set of jamming sheets 310 has connectors 330 on two
edges, respectively 331A and 332A. In the example illustrated, the connectors 330 are at the two
opposing edges. In some cases, the second set of jamming sheets 320 has connectors 340 on two
edges, respectively 341A and 342A. In the example illustrated, the connectors 341A and 342A are
disposed proximate to two opposing edges. In some cases, the connectors 330 and 340 are
electrically coupled to the conductive layers of some or all of the jamming sheets (310, 320). In
some cases, one of the two connectors (331A, 332A) is electrically coupled to the conductive
layers of some or all of the jamming sheets 310. In some cases, one of the two connectors (341A,
342A) is electrically coupled to the conductive layers of some or all of the jamming sheets 320.
[0045] The first set of jamming sheets 310 has a longitudinal axis X and the second set of
jamming sheets 320 has a longitudinal axis Y. In some cases, the axis X and the axis Y form a
degree greater than 0° and less than 180°. In one embodiment, the axis X and the axis Y form a
degree close to 90°. In one embodiment, the axis X and the axis Y form a degree about 45°. In
one embodiment, the axis X and the axis Y form a degree about 130°. In one embodiment as
illustrated, the connectors (330, 340) are connecting the shorter edges of the sheets. In some
embodiments, the connectors are connecting the longer edges of the sheets.

[0046] In some embodiments, the first set of sheets 310 and the second set of sheets 320 are
movable relative to each other in a loose state and jammed with each other in a jammed state. In
some cases, the first set of sheets 310 and/or the second set of sheets 320 can be rotated in the
loose state. In some cases, the jammed state is induced when a voltage is applied to the first
connector and the second connector. In some cases, the applied voltage is no greater than 100V.
In some cases, the applied voltage is no greater than 200V. In some cases, the applied voltage is
less than or equal to a break-down voltage of a distance between the first and the second
conductive layer. In some cases, a distance between the adjacent conductive layers in a loose state
is no greater than 10 micrometers. In some cases, a distance between the adjacent conductive
layers in a loose state is no greater than 5 micrometers.

[0047] In the embodiment illustrated in Figure 3A, the jamming device 300A includes enclosures
335 and 345. In some embodiments, the enclosures 335 and 345 include the connectors 330 and
340. In some embodiments, the enclosures 335 and 345 are partially opened. In some
embodiments, the enclosures 335 and 345 are configured to keep the jamming sheets 310 and 320
disposed close to each other. In some embodiments, the enclosures (335 and/or 345) are flexible.

The enclosures 335 and 345 are examples of a means of urging the sheets into close proximity.
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[0048] Figure 3B illustrates another example of a jamming device 310B having two sets of
jamming sheets (310, 320). Each jamming sheet can have any of the configurations and
embodiments as described herein. In some embodiments, each of the first set of jamming sheets
310 and the second set of jamming sheets 320 has a conductive layer. In some embodiments, each
of the first set of jamming sheets 310 and the second set of jamming sheets 320 has a conductive
layer and a dielectric layer. In some cases, the first set of jamming sheets 310 and the second set
of jamming sheets 320 are interdigitated. In some cases, the jamming sheets are arranged such that
a dielectric layer is disposed between two adjacent conductive layers. In some cases, the first set
of jamming sheets 310 has connectors proximate to two edges, respectively 331B and 332B. In
the example illustrated, the connectors 331B and 332B are disposed proximate to two adjacent
edges. In some cases, the second set of jamming sheets 320 has connectors 340 on two edges,
respectively 341B and 342B. In the example illustrated, the connectors 341B and 342B are
disposed proximate to two adjacent edges. In some cases, the connectors (331B, 332B, 341B,
342B) are electrically coupled to the conductive layers of some or all of the jamming sheets (310,
320). In some cases, one of the two connectors (331B, 332B) is electrically coupled to the
conductive layers of some or all of the jamming sheets 310. In some cases, one of the two
connectors (341B, 342B) is electrically coupled to the conductive layers of some or all of the
jamming sheets 320. The connectors 331B, 332B, 341B, 342B can also comprise a means of
urging the sheets to stay within close proximity of each other.

[0049] In some embodiments, the first set of sheets 310 and the second set of sheets 320 are
movable relative to each other in a loose state and jammed with each other in a jammed state. In
the example illustrated, the first set of sheets 310 and/or the second set of sheets 320 can be rotated
or translated according to the arrows. In some cases, the jammed state is induced when a voltage
is applied between the first connector and the second connector. In some cases, the applied
voltage is no greater than 100V. In some cases, the applied voltage is no greater than 200V. In
some cases, the applied voltage is less than or equal to a break-down voltage of a distance between
the first and the second conductive layer. In some cases, a distance between the adjacent
conductive layers in a loose state is no greater than 10 micrometers. In some cases, a distance
between the adjacent conductive layers in a loose state is no greater than 5 micrometers.

[0050] In some embodiments, the sheets used in a jamming device may be a solid flat sheet. In
some embodiments, the sheets used in a jamming device may be sheets having patterns,
protrusions, slits, openings, and other features. In some embodiments, the sheets may include
three dimensional structures but the sheets are generally flat. Figures 4A and 4B illustrate some
examples of sheets having patterns and features. Figure 4A illustrates a jamming sheet 400A

having patterns. In some cases, the jamming sheet 400A is made of non-extensible materials. In
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some cases, the jamming sheet 400A includes a set of slit features 410A such that the sheet is
extensible on an axis X. In some cases, the jamming sheet 400A includes a set of slit features
410A such that the sheet is extensible on an axis Y. In some cases, the jamming sheet 400A
includes a conductive layer. In some cases, the jamming sheet 400A includes both a conductive
layer and a dielectric layer.

[0051] Figure 4B illustrates one other example of a jamming sheet 400B having patterns that can
be used in a jamming device. In some cases, the pattern includes a set of slit features 410B that
allow the sheet to be extensible in one axis, along axis Y for instance. In some cases, this
extensibility gives the sheet increased conformability to bend out of plane along a path in that axis.
For example, because of the extensibility along axis Y, the sheet in Figure 4B could be more easily
rolled into a cylinder whose axis is aligned along axis X than a sheet without the slits.

[0052] Figure 4C illustrates a cross-sectional view of another example of jamming device 400C
using jamming sheets 410C and 420C; and Figure 4D illustrates the jamming sheets 410C and
420C when they are apart from each other. In some cases, the jamming sheet 410C includes a
substrate 412C. In some cases, the substrate 412C has a general plane 415C. In some cases, the
jamming sheet 410C includes a set of features 414C protruded from the substrate 412C. Similarly,
the jamming sheet 420C may include a substrate 422C, and a set of features 424C protruded from
the substrate 424C. In some cases, a jamming device may be formed by two or more jamming
sheets 410C. In some cases, the set of features 414C and the set of features 424C are configured to
mate with each other. In some cases, the jamming sheets 410C and 420C are non-extensible and
flexible. In some cases, the jamming sheets 410C and/or 420C include a conductive layer. In
some cases, the jamming sheets 410C and/or 420C include both a conductive layer and a dielectric
layer.

[0053] In some cases, the set of features 414C and 424C have dimensions that are a few
millimeters in length. In some cases, the features have dimensions that are less than one
millimeter in length. In some cases, the features are a few micrometers to 50 micrometers in
length. The height (H) of the set of features 414C refers to an average height of the set of features
414C from the general plane 415C. In some cases, the height of the set of features 414C is equal
to or less than 10 millimeters. In some cases, the height of the set of features 414C is equal to or
less than 1 millimeters. In some cases, the height of the set of features 414C is equal to or less
than 50 micrometers. In some cases, each of the set of features is a prism, a pyramid, a rectangular
protrusion, an ellipsoidal protrusion, a sawtooth, or a sinusoid protrusion. In some cases, the
features do not change along one axis, as if they were extruded. In some cases, the features change
along more than one axis, comprising discrete three-dimensional features. In some cases, the

features repeat in patterns and in some cases, they are random. For example, random features with
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dimensions of a few microns or less can provide a desired coefficient of friction and can also
provide some resistance to small debris particles.

[0054] In some embodiments, the jamming sheet 410C and the jamming sheet 420C are movable
relative to each other in a loose state and jammed with each other in a jammed state. In some
cases, the jammed state is induced when a voltage is applied to sheets. In some cases, the applied
voltage is no greater than 500V. In some cases, the applied voltage is no greater than 50V. In
some cases, the applied voltage is no greater than 100V, In some cases, the applied voltage is no
greater than 200V. In some cases, the distance between adjacent conductive layers in the loose
state is relatively large, allowing freedom of motion of the two sheets. The sheets can be attached
to separate articles (462D and 464D) as shown in Figure 4D. When the articles are brought
together and the jamming sheets are placed in close proximity and a voltage applied to induce the
jammed state, then the articles will resist moving apart. In some cases, the applied voltage is less
than or equal to a break-down voltage of a distance between the conductive layers on the sheets.
In some cases, a distance between the adjacent conductive layers in a loose state is no greater than
10 micrometers. In some cases, a distance between the adjacent conductive layers in a loose state
is no greater than 5 micrometers. In some cases, some of the first features are mated with some of
the second features in the jammed state. Mating of the features can create a significant increase in
the resistance of the sheets to motion caused by shear forces. In some cases, the features are
designed to increase the resistive force in specific directions.

[0055] Figure 4E illustrates a cross-sectional view of one example of jamming device 400E using
jamming sheets 410E and 420E. In some cases, the jamming sheet 410E includes a substrate and a
set of features 414E protruded from the substrate 412E. Similarly, the jamming sheet 420E may
include a substrate and a set of features 424E protruded from the substrate. In some cases, a
jamming device may be formed by two or more jamming sheets. In the example illustrated, the
features (414E, 424E) are cylindrical or rectangular protrusions. In some cases, the set of features
414E and the set of features 424E are configured to mate with each other. In some cases, the
jamming sheets 410E and 420E are non-extensible and flexible. In some cases, the jamming
sheets 410E and/or 420E include a conductive layer. In some cases, the jamming sheets 410E
and/or 420E include both a conductive layer and a dielectric layer.

[0056] Figure 4F illustrates a cross-sectional view of one example of jamming device 400F using
jamming sheets 410F and 420F. In some cases, the jamming sheet 410F includes a substrate and a
set of features 414F protruded from the substrate 412F. Similarly, the jamming sheet 420F may
include a substrate and a set of features 424F protruded from the substrate. In some cases, a
jamming device may be formed by two or more jamming sheets. In the example illustrated, the

features (414F, 424F) are sinusoidal protrusions. In some cases, the set of features 414F and the
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set of features 424F are configured to mate with each other. In some cases, the jamming sheets
410F and 420F are non-extensible and flexible. In some cases, the jamming sheets 410F and/or
420F include a conductive layer. In some cases, the jamming sheets 410F and/or 420F include
both a conductive layer and a dielectric layer.

[0057] In some embodiments, the jamming device includes urging elements that urge the sets of
sheets to remain close to one another in the loose, unjammed state. One example of urging
elements is shown in Figure 4G, where the urging elements include a highly compliant outer layer
452. In some cases, the urging elements include a highly compliant inner layer 450. In some
cases, the urging elements is made of a stretchable material, for example spandex, or some elastic
material. In some cases, the jamming sheets 400G are contained between the urging elements. In
some cases, the jamming sheets 400G have patterns that allow them to be extensible in any axis
such that they can conform to a complex surface, such as the human joint shown.

[0058] The jamming device may be used in various flexible apparatus and equipment to allow the
apparatus/equipment to hold a bent position. Figure SA illustrates one example of a flexible
apparatus 500A having a flexible component layer 510 and a jamming device 520. The flexible
component layer 510 includes at least one component. The jamming device 520 may have any of
the configurations and embodiments of a jamming device as described herein. In some cases, the
jamming device 520 is disposed proximate to the flexible component layer 510. In some cases, the
jamming device has a loose state and a jammed state, where the jamming device permits the
flexible component layer to be bent in the loose state, and the jamming device is configured to
resist bending of the flexible component layer in the jammed state.

[0059] Figure 5B illustrates one example of a display 500B using a jamming device 520B. In this
example, the flexible component layer 510 is a flexible (or bendable) display, or referred to as a
flexible display panel. The jamming device 520B may have any one of the embodiments and
configurations of a jamming device as described herein. In some cases, the display panel 500B
includes two rigid members 530B. As an example, the rigid member may also be a part of the heat
sink, battery, electromagnetic shielding, or other components for the display panel 500B. The
jamming device 520B is disposed proximate to the flexible component layer 510B. In some
embodiments, the jamming device covers a majority of the surface of the flexible component layer.
In some cases, the jamming device can include one or more jamming elements disposed proximate
to the flexible component layer, where each jamming element may have any of the configurations
and embodiments of a jamming device as described herein.

[0060] Figure 6 illustrates one example of flow diagram of assembling an electrostatic jamming
device. One or more steps are optional. First, retrieve a roll of electrostatic jamming material

(step 610). Separate into individual jamming sheets from the roll (step 620). The individual sheets
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can be separated by die cutting, laser cutting, rotary die cutting, or other suitable techniques. Stack
individual sheets into two or more sets (step 630). Connect each set of sheets electrically (step
640). Assemble the two or more sets of jamming sheets into a jamming device (step 650). In
some cases, the two or more sets of sheets are arranged to be interdigitated.

[0061] Figures 7A and 7B illustrate some examples of urging components, which can be used in
a jamming device. Figure 7A illustrates one example of an urging component 720A. As
illustrated, the urging component is an enclosure with fixed clearance. In this example, the urging
component does not add pressure to the jamming sheets 710. The jamming sheets can use any
configurations and embodiments as illustrated and provided herein. Figure 7B illustrates another
example of an urging component 720B. As illustrated, the urging component 720B is a rivet style
enclosure with fixed clearance. In this example, the urging component does not add pressure to
the jamming sheets 710. In some embodiments, a compliant layer (such as a foam or spring) could

be added into the clearance area to apply some small pressure on the sheets to urge them together.

Exemplary Embodiments
[0062] Embodiment Al. An electrostatic sheet jamming device comprising a first sheet having a
first conductive layer, a first dielectric layer disposed adjacent to the first conductive layer, a
second sheet comprising a second conductive layer and disposed proximate to the first dielectric
layer. The first dielectric layer is disposed between the first conductive layer and the second
conductive layer. The first diclectric layer has a thickness less than or equal to 10 micrometers.
The first sheet and the second sheet are non-extensible and flexible, wherein the first sheet and the
second sheet are slidable relative to each other in a first state. The first sheet and the second sheet
are jammed with each other in a second state when a voltage is applied between the first
conductive layer and the second conductive layer. The applied voltage is less than or equal to a
break-down voltage of air at a distance between the first conductive layer and the second
conductive layer.
[0063] Embodiment A2. The jamming device of Embodiment A1, wherein the first dielectric
layer is a coating on the first sheet.
[0064] Embodiment A3. The jamming device of Embodiment A1l or A2, further comprising a
second dielectric layer, wherein the second sheet has a first surface and a second surface opposing
the first surface, wherein the second conductive layer is on the first surface of the second sheet,
and wherein the second diclectric layer is disposed proximate closer to the second surface of the
second sheet than the first surface of the second sheet.
[0065] Embodiment A4. The jamming device of any one of Embodiments A1-A3, further

comprising: a second dielectric layer disposed proximate to the second sheet.
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[0066] Embodiment A5, The jamming device of any one of Embodiments A1-A4, wherein the
second dielectric layer is coated on the second sheet.

[0067] Embodiment A6. The jamming device of any one of Embodiments A1-AS, wherein the
applied voltage is no greater than 100V,

[0068] Embodiment A7. The jamming device of any one of Embodiments A1-A6, wherein the
distance between the first conductive layer and the second conductive layer in the first state is no
greater than 10 micrometers.

[0069] Embodiment A8. The jamming device of any one of Embodiments A1-A7, further
comprising: one or more urging elements configured to keep the first conductive layer and the
second conductive layer close to each other.

[0070] Embodiment A9. The jamming device of Embodiment A8, wherein the one or more
urging elements comprise at least one of a highly compliant outer layer, a highly compliant inner
layer, a fixed clearance limiting element, and a spring element.

[0071] Embodiment A10. The jamming device of any one of Embodiments A1-A9, wherein the
first dielectric layer covers less than one hundred percent of a circumference of the first sheet.
[0072] Embodiment Al1l. The jamming device of any one of Embodiments A1-A10, wherein
the first dielectric layer has a thickness less than or equal to 5 micrometers.

[0073] Embodiment A12. The jamming device of any one of Embodiments A1-A11, wherein a
direct path between the first conductive layer and the second conductive layer for at least one part
of the jamming device is approximately the same length as the distance between the first and
second conductive layers in the second state.

[0074] Embodiment A13. The jamming device of any one of Embodiments A1-A12, wherein
the first sheet is separated from a large sheet having a conductive layer.

[0075] Embodiment A14. The jamming device of Embodiment A13, wherein the large sheet is a
roll of sheet.

[0076] Embodiment A15. The jamming device of any one of Embodiments A1-A14, wherein
the first sheet is patterned such that it is extensible in at least one axis.

[0077] Embodiment A16. The jamming device of any one of Embodiments A1-A15, wherein
the first sheet has patterned openings such that it is extensible in at least one axis.

[0078] Embodiment A17. The jamming device of any one of Embodiments A1-A16, wherein
the first sheet has a plurality of protruded features.

[0079] Embodiment A18. The jamming device of Embodiment A17, wherein the second sheet
has a plurality of protruded features.
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[0080] Embodiment A19. The jamming device of Embodiment A18, wherein at least some of
the plurality of protruded features of the first sheet are mated with some of the plurality of
protruded features of the second sheet in the second state.

[0081] Embodiment A20. The jamming device of any one of Embodiments A1-A19, wherein
the first dielectric layer has a relative permittivity greater than 3.

[0082] Embodiment A21. The jamming device of any one of Embodiments A1-A20, wherein
the first dielectric layer comprises an inorganic compound.

[0083] Embodiment A22. The jamming device of any one of Embodiments A1-A21, wherein a
coefficient of friction of the first sheet is less than 0.4.

[0084] Embodiment A23. The jamming device of any one of Embodiments A1-A22, wherein
the first sheet comprises a core layer providing structural support.

[0085] Embodiment B1. An electrostatic sheet jamming device comprising a first set of sheets,
cach of the first set of sheets comprising a first conductive layer, a second set of sheets, each of the
second set of sheets comprising a second conductive layer, a set of diclectric layers, a first
connector electrically conductively connected to first conductive layers of at least part of the first
set of sheets, and a second connector ¢lectrically conductively connected to second conductive
layers of at least part of the second set of sheets. The first set of sheets and the second set of sheets
are interdigitated. Each of the adjacent pair of the first set of sheets and the second set of sheets
has one of the set of dielectric layers disposed in between. Each of the set of dielectric layers has a
thickness less than or equal to 10 micrometers. The first set of sheets and the second set of sheets
are slidable relative to each other in a first state. The first set of sheets and the second set of sheets
are jammed with each other in a second state when a voltage is applied between the first connector
and the second connector, where the applied voltage is less than or equal to a break-down voltage
of air at a distance between adjacent conductive layers of one of the first set of sheets and one of
the second set of sheets.

[0086] Embodiment B2. The jamming device of Embodiment B1, wherein at least some of the
set of diclectric layers are coated on the first set of sheets.

[0087] Embodiment B3. The jamming device of Embodiment B2, wherein at least some of the
set of diclectric layers are coated on the second set of sheets.

[0088] Embodiment B4. The jamming device of any one of Embodiments B1-B3, wherein the
first set of sheets has a first longitudinal axis and the second set of sheets has a second longitudinal
axis, and wherein the first longitudinal axis and the second longitudinal axis are generally parallel

to each other.
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[0089] Embodiment B5. The jamming device of any one of Embodiments B1-B4, wherein a
distance between an adjacent pair of the first conductive layer and the second conductive layer in
the first state is no greater than 10 micrometers.

[0090] Embodiment B6. The jamming device of any one of Embodiments B1-B5, wherein the
first dielectric layer covers less than one hundred percent of a circumference of the first sheet.
[0091] Embodiment B7. The jamming device of any one of Embodiments B1-B6, wherein the
applied voltage is no greater than 100V,

[0092] Embodiment B8. The jamming device of any one of Embodiments B1-B7, further
comprising: one or more urging elements configured to keep the first set of sheets and the second
set of sheets close to each other.

[0093] Embodiment B9. The jamming device of Embodiment B8, wherein the one or more
urging elements comprise at least one of a highly compliant outer layer, a highly compliant inner
layer, a fixed clearance limiting element, and a spring element.

[0094] Embodiment B10. The jamming device of any one of Embodiments B1-B9, wherein the
first dielectric layer covers less than one hundred percent of a circumference of the corresponding
sheet.

[0095] Embodiment B11. The jamming device of any one of Embodiments B1-B10, wherein at
least one of the set of dielectric layers has a thickness less than or equal to 5 micrometers.

[0096] Embodiment B12. The jamming device of any one of Embodiments B1-B11, wherein the
first set of sheets are separated from a large sheet having a conductive layer.

[0097] Embodiment B13. The jamming device of Embodiment B12, wherein the large sheet is a
roll of sheet.

[0098] Embodiment B14. The jamming device of any one of Embodiments B1-B13, wherein at
least one of the first set of sheets is patterned such that it is extensible in at least one axis.

[0099] Embodiment B15. The jamming device of any one of Embodiments B1-B14, wherein at
least one of the first set of sheets has patterned openings such that it is extensible in at least one
axis.

[00100] Embodiment B16. The jamming device of any one of Embodiments B1-B15, wherein at
least one of the first set of sheets has a plurality of protruded features.

[00101] Embodiment B17. The jamming device of Embodiment B16, wherein at least one of the
first set of sheets has a plurality of protruded features.

[00102] Embodiment B18. The jamming device of Embodiment B17, wherein at least some of
the plurality of protruded features of at least one of the first set of sheets are mated with some of

the plurality of protruded features of at least one of the second set of sheets in the second state.
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[00103] Embodiment B19. The jamming device of any one of Embodiments B1-B18, wherein at
least one of the set of diclectric layers has a relative permittivity greater than 3.

[00104] Embodiment B20. The jamming device of any one of Embodiments B1-B19, wherein at
least one of the set of dielectric layers comprises an inorganic compound.

[00105] Embodiment B21. The jamming device of any one of Embodiments B1-B20, wherein a
coefficient of friction of at least one of the first set of sheets is less than 0.4.

[00106] Embodiment B22. The jamming device of any one of Embodiments B1-B21, wherein at
least one of the first set of sheets comprises a core layer providing structural support.

[00107] Embodiment C1. An electrostatic sheet jamming device formed by a sheet having a
conductive layer and a dielectric layer. The jamming device includes a first section of the sheet,
the first section being separated from the sheet, and a second section of the sheet, the second
section being separated from the sheet. The sheet is non-extensible and flexible. The first section
and the second section are slidable relative to each other in a first state. The first section and the
second section are jammed with each other in a second state when a voltage is applied between a
conductive layer of the first section and a conductive layer of the second section.

[00108] Embodiment C2. The jamming device of Embodiment C1, wherein the applied voltage
is less than or equal to a break-down voltage of air at a distance between the first and the second
conductive layer.

[00109] Embodiment C3. The jamming device of Embodiment C1 or Embodiment C2, wherein
the applied voltage is no greater than 100V,

[00110] Embodiment C4. The jamming device of any one of Embodiments C1-C3, wherein a
distance between the first section and the second section is no greater than 10 micrometers in the
first state.

[00111] Embodiment C5. The jamming device of any one of Embodiments C1-C4, further
comprising: one or more urging elements configured to keep the first section and the second
section close to each other.

[00112] Embodiment C6. The jamming device of Embodiment C5, wherein the one or more
urging elements comprise at least one of a highly compliant outer layer, a highly compliant inner
layer, a fixed clearance limiting element, and a spring element.

[00113] Embodiment C7. The jamming device of any one of Embodiments C1-C6, wherein the
sheet is packaged in a roll.

[00114] Embodiment C8. The jamming device of any one of Embodiments C1-C7, wherein the
sheet comprises a line of weakness between adjacent sections.

[00115] Embodiment C9. The jamming device of any one of Embodiments C1-C8, wherein a

coefficient of friction of the sheet is less than 0.4.
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[00116] Embodiment C10. The jamming device of any one of Embodiments C1-C9, wherein a
dielectric layer of the first section covers less than one hundred percent of a circumference of the
first section.

[00117] Embodiment C11. The jamming device of any one of Embodiments C1-C10, wherein the
dielectric layer has a thickness less than or equal to 5 micrometers.

[00118] Embodiment C12. The jamming device of any one of Embodiments C1-C11, wherein a
direct path between the first conductive layer and the second conductive layer for at least one part
of the jamming device is approximately the same length as the distance between the first and
second conductive layers in the second state.

[00119] Embodiment C13. The jamming device of any one of Embodiments C1-C12, wherein the
first sheet is separated from a large sheet having a conductive layer.

[00120] Embodiment C14. The jamming device of Embodiment C13, wherein the large sheet is a
roll of sheet.

[00121] Embodiment C15. The jamming device of any one of Embodiments C1-C14, wherein the
first sheet is patterned such that it is extensible in at least one axis.

[00122] Embodiment C16. The jamming device of any one of Embodiments C1-C15, wherein the
first section has patterned openings such that it is extensible in at least one axis.

[00123] Embodiment C17. The jamming device of any one of Embodiments C1-C16, wherein the
first section has a plurality of protruded features.

[00124] Embodiment C18. The jamming device of Embodiment C17, wherein the second section
has a plurality of protruded features.

[00125] Embodiment C19. The jamming device of Embodiment C18, wherein at least some of
the plurality of protruded features of the first section are mated with some of the plurality of
protruded features of the second section in the second state.

[00126] Embodiment C20. The jamming device of any one of Embodiments C1-C19, wherein the
dielectric layer has a relative permittivity greater than 3.

[00127] Embodiment C21. The jamming device of any one of Embodiments C1-C20, wherein the
dielectric layer comprises an inorganic compound.

[00128] Embodiment C22. The jamming device of any one of Embodiments C1-C21, wherein the
sheet comprises a core layer providing structural support.

[00129] Embodiment C23. The jamming device of any one of Embodiments C1-C22, wherein the
dielectric layer has a thickness less than or equal to 10 micrometers.

[00130] Embodiment C24. The jamming device of any one of Embodiments C1-C23, wherein the

dielectric layer is a coating on the sheet.
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[00131] Embodiment D1. A method including the steps of: retrieving a sheet having a conductive
layer and a dielectric layer; separating a first set of sections from the sheet; connecting the first set
of sections electrically via a first connector; separating a second set of sections from the sheet;
connecting the second set of sections electrically via a second connector; and assembling the first
set of sections and the second set of sections into a jamming device. The sheet is non-extensible
and flexible. The first set of sections and the second set of sections are slidable relative to each
adjacent pair in a first state. The first set of sections and the second set of sections are jammed
together in a second state when a voltage is applied between the first connector and the second
connector.

[00132] Embodiment D2. The method of Embodiment D1, wherein the diclectric layeris a
coating on the sheet.

[00133] Embodiment D3. The method of Embodiment D1 or D2, wherein the diclectric layer
has a thickness less than or equal to 10 micrometers.

[00134] Embodiment D4. The method of any one of Embodiments D1-D3, wherein the
dielectric layer has a thickness less than or equal to 5 micrometers.

[00135] Embodiment D5. The method of any one of Embodiments D1-D4, further comprising:
assembling the first set of sections and the second set of sections with one or more urging
clements.

[00136] Embodiment D6. The method of Embodiment D5, wherein the one or more urging
clements comprise at least one of a highly compliant outer layer, a highly compliant inner layer, a
fixed clearance limiting element, and a spring element.

[00137] Embodiment D7. The method of any one of Embodiments D1-D6, wherein the sheet is
packaged in a roll.

[00138] Embodiment D8. The method of any one of Embodiments D1-D7, wherein the sheet
comprises a line of weakness between adjacent sections.

[00139] Embodiment D9. The method of any one of Embodiments D1-D8, wherein a coefficient
of friction of the sheet is less than 0.4.

[00140] Embodiment D10. The method of any one of Embodiments D1-D9, wherein the
dielectric layer of at least one of the first set of sections covers less than one hundred percent of a
circumference of the at least one of the first set of sections.

[00141] Embodiment D11. The method of any one of Embodiments D1-D10, wherein a distance
between an adjacent one of the first set of sections and one of the second set of sections is no
greater than 10 micrometers in the first state.

[00142] Embodiment D12. The method of any one of Embodiments D1-D11, wherein a direct

path between two conductive layers of the adjacent one of the first set of sections and one of the
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second set of sections is approximately the same length as the distance between the two conductive
layers in the second state.

[00143] Embodiment D13. The method of any one of Embodiments D1-D12, wherein the sheet is
patterned such that it is extensible along at least one axis.

[00144] Embodiment D14. The method of any one of Embodiments D1-D13, wherein the sheet
has patterned openings such that it is extensible along at least one axis.

[00145] Embodiment D15. The method of any one of Embodiments D1-D 14, wherein the sheet
has a plurality of protruded features.

[00146] Embodiment D16. The method of Embodiment D15, wherein at least some of the
plurality of protruded features of at least one of the first set of sections are mated with some of the
plurality of protruded features of at least one of the second set of sections in the second state.
[00147] Embodiment D17. The method of any one of Embodiments D1-D16, wherein the
dielectric layer has a relative permittivity greater than 3.

[00148] Embodiment D18. The method of any one of Embodiments D1-D17, wherein the
dielectric layer comprises an inorganic compound.

[00149] Embodiment D19. The method of any one of Embodiments D1-D18, wherein the sheet
comprises a core layer providing structural support.

[00150] Embodiment D20. The method of any one of Embodiments D1-D19, wherein the applied
voltage is less than or equal to a break-down voltage of air at a distance between the first and the
second conductive layer.

[00151] Embodiment D21. The method of any one of Embodiments D1-D20, wherein the applied
voltage is no greater than 100V.

[00152] Embodiment E1. An electrostatic sheet jamming apparatus comprising a first sheet
comprising a first conductive layer, the first sheet comprising a set of first features protruded from
a first general plane of the first sheet, a first dielectric layer disposed adjacent to the first
conductive layer, and a second sheet comprising a second conductive layer and disposed proximate
to the first dielectric layer, the second sheet comprising a set of second features protruded from a
second general plane of the second sheet. The first diclectric layer is disposed between the first
conductive layer and the second conductive layer. The first sheet and the second sheet are non-
extensible and flexible, wherein at least some of the set of first features are configured to mate
with at least some of the set of second features. The first sheet and the second sheet are movable
relative each other in a first state. The first sheet and the second sheet are jammed with each other
in a second state when a voltage is applied between the first conductive layer and the second

conductive layer.
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[00153] Embodiment E2. The apparatus of Embodiment E1, wherein the set of first features has a
first height representing an average height of the set of first features from the first general plane.
[00154] Embodiment E3. The apparatus of Embodiment E2, wherein the first height is equal to
or less than 10 millimeters.

[00155] Embodiment E4. The apparatus of Embodiment E2, wherein the first height is equal to
or less than 1 millimeters.

[00156] Embodiment E5. The apparatus of Embodiment E2, wherein the set of second features
has a second height representing an average height of the set of second features from the second
general plane.

[00157] Embodiment E6. The apparatus of Embodiment E5, wherein the second height is equal
to or less than 10 millimeters.

[00158] Embodiment E7. The apparatus of Embodiment E5, wherein the second height is equal
to or less than 1 millimeters.

[00159] Embodiment E8. The apparatus of any one of Embodiments E1-E7, wherein one of the
set of first features is a prism, a pyramid, a rectangular protrusion, an ellipsoidal protrusion, a
sawtooth, or a sinusoid.

[00160] Embodiment E9. The apparatus of any one of Embodiments E1-E8, wherein the first
conductive layer is a coating on the first sheet.

[00161] Embodiment E10. The apparatus of any one of Embodiments E1-E9, wherein the first
dielectric layer is a coating on the first sheet.

[00162] Embodiment E11. The apparatus of Embodiment E10, further comprising: a second
dielectric layer coated on the second sheet.

[00163] Embodiment E12. The apparatus of Embodiment E11, wherein the second dielectric
layer has a thickness less than or equal to 5 micrometers.

[00164] Embodiment E13. The apparatus of any one of Embodiments E1-E12, wherein at least
some of the set of first features have a same first shape.

[00165] Embodiment E14. The apparatus of Embodiment E13, wherein at least some of the set of
first features have a same second shape.

[00166] Embodiment E15. The apparatus of Embodiment E14, wherein the first shape is a same
shape as the second shape.

[00167] Embodiment E16. The apparatus of any one of Embodiments E1-E15, wherein some of
the set of first features are mated with some of the set of second features in the second state.
[00168] Embodiment E17. The apparatus of Embodiment E16, wherein the some of the set of

first features are in contact with the some of the set of second features.
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[00169] Embodiment E18. The apparatus of any one of Embodiments E1-E17, wherein the
applied voltage is no greater than a break-down voltage of a distance between the first and the
second conductive layer.

[00170] Embodiment E19. The apparatus of any one of Embodiments E1-E18, wherein the
applied voltage is no greater than 100V,

[00171] Embodiment E20. The apparatus of any one of Embodiments E1-E19, further
comprising: one or more urging elements configured to keep the first sheet and the second sheet
close to each other.

[00172] Embodiment E21. The apparatus of Embodiment E20, wherein the one or more urging
clements comprise at least one of a highly compliant outer layer, a highly compliant inner layer, a
fixed clearance limiting element, and a spring element.

[00173] Embodiment E22. The apparatus of any one of Embodiments E1-E21, wherein the first
dielectric layer has a thickness less than or equal to 10 micrometers.

[00174] Embodiment E23. The apparatus of any one of Embodiments E1-E22, wherein the first
dielectric layer has a thickness less than or equal to 5 micrometers.

[00175] Embodiment E24. The apparatus of any one of Embodiments E1-E23, wherein the first
sheet is separated from a large sheet having a conductive layer.

[00176] Embodiment E25. The apparatus of Embodiment E24, wherein the large sheet is a roll of
sheet.

[00177] Embodiment E26. The apparatus of any one of Embodiments E1-E25, wherein the first
sheet is patterned such that it is extensible in at least one axis.

[00178] Embodiment E27. The apparatus of any one of Embodiments E1-E26, wherein the first
dielectric layer has a relative permittivity greater than 3.

[00179] Embodiment E28. The apparatus of any one of Embodiments E1-E27, wherein the first
dielectric layer comprises an inorganic compound.

[00180] Embodiment E29. The apparatus of any one of Embodiments E1-E28, wherein at least
ong of the first sheet and the second sheet comprises a core layer providing structural support.
[00181] Embodiment F1. An electrostatic sheet jamming apparatus comprising: a first set of
sheets, each of the first set of sheets comprising a first conductive layer, a second set of sheets,
cach of the second set of sheets comprising a second conductive layer, a first connector electrically
conductively connected to the first conductive layers of at least part of the first set of sheets, a
second connector electrically conductively connected to the second conductive layers of at least
part of the second set of sheets, and a set of diclectric layers. The first set of sheets are connected
on two edges. The second set of sheets are connected on two edges. The first set of sheets and the

second set of sheets are interdigitated, wherein each of the adjacent pair of the first set of sheets
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and the second set of sheets has one of the set of dielectric layers disposed in between. The first set
of sheets and the second set of sheets are movable relative to each other in a first state. The first set
of sheets and the second set of sheets are jammed with each other in a second state when a voltage
is applied between the first connector and the second connector.

[00182] Embodiment F2. The apparatus of Embodiment F1, wherein at least some of dielectric
layers are coated on the first set of sheets.

[00183] Embodiment F3. The apparatus of Embodiment F2, wherein at least some of dielectric
layers are coated on the second set of sheets.

[00184] Embodiment F4. The apparatus of any one of Embodiments F1-F3, wherein the first set
of sheets and the second set of sheets are interdigitated with an angle greater than 0 degree.
[00185] Embodiment F5. The apparatus of any one of Embodiments F1-F4, wherein the first set
of sheets are connected on two opposing edges.

[00186] Embodiment F6. The apparatus of any one of Embodiments F1-F5, wherein the first set
of sheets are connected on two adjacent edges.

[00187] Embodiment F7. The apparatus of Embodiment F6, wherein the second set of sheets are
connected on two adjacent edges.

[00188] Embodiment F8. The apparatus of Embodiment F7, wherein the first set of sheets are
rotatable relative to the second set of sheets in the first state.

[00189] Embodiment F9. The apparatus of any one of Embodiments F1-F8, further comprising:
one or more urging elements configured to keep the first set of sheets and the second set of sheets
close to each other.

[00190] Embodiment F10. The apparatus of Embodiment F9, wherein the one or more urging
clements comprise at least one of a highly compliant outer layer, a highly compliant inner layer, a
fixed clearance limiting element, and a spring element.

[00191] Embodiment F11. The apparatus of any one of Embodiments F1-F10, wherein a distance
between an adjacent pair of the first conductive layer and the second conductive layer in the first
state is no greater than 10 micrometers.

[00192] Embodiment F12. The apparatus of any one of Embodiments F1-F11, wherein a distance
between an adjacent pair of the first conductive layer and the second conductive layer in the first
state is no greater than 5 micrometers.

[00193] Embodiment F13. The apparatus of any one of Embodiments F1-F12, wherein at least
one of the set of diclectric layers has a thickness less than or equal to 10 micrometers.

[00194] Embodiment F14. The apparatus of any one of Embodiments F1-F13, wherein at least

one of the set of dielectric layers has a thickness less than or equal to 5 micrometers.
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[00195] Embodiment F15. The apparatus of any one of Embodiments F1-F14, wherein the
applied voltage is no greater than 100V,

[00196] Embodiment F16. The apparatus of Embodiment F15, wherein the applied voltage is less
than or equal to a break-down voltage of air at a distance between adjacent one of the first set of
sheets and one of the second set of sheets.

[00197] Embodiment F17. The apparatus of any one of Embodiments F1-F16, wherein the first
set of sheets are separated from a large sheet having a conductive layer.

[00198] Embodiment F18. The apparatus of Embodiment F17, wherein the large sheet is a roll of
sheet.

[00199] Embodiment F19. The apparatus of any one of Embodiments F1-F18, wherein at least
ong of the first set of sheets is patterned such that it is extensible in at least one axis.

[00200] Embodiment F20. The apparatus of any one of Embodiments F1-F19, wherein at least
ong of the first set of sheets has patterned openings such that it is extensible in at least one axis.
[00201] Embodiment F21. The apparatus of any one of Embodiments F1-F20, wherein at least
ong of the first set of sheets has a plurality of protruded features.

[00202] Embodiment F22. The apparatus of Embodiment F21, wherein at least one of the first set
of sheets has a plurality of protruded features.

[00203] Embodiment F23. The apparatus of Embodiment F22, wherein at least some of the
plurality of protruded features of at least one of the first set of sheets are mated with some of the
plurality of protruded features of at least one of the second set of sheets in the second state.
[00204] Embodiment F24. The apparatus of any one of Embodiments F1-F23, wherein at least
ong of the set of diclectric layers has a relative permittivity greater than 3.

[00205] Embodiment F25. The apparatus of any one of Embodiments F1-F24, wherein at least
one of the set of dielectric layers comprises an inorganic compound.

[00206] Embodiment F26. The apparatus of any one of Embodiments F1-F25, wherein a
coefficient of friction of at least one of the first set of sheets is less than 0.4.

[00207] Embodiment F27. The apparatus of any one of Embodiments F1-F26, wherein at least
ong of the first set of sheets comprises a core layer providing structural support.

[00208] Embodiment G1. An electrostatic sheet jamming apparatus comprising a first sheet
comprising a first conductive layer, a first dielectric layer disposed adjacent to the first conductive
layer, a second sheet comprising a second conductive layer and disposed proximate to the first
dielectric layer. The first diclectric layer is disposed between the first conductive layer and the
second conductive layer. The first sheet and the second sheet are made of non-extensible materials
and flexible. The first sheet comprises a set of first slit features such that the first sheet is

extensible on a first axis. The second sheet comprises a set of second slit features such that the
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second sheet is extensible on a second axis. The first sheet and the second sheet are slidable
relative to each other in a first state. The first sheet and the second sheet are locked against each
other in a second state when a voltage is applied between the first conductive layer and the second
conductive layer.

[00209] Embodiment G2. The apparatus of Embodiment G1, wherein the first conductive layer
is a coating on the first sheet.

[00210] Embodiment G3. The apparatus of Embodiment G1 or G2, wherein the first dielectric
layer is a coating on the first sheet.

[00211] Embodiment G4. The apparatus of any one of Embodiments G1-G3, wherein one of the
set of first slit features is an elongated opening, a triangle opening, and an oval opening.

[00212] Embodiment G5. The apparatus of any one of Embodiments G1-G4, wherein at least
one of the first and second sheets are extensible in one axis.

[00213] Embodiment G6. The apparatus of any one of Embodiments G1-G5, wherein at least
one of the first and second sheets are extensible in more than one axis.

[00214] Embodiment G7. The apparatus of any one of Embodiments G1-G6, further comprising:
one or more urging elements configured to keep the first sheet and the second sheet close to each
other.

[00215] Embodiment G8. The apparatus of Embodiment G7, wherein each of the one or more
urging elements comprises a highly compliant outer layer.

[00216] Embodiment G9. The apparatus of Embodiment G7, wherein each of the one or more
urging elements comprises a highly compliant inner layer.

[00217] Embodiment G10. The apparatus of Embodiment G7, wherein at least one of the one or
more urging elements is made of a stretchable material.

[00218] Embodiment G11. The apparatus of any one of Embodiments G1-G10, wherein the
second axis is parallel to the first axis.

[00219] Embodiment G12. The apparatus of any one of Embodiments G1-G11, further
comprising: a second dielectric layer coated on the second sheet.

[00220] Embodiment G13. The apparatus of any one of Embodiments G1-G12, wherein the
applied voltage is no greater than a break-down voltage of a distance between the first and the
second conductive layer.

[00221] Embodiment G14. The apparatus of any one of Embodiments G1-G13, wherein the
applied voltage is no greater than 100V,

[00222] Embodiment G15. The apparatus of any one of Embodiments G1-G14, wherein the first

dielectric layer has a thickness less than or equal to 10 micrometers.
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[00223] Embodiment G16. The apparatus of any one of Embodiments G1-G15, wherein the first
dielectric layer has a thickness less than or equal to 5 micrometers.

[00224] Embodiment G17. The apparatus of any one of Embodiments G1-G16, wherein the first
sheet is separated from a large sheet having a conductive layer.

[00225] Embodiment G18. The apparatus of Embodiment G17, wherein the large sheet is a roll of
sheet.

[00226] Embodiment G19. The apparatus of any one of Embodiments G1-G18, wherein the first
sheet is patterned such that it is extensible in at least one axis.

[00227] Embodiment G20. The apparatus of any one of Embodiments G1-G19, wherein the first
dielectric layer has a relative permittivity greater than 3.

[00228] Embodiment G21. The apparatus of any one of Embodiments G1-G20, wherein the first
dielectric layer comprises an inorganic compound.

[00229] Embodiment G22. The apparatus of any one of Embodiments G1-G21, wherein at least
ong of the first sheet and the second sheet comprises a core layer providing structural support.
[00230] Embodiment H1. A flexible electronic device, comprising: a flexible component layer
comprising at least one electronic component, and a jamming device disposed proximate to the
flexible component layer. The jamming device permits the flexible component layer to be bent in a
first state. The jamming device is configured to resist bending of the flexible component layer in a
second state.

[00231] Embodiment H2. The ¢lectronic device of Embodiment HI, wherein the jamming
device comprises a plurality of sheets.

[00232] Embodiment H3. The ¢lectronic device of Embodiment H2, wherein the plurality of
sheets comprises conductive layers such that the jamming device are jammable ¢lectrostatically.
[00233] Embodiment H4. The ¢lectronic device of Embodiment H2, wherein the jamming
device are jammable by a vacuum.

[00234] Embodiment HS. The ¢lectronic device of Embodiment H2, wherein at least some of the
plurality of sheets are substantially conform to a primary surface of the flexible component layer.
[00235] Embodiment H6. The ¢lectronic device of Embodiment H2, wherein at least some of the
plurality of sheets are substantially perpendicular to a primary surface of the flexible component
layer.

[00236] Embodiment H7. The ¢lectronic device of any one of Embodiments H1-H6, wherein the
electronic device is a display.

[00237] Embodiment H8. The ¢lectronic device of any one of Embodiments H1-H7, wherein the

electronic device 1s a wearable electronic device.
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[00238] Embodiment H9. The ¢lectronic device of Embodiment H3, wherein the plurality of
sheets comprises a first set of sheets and a second set of sheets, wherein the first set of sheets and
the second set of sheets are interdigitated, and wherein the second state is induced when a voltage
is applied between the first set of sheets and the second set of sheets.

[00239] Embodiment H10. The ¢lectronic device of Embodiment H9, further comprising a set of
dielectric layers.

[00240] Embodiment H11. The ¢lectronic device of Embodiment H10, wherein at least some of
the set of diclectric layers are coated on the first set of sheets.

[00241] Embodiment H12. The ¢lectronic device of Embodiment HI11, wherein at least some of
the set of dielectric layers are coated on the second set of sheets.

[00242] Embodiment H13. The ¢lectronic device of any one of Embodiments H9-H12, wherein a
distance between an adjacent pair of the first conductive layer and the second conductive layer in
the first state is no greater than 10 micrometers.

[00243] Embodiment H14. The ¢lectronic device of any one of Embodiments H9-H13, wherein
the first dielectric layer covers less than one hundred percent of a circumference of the first sheet.
[00244] Embodiment H15. The ¢lectronic device of any one of Embodiments H9-H14, wherein
the applied voltage is less than or equal to a break-down voltage of air at a distance between
adjacent one of the first set of sheets and one of the second set of sheets.

[00245] Embodiment H16. The ¢lectronic device of any one of Embodiments H9-H15, wherein
the applied voltage is no greater than 100V,

[00246] Embodiment H17. The ¢lectronic device of any one of Embodiments H9-H16, further
comprising: one or more urging elements configured to keep the first set of sheets and the second
set of sheets close to each other.

[00247] Embodiment H18. The ¢lectronic device of Embodiment H17, wherein the one or more
urging elements comprise at least one of a highly compliant outer layer, a highly compliant inner
layer, a fixed clearance limiting element, and a spring element.

[00248] Embodiment H19. The ¢lectronic device of any one of Embodiments H9-H18, wherein at
least one of the set of dielectric layers has a thickness less than or equal to 10 micrometers.
[00249] Embodiment H20. The ¢lectronic device of any one of Embodiments H9-H19, wherein at
least one of the set of dielectric layers has a thickness less than or equal to 5 micrometers.

[00250] Embodiment H21. The ¢lectronic device of any one of Embodiments H9-H20, wherein
the first set of sheets are separated from a large sheet having a conductive layer.

[00251] Embodiment H22. The ¢lectronic device of Embodiment H21, wherein the large sheet is

a roll of sheet.
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[00252] Embodiment H23. The ¢lectronic device of any one of Embodiments H2-H22, wherein at
least one of the set of sheets is patterned such that the at least one of the set of sheets is extensible
in at least one axis.

[00253] Embodiment H24. The ¢lectronic device of any one of Embodiments H2-H23, wherein at
least one of the first set of sheets has patterned openings such that it is extensible in at least one
axis.

[00254] Embodiment H25. The ¢lectronic device of any one of Embodiments H9-H24, wherein at
least one of the first set of sheets has a plurality of protruded features.

[00255] Embodiment H26. The ¢lectronic device of Embodiment H25, wherein at least one of the
second set of sheets has a plurality of protruded features.

[00256] Embodiment H27. The ¢lectronic device of Embodiment H26, wherein at least some of
the plurality of protruded features of at least one of the first set of sheets are mated with some of
the plurality of protruded features of at least one of the second set of sheets in the second state.
[00257] Embodiment H28. The ¢lectronic device of Embodiment H10, wherein at least one of the
set of diclectric layers has a relative permittivity greater than 3.

[00258] Embodiment H29. The ¢lectronic device of Embodiment H10, wherein at least one of the
set of diclectric layers comprises an inorganic compound.

[00259] Embodiment H30. The ¢lectronic device of any one of Embodiments H2-H29, wherein a
coefficient of friction of at least one of the set of sheets is less than 0.4.

[00260] Embodiment H31. The ¢lectronic device of any one of Embodiments H2-H30, wherein at

least one of the set of sheets comprises a core layer providing structural support.

Examples

[00261] Example |
[00262] A roll of polyethylene terephthalate (PET) that was 0.002 inch (0.00508 cm) thick was

sputter coated with a 0.030 micrometer thick layer of copper on one side as a conductive layer, and
then reactively sputter coated with a 0.050 micrometer thick layer of silicon aluminum oxide as a
dielectric layer over the copper layer. Eighteen sheets were cut from the roll into strips that were 6
inches (15.24 cm) wide by 15 inches (18.1 cm) long. The strips were combined into double sided
clectrostatic jamming sheets by placing sets of two sheets with the plain PET surfaces touching.
The double sided electrostatic jamming sheets were then assembled into two sets of interdigitated
sheets as shown in Figure 1F. The two sets of sheets were electrically and mechanically connected
together with conductive tape as shown in Figure 1F. The strips were laid on a table with the long
axis of one set perpendicular to the other set as shown in Figure 8. One of the sets was then

secured to the table, and two aluminum weights (total mass of 17.95g) were placed on the
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intersection of the sets to urge them into proximity without excessive pressure. Varying voltages
were applied between the sets of jamming sheets while the one set was pulled slowly with a
Chatillon DFS-050 digital force gauge (available at Ametek, Inc., Berwyn, PA, United States).
The average force required to pull the set was recorded. Sets of 3 trials were made at a voltage
level and 3 trials at zero voltage were made between each set of powered trials. The applied

voltage and average resulting force for all the trials is summarized in Table 1.

Table 1
Trial set# | Voltage (V) | Average Force (N)
1 0.67
2 5 0.75
3 0 0.63
4 10 0.96
5 0 0.68
6 15 2.07
7 0 0.61
8 20 3.83
9 0 0.76

[00263] The results showed that a significant pressure can be achieved at very low voltage levels.
The consistent return to a low force at zero voltage demonstrates that we have not created an
electric field that is so strong that it polarizes the materials or injects space charge into the system.

The results match the model as discussed above well. They fit the expected quadratic relationship

with an R? value of 0.994. With an area A of 36 square inch (232.258 cmz) and N=9 interfaces,
we can estimate the coefficient of friction from the zero voltage data to be u=0.044. The jamming
pressure caused by electrostatic jamming at 20V is estimated to be about 416Pa.

[00264] The present invention should not be considered limited to the particular examples and
embodiments described above, as such embodiments are described in detail to facilitate
explanation of various aspects of the invention. Rather the present invention should be understood
to cover all aspects of the invention, including various modifications, equivalent processes, and
alternative devices falling within the spirit and scope of the invention as defined by the appended

claims and their equivalents.
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What is claimed is:

1. An electrostatic sheet jamming apparatus comprising:

a first sheet comprising a first conductive layer, the first sheet comprising a set of first
features protruded from a first general plane of the first sheet,

a first dielectric layer disposed adjacent to the first conductive layer, and

a second sheet comprising a second conductive layer and disposed proximate to the first
dielectric layer, the second sheet comprising a set of second features protruded from a second
general plane of the second sheet,

wherein the first dielectric layer is disposed between the first conductive layer and the
second conductive layer,

wherein the first sheet and the second sheet are non-extensible and flexible,

wherein at least some of the set of first features are configured to mate with at least some
of the set of second features,

wherein the first sheet and the second sheet are movable relative each other in a first state,

and wherein the first sheet and the second sheet are jammed with each other in a second

state when a voltage is applied between the first conductive layer and the second conductive layer.

2. The apparatus of claim 1, wherein the set of first features has a first height representing an

average height of the set of first features from the first general plane.

3. The apparatus of claim 2, wherein the first height is equal to or less than 10 millimeters.
4, The apparatus of claim 2, wherein the first height is equal to or less than 1 millimeters.
5. The apparatus of claim 2, wherein the set of second features has a second height

representing an average height of the set of second features from the second general plane.

6. The apparatus of claim 5, wherein the second height is equal to or less than 10 millimeters.
7. The apparatus of claim 5, wherein the second height is equal to or less than 1 millimeters.
8. The apparatus of claim 1, wherein one of the set of first features is a prism, a pyramid, a

rectangular protrusion, an ellipsoidal protrusion, a sawtooth, or a sinusoid.
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9. An electrostatic sheet jamming apparatus comprising:

a first set of sheets, each sheet comprising a first conductive layer,

a second set of sheets, each sheet comprising a second conductive layer,

a first connector electrically conductively connected to first conductive layers of at least
part of the first set of sheets,

a second connector electrically conductively connected to second conductive layers of at
least part of the second set of sheets, and

a set of dielectric layers,

wherein the first set of sheets are connected on two edges,

wherein the second set of sheets are connected on two edges,

wherein the first set of sheets and the second set of sheets are interdigitated,

wherein each of the adjacent pair of the first set of sheets and the second set of sheets has
ong of the set of dielectric layers disposed in between,

wherein the first set of sheets and the second set of sheets are movable relative to each
other in a first state,

and wherein the first set of sheets and the second set of sheets are jammed with each other

in a second state when a voltage is applied between the first connector and the second connector.

10. The apparatus of claim 9, wherein the first set of sheets and the second set of sheets are

interdigitated with an angle greater than 0 degree.

11. The apparatus of claim 9, wherein the first set of sheets are connected on two opposing
edges.
12. The apparatus of claim 9, wherein the first set of sheets are rotatable relative to the second

set of sheets 1n the first state.

13. An electrostatic sheet jamming apparatus comprising:

a first sheet comprising a first conductive layer,

a first dielectric layer disposed adjacent to the first conductive layer,

a second sheet comprising a second conductive layer and disposed proximate to the first
dielectric layer, wherein the first dielectric layer is disposed between the first conductive layer and

the second conductive layer,

-36-



10

15

WO 2020/003178 PCT/IB2019/055422

wherein the first sheet and the second sheet are made of non-extensible materials and
flexible,

wherein the first sheet comprises a set of first slit features such that the first sheet is
extensible on a first axis,

wherein the second sheet comprises a set of second slit features such that the second sheet
1s extensible on a second axis,

wherein the first sheet and the second sheet are slidable relative to each other in a first
state,

and wherein the first sheet and the second sheet are locked against each other in a second

state when a voltage is applied between the first conductive layer and the second conductive layer.

14. The apparatus of claim 1, wherein one of the set of first slit features is an elongated

opening, a triangle opening, and an oval opening.

15. The apparatus of claim 1, wherein at least one of the first and second sheets are extensible

1n one axis.
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