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Wall Crawling Devices

U.S. GOVERNMENT RIGHTS
[0001] This application was made in part with government support under contract
number N66001-05-C-8019 awarded by the Department of Defense. The government has

certain rights in the invention.

CROSS-REFERENCE TO RELATED APPLICATIONS

[0002] This application claims priority under 35 U.S.C. §119(e) from a) co-pending
U.S. Provisional Patent Application No. 60/803,953 filed June 5, 2006, naming Harsha
Prahlad et al. as inventors, and titled "Wall-Climbing Robot for Three-Dimensional
Mobility in Urban Environments"”, and b) co-pending U.S. Provisional Patent Application
No. 60/866,555 filed November 20, 2006, naming Harsha Prahlad et al. as inventors, and
titled "Wall-Climbing Robot for Three-Dimensional Mobility in Urban Environments ";
each of these provisional applications is incorporated by reference herein in their entirety

for all purposes.

FIELD OF THE INVENTION

[0003] The present invention relates generally to devices and methods that
provide electrically controllable adhesion. More particularly, the present invention
relates to the use of electrical energy and electrostatic forces to provide adhesive

forces between two objects.

BACKGROUND OF THE INVENTION

[0004] Controlled adhesion remains an unmet technological need. For example,
for over twenty years the robotics field has tried to invent a reliable form of controlled
adhesion on a wide range of substrates for wall crawling robots, without success.
Success in controlled adhesion can be defined by a technology that is: controllable,
reliable, and robust enough to work on a sufficient range of everyday wall and natural
materials, and those encountered under real environmental conditions, such as wet or

dusty surfaces, highly sloped surfaces, or slippery surfaces.
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[0005] The existing technologies, many of which are still in the lab and not in
commercial production, marked for wall crawling fail to provide the full range of
these capabilities. Chemical adhesives are always “on.” While they require no energy
to perch, robots that employ chemical adhesive clamping technologies require a lot of
energy to climb and traverse horizontally (requiring more batteries and weight),
fighting the adhesion which cannot be switched off. Chemical adhesive technologies
can also attract dust and other debris that quickly reduce their effectiveness. Suction
(active or passive) works effectively only on smooth surfaces. Also, conventional
suction cups suffer from leaks and cannot manage dusty surfaces. Mechanical claws
only work on very rough or penetrable surfaces and often leave damaging marks.
Synthetic gecko-like skin can become easily damaged or befouled after repeated use
(as few as five cycles), and does not work on wet surfaces.

[0006] Controlled adhesion is also useful outside of robotics. Robust devices and

methods to provide adhesion would be beneficial.

SUMMARY

[0007] The present invention provides electroadhesion technology that permits
controllable adherence between two objects. Electroadhesion uses electrostatic forces
of attraction produced by an electrostatic adhesion voltage, which is applied using
electrodes in an electroadhesive device. The electrostatic adhesion voltage produces
an electric field and electrostatic adherence forces. When the electroadhesive device
and electrodes are positioned near a surface of an object such as a vertical wall, the
electrostatic adherence forces hold the electroadhesive device in position relative to
the surface and object. This can be used to increase traction or maintain the position
of the electroadhesive device relative to a surface. Electric control of the electrostatic
adhesion voltage permits the adhesion to be controllably and readily turned on and
off. Devices described herein, such as mobile devices and robots, use this controlled
electroadhesion to navigate vertical walls and other non-flat surfaces.

[0008] In one aspect, the present invention relates to a mobile device. The mobile
device includes a body and at least one electroadhesive device mechanically coupled
to the body. The at least one electroadhesive device is configured to detachably
adhere to the substrate, and includes: a deformable surface for interfacing with a

surface of a substrate, a first electrode configured to apply a first voltage at a first



WO 2007/143662 PCT/US2007/070437

10

15

20

25

30

location of the deformable surface, and a second electrode configured to apply a
second voltage at a second location of the deformable surface. The difference in
voltage between the first voltage and second voltage includes an electrostatic
adhesion voltage that produces an electrostatic force between the at least one
electroadhesive device and the substrate that is suitable to maintain a current position
of the at least one electroadhesive device relative to the substrate. The insulation
material disposed between the first electrode and the second electrode and configured
to substantially maintain the electrostatic adhesion voltage difference between the first
electrode and the second electrode.

[0009] In another aspect, the present invention relates to an electroadhesive
device configured to adhere two objects together. The electroadhesive device includes
a body with a first surface and a second surface. The electroadhesive device also
includes a first electrode configured to apply a first voltage at a first location of the
first surface, and a second electrode configured to apply a second voltage at a second
location of the first surface. The difference in voltage between the first voltage and
second voltage includes an electrostatic adhesion voltage that produces a first
electrostatic force between the electroadhesive device and a first object that is suitable
to adhere a surface of the first object to the first surface. The difference in voltage
between the first voltage and second voltage includes an electrostatic adhesion
voltage that produces a second electrostatic force between the electroadhesive device
and a second object that is suitable to adhere a surface of the second object to the
second surface.

[0010] In yet another aspect, the present invention relates to a method of
ascending a wall. The method includes positioning an electroadhesion device in
proximity to a surface of the wall. The method also includes applying an electrostatic
adhesion voltage difference between a first electrode at a first location of the
electroadhesion device and a second electrode at a second location of the
electroadhesion device. The method further includes adhering the electroadhesion
device to the wall surface using an electrostatic attraction force provided by the
electrostatic adhesion voltage difference. The method additionally includes ascending
the wall while the electroadhesion device adheres to the wall.

[0011] These and other features and advantages of the present invention will be

described in the following description of the invention and associated figures.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0012] Figure 1 shows a simplified electroadhesive device in accordance with one
embodiment of the present invention.

[0013] Figure 2 shows the electroadhesive device of Figure 1 attached to a surface
of a vertical wall.

[0014] Figure 3 shows an electric field formed in the substrate of a structure as
result of the voltage difference between electrodes in the electroadhesive device of
Figure 1.

[0015] Figure 4A shows an electroadhesive device with a set of electrodes
embedded in an insulating material in accordance with another embodiment of the
present invention.

[0016] Figure 4B shows provision of a suitable electrostatic adhesion voltage to
electrodes of the electroadhesive device of Figure 4A and the electric fields that
result.

[0017] Figure 4C shows an electroadhesive device with a set of electrodes
disposed on an inside surface of an insulating layer in accordance with another
embodiment of the present invention.

[0018] Figure 4D shows provision of a suitable electrostatic adhesion voltage to
electrodes of the electroadhesive device of Figure 4C and the resultant electric fields.
[0019] Figure 4E shows an electroadhesive device with a first set of electrodes
disposed on an inside surface of insulating layer, and a second set of electrodes
disposed on the opposite surface of the insulating layer, in accordance with another
embodiment of the present invention.

[0020] Figure 4F shows electric fields for the electroadhesive device of Figure 4E.
[0021] Figure 4G shows an electroadhesive device in accordance with another
embodiment of the present invention.

[0022] Figure 4H shows the resultant electric fields for electroadhesive device.
[0023] Figure 41 shows an electroadhesive device in accordance with another
embodiment of the present invention.

[0024] Figure 4J shows one suitable example of phase shifted input for the three
voltage pattern of Figure 41 in accordance with a specific embodiment of the present

invention.
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[0025] Figure 5A shows a deformable electroadhesive device conforming to the
shape of a rough surface in accordance with a specific embodiment of the present
invention.

[0026] Figure 5B shows a surface of a deformable electroadhesive device initially
when the device is brought into contact with a surface of a structure in accordance
with a specific embodiment of the present invention.

[0027] Figure 5C shows the surface shape of electroadhesive device of Figure 5B
and wall surface after some deformation in the electroadhesive device due to the
initial force of electrostatic attraction and compliance.

[0028] Figure 6A shows an electroadhesive device with patterned electrodes in
accordance with another embodiment of the present invention.

[0029] Figure 6B shows an electroadhesive device with patterned electrodes in
accordance with another embodiment of the present invention.

[0030] Figure 6C shows a variation of the device of Figure 6A device using
conducting cilia in accordance with another specific embodiment of the present
invention.

[0031] Figures 7A-7C illustrate the concept of peeling for an electroadhesive
device.

[0032] Figures 7D and 7E show partial detachment of an electroadhesive device.
[0033] Figures 7F and 7G show an electroadhesive device that includes a grid
structure to subdivide the overall electroadhesive device area in accordance with
another embodiment of the present invention.

[0034] Figures 7H and 71 show a peel-resistant electroadhesive device in
accordance with another embodiment of the present invention.

[0035] Figure 8 shows control and conditioning circuitry suitable for providing a
suitable electrostatic adhesion voltage to electrodes of an electroadhesive device in
accordance with one embodiment of the present invention.

[0036] Figure 9 shows a method of adhering objects using electroadhesion in
accordance with one embodiment of the present invention.

[0037] Figures 10A-10B shows a tracked wall-crawling robot modified with
electroadhesive devices in accordance with a specific embodiment of the present
invention.

[0038] Figure 10C shows the wall-crawling robot of Figure 10B moving from a

horizontal surface to a vertical wall and to another horizontal surface.
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[0039] Figure 11A illustrates a wall-crawling robot that uses electroadhesion in
accordance with another specific embodiment of the present invention.

[0040] Figure 11B shows a perspective view of the tire for the robot of Figure
11A in closer detail.

[0041] Figure 12 shows a robot in accordance with another specific embodiment
of the present invention.

[0042] Figure 13 shows a robot in accordance with another embodiment of the
present invention.

[0043] Figure 14 shows electroadhesive handwear and electroadhesive leg-pads in
accordance with a specific application embodiment.

[0044] Figures 15A and 15B show electroadhesive scaling devices in accordance
with two specific application embodiments.

[0045] Figures 16A-16C show a detachable double-sided electroadhesive device

in accordance with another specific embodiment of the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0046] The present invention is described in detail with reference to a few
preferred embodiments as illustrated in the accompanying drawings. In the following
description, numerous specific details are set forth in order to provide a thorough
understanding of the present invention. It will be apparent, however, to one skilled in
the art, that the present invention may be practiced without some or all of these
specific details. In other instances, well known process steps and/or structures have
not been described in detail in order to not unnecessarily obscure the present
invention.

ELECTRICALLY CONTROLLED ADHESION
[0047] As the term is used herein, ‘electroadhesion’ refers to the mechanical
coupling of two objects using electrostatic forces. Electroadhesion as described herein
uses electrical control of these electrostatic forces to permit temporary and detachable
attachment between two objects. This electrostatic adhesion holds two surfaces of
these objects together or increases the traction or friction between two surfaces due to
electrostatic forces created by an applied electric field. In one embodiment,
electrostatic adhesion of one material to another uses an electric field across an

insulating and deformable material.
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[0048] Conventionally, electrostatic clamping was limited to holding two flat,
smooth conductive surfaces together. The inventors have developed electroadhesion
devices and techniques that do not limit the material properties or surface roughness
of the substrate being adhered to.

[0049] Figure 1 shows a simplified electroadhesive device 10 in accordance with
one embodiment of the present invention. Figure 2 shows an electroadhesive device
10 attached to a surface 12. Surface 12 is part of a larger structure 14 that includes
material, or substrate, 16, which in this instance resembles a vertical wall. While the
present invention will primarily be described as devices and structures, those skilled
in the art will also appreciate that the present invention relates to methods of adhering
objects using electroadhesion.

[0050] An electrostatic adhesion voltage is applied via electrodes 18 using
external control electronics (see Figure 8) in electrical communication with the
electrodes 18. As shown in Figure 2, the electrostatic adhesion voltage uses
alternating positive and negative charges on adjacent electrodes 18. As result of the
voltage difference between electrodes 18, and as shown in Figure 3, a electric field 22
forms in the substrate 16 of structure 14. The electric field 22 locally polarizes a
dielectric material 16 and thus causes electrostatic adhesion between the electrodes 18
(and device 10) and the induced charges on the substrate 16. The induced charges
may be the result of the dielectric polarization or from weakly conductive materials
and leakage currents. While not wishing to be bound by theory, the induced
electrostatic forces may also use the Johnson-Rahbeck effect to provide increased
forces at lower power levels.

[0051] Thus, the electrostatic adhesion voltage provides an electrostatic force,
between the electroadhesive device 10 and material 16 beneath surface 12, that
maintains the current position of device 10 relative to the surface. Suitable
electrostatic adhesion voltages will be described in further detail below. For a wall or
other relatively vertical surface, the electrostatic force between the electroadhesive
device 10 and surface 12 overcomes gravitational pull on the device 10, and holds
device 10 aloft. Device 10 may also be attached to other structures and hold these
additional structures aloft, or it may be used on sloped or slippery surfaces to increase
normal friction forces.

[0052] Removal of the electrostatic adhesion voltages from electrodes 18 ceases

the electrostatic adhesion force between device 10 and surface 12. Thus, when there is
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no electrostatic adhesion voltage between electrodes 18, electroadhesive device 10
can move freely relative to surface 12. This condition allows electroadhesive device
10 to move before and after an electrostatic adhesion voltage is applied. Robots and
other devices that leverage this control for wall-crawling will be described in further
detail below. In addition, as will be expanded upon below, electrical activation and
de-activation enables fast adhesion and detachment, such as response times less than
about 50 milliseconds, while consuming small amounts of power.

[0053] Electroadhesive device 10 of Figure 1 includes electrodes 18 on the
outside surface of insulating material 20 (e.g., they are exposed on the outside surface
of insulating material 20 and may contact wall surface 12). This embodiment is well
suited for controlled attachment to insulating and weakly conductive materials and
substrates 16. Other electroadhesive device 10 relationships between electrodes 18
and insulating material 20 are contemplated and suitable for use with a broader range
of materials including conductive materials.

[0054] Figure 4A shows an electroadhesive device 10b with a set of electrodes 18
embedded in the insulating material 20 in accordance with another embodiment of the
present invention. Figure 4B shows provision of a suitable electrostatic adhesion
voltage to electrodes 18 of electroadhesive device 10b and the electric fields 22 from
charges on electrodes 18 that result when adhering to a substrate 16.

[0055] Figure 4C shows an electroadhesive device 10c with a set of electrodes 18
disposed on an inside surface 23 of insulating layer 20, opposite to a surface 25 of
insulating layer 20 that is meant to contact and adhere to a wall, in accordance with
another embodiment of the present invention. Figure 4D shows provision of a suitable
electrostatic adhesion voltage to electrodes 18 of electroadhesive device 10c and the
resultant electric fields 22 from charges on electrodes 18.

[0056] Figure 4E shows an electroadhesive device 10d with a first set 40 of
electrodes 18 disposed on an inside surface 23 of insulating layer 20, and a second set
42 of electrodes disposed on the opposite surface 25 of insulating layer 20, in
accordance with another embodiment of the present invention. Figure 4F shows the
resultant electric fields 22 from charges on electrodes 18 for electroadhesive device
10d.

[0057] Expanding upon electroadhesive attraction, the exact mechanism for force
generation will depend on conductivity and dielectric constant of material 16 under

surface 12. Notably, the present invention is not limited by the electrical
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characteristics of the substrate being adhered to, even though electroadhesion is
largely based on electrical principles. Indeed, electroadhesion as described herein
works well for both conductive and non-conductive (or insulating) substrates 16.
[0058] Returning back to Figures 2 and 3, when material 16 acts as an insulator
for the voltage difference between the alternate positive and negative charges applied
by electrodes 18, electric fields 22 from charges on electrodes 18 polarize a dielectric
and insulating substrate and thus cause electrostatic adhesion between electroadhesive
device 10 and the induced polarization charges in material 16 of structure 14.

[0059] However, when material 16 is conductive, free charge flows within
substrate 16, and the charged electrodes 18 are attracted to the conductive material by
electrostatic forces. The same mechanism also applies to a damp and insulating
substrate 16, where the moisture or other conductive particles lodged in the surface
act as a conductive surface on an otherwise insulating material. Of course, if substrate
16 is too conductive the control electronics may not be able to maintain an adequate
electroadhesion voltage and an insulated embodiment such as that shown in Fig. 4A is
used.

[0060] While the electroadhesive device 10 attaches well to both conductive and
insulating substrates 16, it may be helpful to distinguish between the two to help show
the range of materials that device 10 can attach to. A conductive material may be
defined as a material with a resistivity less than about 10" ohm-cm. An insulating
material may be defined as a material with a resistivity greater than about 10" ohm-
cm. For this definition, the conductive materials include true conductors such as
metals and also semiconductive materials and materials such as concrete, most woods
and rock that would ordinarily be thought of as insulating. However, as will be
described, the practical boundary between insulating and conductive materials
depends in part on the geometry and feature sizes of the electroadhesive device.
[0061] Notably, then, for the same electroadhesive devices discussed so far, the
same electroadhesive device 10 geometry and operation (apply electrostatic adhesion
voltages to electrodes 18) can be used to clamp to both insulating and conductive
substrates. This represents one distinguishing feature of electroadhesive device 10.
[0062] In some cases, the electroadhesive device is designed to use the substrate
as an insulation material. Figure 4G shows an electroadhesive device 10g in
accordance with another embodiment of the present invention. Figure 4H shows the

resultant electric fields 22 for electroadhesive device 10g.
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[0063] Electroadhesive device 10g includes two electrodes 18 that directly contact
substrate 16. Electrodes 18 attach to mechanically separate pads 57. For example,
each pad 57 may be included in a separate foot of a robot.

[0064] Notably, for electroadhesive device 10g, there is no insulation material 20
between the electrodes 18 included in the electroadhesive device. In this instance,
substrate substrate 16 acts as an insulation material between the electrodes. This
design still permits electroadhesive forces to be generated, but does not work on
conductive substrates 16 (insulation material between one or both of the electrodes 18
may then be used, such as shown in Figures 4A-4F).

[0065] Another distinguishing feature of electroadhesive devices described herein
is the option to use deformable surfaces and materials in electroadhesive device 10 as
shown in Figure 5. In one embodiment, one or more portions of electroadhesive
device 10 are deformable. In a specific embodiment, this includes surface 30 on
device 10. In another embodiment, insulating material 20 between electrodes 18 is
deformable. Electroadhesive device 10 may achieve the ability to deform using
material compliance (e.g., a soft material as insulating material 20) or structural
design (e.g., see cilia or hair-like structures shown in Figure 6C or tracks 352 in
Figure 10A). In a specific embodiment, insulating material 20 includes a bendable but
not substantially elastically extendable material (for example, a thin layer of mylar).
In another embodiment insulating material 20 is a soft polymer with modulus less
than about 10 MPa and more specifically less than about 1 MPa.

[0066] Electrodes 18 may also be compliant. Compliance for insulating material
20 and electrodes 18 may be used in any of the electroadhesive device arrangements
10 described above. Compliance in electroadhesive device 10 permits an adhering
surface 30 of device 10 to conform to surface 12 features of the object it attaches to.
Figure 5A shows a compliant electroadhesive device 10 conforming to the shape of a
rough surface 12 in accordance with a specific embodiment of the present invention.
[0067] Adhering surface 30 is defined as the surface of an electroadhesive device
that contacts the substrate surface 12 being adhered to. The adhering surface 30 may
or may not include electrodes. In one embodiment, adhering surface 30 includes a thin
and compliant protective layer that is added to protect electrodes that would otherwise
be exposed. In another embodiment, adhering surface 30 includes a material that
avoids retaining debris stuck thereto (e.g., when electrostatic forces have been

removed). Alternatively, adhering surface 30 may include a sticky or adhesive
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material to help adhesion to a wall surface or a high friction material to better prevent
sliding for a given normal force.

[0068] Compliance in electroadhesive device 10 often improves adherence. When
both electrodes 18 and insulating material 20 are able to deform, the adhering surface
30 may conform to the micro- and macro- contours of a rough surface 12, both
initially and dynamically after initial charge has been applied. This dynamic
compliance is described in further detail with respect to Figure 5B. This surface
electroadhesive device 10 compliance enables electrodes 18 get closer to surface 12,
which increases the overall clamping force provided by device 10. In some cases,
electrostatic forces may drop off with distance (between electrodes and the wall
surface) squared. The compliance in electroadhesive device 10, however, permits
device 10 to establish, dynamically improve and maintain intimate contact with
surface 14, thereby increasing the applied holding force applied by the electrodes 18.
The added compliance can also provide greater mechanical interlocking on a micro
scale between surfaces 12 and 30 to increase the effective friction and inhibit sliding.
[0069] The compliance permits electroadhesive device 10 to conform to the wall
surface 12 both initially - and dynamically after electrical energy has been applied.
This dynamic method of improving electroadhesion is shown in Figures 5B-5C in
accordance with another embodiment of the present invention.

[0070] Figure 5B shows a surface 30 of electroadhesive device 10 initially when
the device 10 is brought into contact with surface 12 of a structure with material 16.
Surface 12 may include roughness and non-uniformities on a macro, or visible, level
(for example, the roughness in concrete can easily be seen) and a microscopic level
(most materials).

[0071] At some time when the two are in contact as shown in Figure 5B,
electroadhesive electrical energy is applied to electrodes 18. This creates a force of
attraction between electrodes 18 and wall surface 12. However, initially, as a practical
matter for most rough surfaces, as can be seen in Figure 5B, numerous gaps 82 are
present between device surface 30 and wall surface 12.

[0072] The number and size of gaps 82 affects electroadhesive clamping
pressures. For example, at macro scales electrostatic clamping is inversely
proportional to the square of the gap between the substrate 16 and the charged
electrodes 18. Also, a higher number of electrode sites allows device surface 30 to

conform to more local surface roughness and thus improve overall adhesion. At micro
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scales, though, the increase in clamping pressures when the gap is reduced is even
more dramatic. This increase is due to Paschen's law, which states that the breakdown
strength of air increases dramatically across small gaps. Higher breakdown strengths
and smaller gaps imply much higher electric fields and therefore much higher
clamping pressures. The inventors have determined that clamping pressures may be
increased, and electroadhesion improved, by using a compliant surface 30 of
electroadhesive device 10, or an electroadhesion mechanism that conforms to the
surface roughness.

[0073] When the force of attraction overcomes the compliance in electroadhesive
device 10, these compliant portions deform and portions of surface 30 move closer to
surface 12. This deformation increases the contact area between electroadhesive
device 10 and wall surface 12, increases electroadhesion clamping pressures, and
provides for stronger electroadhesion between device 10 and wall 14. Figure 5C
shows the surface shape of electroadhesive device 10 and wall surface 12 after some
deformation in electroadhesive device 10 due to the initial force of electrostatic
attraction and compliance. Many of the gaps 82 have become smaller.

[0074] This adaptive shaping may continue. As the device surface 30 and wall
surface 12 get closer, the reducing distance therebetween in many locations further
increases electroadhesion forces, which causes many portions of electroadhesive
device 10 to further deform, thus bringing even more portions of device surface 30
even closer to wall surface 12. Again, this increases the contact area, increases
clamping pressures, and provides for stronger electroadhesion between device 10 and
wall 14. The electroadhesive device 10 reaches a steady state in conformity when
compliance in the device prevents further deformation and device surface 30 stops
deforming.

[0075] In another embodiment, electroadhesive device 10 includes porosity in one
or more of electrodes 18, insulating material 20 and backing 24. Pockets of air may be
trapped between surface 12 and surface 301; these air pockets may reduce adaptive
shaping. Tiny holes or porous materials for insulator 20, backing 24, and/or electrodes
18 allows trapped air to escape during dynamic deformation.

[0076] Thus, electroadhesive device 10 is well suited for use with rough surfaces,
or surfaces with macroscopic curvature or complex shape. In one embodiment,
surface 12 includes roughness greater than about 100 microns. In a specific

embodiment, surface 12 includes roughness greater than about 3 millimeters.
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[0077] An optional backing structure 24, as shown in Figures 1, 2, or 5A, attaches
to insulating material 20, includes a rigid or non-extensible material, and provides
structural support for the compliant electroadhesive device 10b. Backing layer 24 also
permits external mechanical coupling to electroadhesive device 10b to permit the
device to be used in larger devices, such as wall-crawling robots and other devices
and applications described below.

[0078] With some electroadhesive devices 10, softer materials may warp and
deform too much under mechanical load, leading to suboptimal clamping. To mitigate
these effects, electroadhesive device 10 may include a graded set of layers or
materials, where one material has a low stiffness or modulus for coupling to the wall
surface and a second material, attached to a first passive layer, which has a thicker
and/or stiffer material. Backing structure 24 may attach to the second material stiffer
material. In a specific embodiment, electroadhesive device 10 included an acrylic
elastomer of thickness approximately 50 microns as the softer layer and a thicker
acrylic elastomer of thickness 1000 microns as the second support layer. Other
thicknesses may be used.

[0079] The time it takes for the changes of Figures 5B and 5C may vary with the
electroadhesive device 10 materials, electroadhesive device 10 design, the applied
control signal, and magnitude of electroadhesion forces. The dynamic changes can be
visually seen in some electroadhesive devices. In one embodiment, the time it takes
for device surface 80 to stop deforming is between about 0.01 seconds and about 10
seconds. In other cases, the conformity ceasing time is between about 0.5 second and
about 2 seconds.

[0080] In some embodiments, electroadhesion as described herein permits fast
clamping and unclamping times and may be considered almost instantaneous. In one
embodiment, clamping or unclamping may be achieved in less than about 50
milliseconds. In a specific embodiment, clamping or unclamping may be achieved in
less than about 10 milliseconds. The speed may be increased by several means. If the
electrodes are configured with a narrower line width and closer spacing then speed is
increased using conductive or weakly conductive substrates because the time needed
for charge to flow to establish the electroadhesive forces is reduced (basically the
“RC” time constant of the distributed resistance-capacitance circuit including both
electroadhesive device and substrate is reduced). Using softer, lighter, more adaptable

materials in device 10 will also increase speed. It is also possible to use higher voltage
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to establish a given level of electroadhesive forces more quickly, and one can also
increase speed by overdriving the voltage temporarily to establish charge distributions
and adaptations quickly. To increase unclamping speeds, a driving voltage that
effectively reverses polarities of electrodes 18 at a constant rate may be employed.
Such a voltage prevents charge from building up in substrate material 16 and thus
allows faster unclamping. Alternatively, a moderately conductive material 20 can be
used between the electrodes 18 to provide faster discharge times at the expense of
some additional driving power required.

[0081] As the term is used herein, an electrostatic adhesion voltage refers to a
voltage that produces a suitable electrostatic force to couple electroadhesive device 10
to a wall or substrate. The minimum voltage needed for electroadhesive device 10 will
vary with a number of factors, such as: the size of electroadhesive device 10, the
material conductivity and spacing of electrodes 18, the insulating material 20, the wall
material 16, the presence of any disturbances to electroadhesion such as dust, other
particulates or moisture, the weight of any structures mechanically coupled to
electroadhesive device 10, compliance of the electroadhesive device, the dielectric
and resistivity properties of the substrate, and the relevant gaps between electrodes
and substrate. In one embodiment, the electrostatic adhesion voltage includes a
differential voltage between the electrodes 18 that is between about 500 volts and
about 10 kilovolts. In a specific embodiment, the differential voltage is between about
2 kilovolts and about 5 kilovolts. Voltage for one electrode can be zero. Alternating
positive and negative charges may also be applied to adjacent electrodes 18. Further
description of electrical circuits and electrical performance of electroadhesive device
10 is described in the next section of this patent application.

[0082] The resultant clamping forces will vary with the specifics of a particular
electroadhesive device 10, the material it adheres to, any particulate disturbances, wall
surface roughness, etc. In general, electroadhesion as described herein provides a
wide range of clamping pressures, generally defined as the attractive force applied by
the electroadhesive device divided by the area of the electroadhesive device in contact
with the wall. For purposes of illustration, clamping forces for electroadhesion can be
simplified in terms of the normal clamping pressure (Px), the friction coefficient (u)
between substrate and clamp, and the effective lateral adhesion pressure (Pr). The
effective lateral adhesion pressure Pr, represents the measured maximum lateral force

without slippage divided by the area of surface 30. The three quantities are related by:
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PL=p Py (Equation 1)
[0083] Py is important for wall climbing applications, where gravity exerts a
lateral force on the electroadhesive device 10, and it can be increased either by
increasing the normal clamping pressure Py, or by increasing the friction coefficient.
Py is the important for mobility on a ceiling where gravity exerts a normal force
opposite to the electroadhesive device 10.
[0084] The actual electroadhesion forces and pressure will vary with design and a
number of factors. In one embodiment, electroadhesive device 10 provides
electroadhesive attraction pressures between about 0.7 kPa (about 0.1 psi) and about
70 kPa (about 10 psi). In a specific embodiment, electroadhesive device 10 provides
pressures between about 2 kPa (about 0.3 psi) and about 20 kPa (about 3 psi). The
amount of force needed for an application may then be readily achieved by varying
the contacting and active surface 30 of electroadhesive device 10. In general,
increasing the voltage increases electroadhesion forces. Also, decreasing the distance
between the electrodes and surface increases electroadhesion forces. Further,
increasing the active contact surface 30 and electroadhesive device size increases
electroadhesion forces. For robotic applications described below, the electroadhesive
device sizes used for each robot will depend on a number of factors such as the
number of pads used, robot weight, and robust factors (e.g., a multiplier of 1.5-10 for
robust operation). For example, a clamping pressure of 0.125 psi can carry a 1 1b
robot with two square pads of dimensions 2 inches on each side, not including a safety
factor for robust operation.
[0085] One suitable solution to overcome less than ideal situations (e.g., dust,
difficult materials, rough surfaces, extremely wet surfaces, etc.) is simply to increase
the electroadhesive device 10 area until sufficient clamping force is achieved despite
the wall disturbances. Since the electroadhesive devices 10 are light, increasing their
area is unlikely to result in a significant increase in the overall weight of a robot for
example.
[0086] For robots, increasing clamping pressures or electroadhesive device sizes
provides margins to accommodate less than ideal surfaces and situations (e.g., rough
surfaces, dust, etc.) and unpredictable disturbances on the robot. It also decreases
power requirements (by allowing lower voltage operation for the same clamping

pressure), allows greater payloads, and permits faster and more robust locomotion. In

15



WO 2007/143662 PCT/US2007/070437

10

15

20

25

30

addition, one can simply attach a large or additional electroadhesive devices 10 to the
other areas of a robot to enhance adhesive abilities.

[0087] So far, the present invention has been described in the context of a single
contact surface 30 attaching to a wall for electroadhesive device 10. Multiple surfaces
30 are also suitable for use in a single electroadhesive device 10. When commonly
attaching to a single wall, the multiple surfaces 30 may operate in concert for a single
device 10, and thus reduce the forces and size for each individual surface 30. For
example, a robot may include two or more electroadhesive surfaces 30 coupled to a
robotic actuator that is configured to position the surfaces 30 on a wall surface.
[0088] The electrodes 18 may also be enhanced by various means, such as
patterned on an adhesive device surface to improve electroadhesive performance.
Figure 6A shows an electroadhesive device 10e in accordance with another
embodiment of the present invention. Electroadhesive device 10e includes
interdigitated top and bottom electrodes sets 40 and 42 on opposite sides of an
insulating layer 44. In some cases, the electrodes as well as the insulating layer 44
may be compliant and composed of elastomers to increase compliance. In one
preferred embodiment the modulus of the elastomers is below about 10 MPa and in
another preferred embodiment it is more specifically below about 1 MPa.

[0089] Electrode set 42 is disposed on a top surface 23 of insulating layer 44, and
includes an array of linear patterned electrodes 18. A common electrode 71
electrically couples electrodes 18 in set 42 and permits electrical communication with
all the electrodes 18 in set 42 using a single input lead to common electrode 71.
[0090] Electrode set 40 is disposed on a bottom surface 25 of insulating layer 44,
and includes a second array of linear patterned electrodes 18 that is laterally displaced
from electrodes 18 on the top surface. Set 40 may also include a common electrode
(not shown).

[0091] The pitch, or planar spacing between individual electrodes 18 in sets 40
and 42, may vary. The spacing in the cross section shown may be characterized by
electrode width 45 and pitch 47. Pitch 47 represents the spacing between electrodes of
different polarities, whether they are on the same or different side of the insulating
layer 44. In a specific embodiment, electroadhesive device 10e includes compliant
carbon electrodes with an about 1 millimeter electrode width 45 and an about 1
millimeter pitch 47 between the electrodes. Other line widths and pitches are suitable

for use. In another embodiment, pitch 47 is about 1 centimeter. Generally speaking,
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narrower pitches 47 and widths 45 allow faster clamping to more insulating or
resistive substrates, while wider pitches 47 and widths 45 attract the electroadhesive
device 10 to the substrate from a greater distance. In one embodiment, the pitch
between the electrodes can be non-uniform along the length of the clamp 10 to allow
a variety of geometric electric fields to be setup. In another embodiment, the
electrodes can be arranged in different two-dimensional geometry (eg. concentric
rings).

[0092] Electrodes can be patterned on opposite sides of an insulating layer 44 to
increase the ability of the electroadhesive devices 10e and 10f to withstand higher
voltage differences without being limited by breakdown in the airgap between the
electrodes. Typically, when the electrodes 18 are patterned on opposite sides of an
insulator layer 44, the electrode 18 spacing in each set 40 and 42 is much greater than
the thickness of the elastomeric layer 44 (which has been exaggerated in the drawings
for purposes of illustration, along with exaggerating the thickness of the electrodes,
which may be only several micrometers thick). An ‘aspect ratio’ is defined as the ratio
of the electrode geometry: electrode 18 spacing to thickness, t, of insulator material
20 separating the electrodes 18 (47:t). The aspect ratio influences clamping pressures.
Larger aspect ratios ensure a substantially planar distribution of electric field sources.
Smaller electrode spacing ensures better contact with a substrate attached to either
side of electroadhesive device 10e.

[0093] Insulating layer 44 is relatively planar, includes opposing surfaces 23 and
25, and comprises insulating material 20. In one embodiment, insulating layer 44 is
compliant and conforms to forces applied thereto. In a specific embodiment,
insulating layer 44 includes a thickness less than about 2 millimeters. In another
specific embodiment, insulating layer 44 includes a thickness less than about 0.1
millimeters. Layer 44 may also include a material such as mylar that is bendable but
not substantially stretchable.

[0094] An acrylic elastomer is suitable for use as insulating layer 44. The acrylic
elastomer may be pre-strained to increase its dielectric strength. Pre-strain of a
polymer may be described, in one or more directions, as the change in dimension in a
direction after pre-straining relative to the dimension in that direction before pre-
straining. The pre-strain may comprise elastic deformation of polymer and be formed,
for example, by stretching the polymer in tension and fixing one or more of the edges

while stretched. In one embodiment, the pre-strain is elastic. An elastically pre-

17



WO 2007/143662 PCT/US2007/070437

10

15

20

25

30

strained polymer could, in principle, be unfixed and return to its original state. The
pre-strain may be imposed at the boundaries using a rigid frame or may also be
implemented locally for a portion of the polymer. In one embodiment, pre-strain is
applied uniformly over a portion of the polymer to produce an isotropic pre-strained
polymer, e.g., 300% by 300% in both directions. Pre-strain suitable for use with the
present invention is further described in U.S. Patent No. 7,034,432, which is
incorporated by reference for all purposes.

[0095] In one embodiment to improve clamping forces, electroadhesive device
10e reduces the thickness of insulating layer 44 and/or the pitch 47 between
electrodes 18 to help the device 10e better conform to surface roughness of a wall
surface 12. This brings the opposite polarity electrodes closer to the substrate material
16 and thus increase the field effects. In a specific embodiment, device 10e includes a
16 micron thick dielectric material with electrode spacing 47 of about 1 millimeter.
[0096] The electrodes 18 may also be patterned on the same surface of insulating
layer 44. Figure 6B shows an electroadhesive device 10f in accordance with another
embodiment of the present invention. Electroadhesive device 10f includes
interdigitated electrodes sets 60 and 62 on the same surface 23 of a compliant
insulating layer 44.

[0097] This embodiment decreases the distance between the positive electrodes
18 in set 60 and negative electrodes 18 in set 62, and allows the placement of both
sets of electrodes on the same surface of electroadhesive device 10e. Functionally,
this eliminates the spacing between the electrodes sets 60 and 62 due to insulating
layer 44. It also eliminates the gap between one set of electrodes (previously on the
bottom surface 25) and the wall surface 12 when the top surface 23 attaches to the
wall. Both of these changes increase electroadhesive forces between electroadhesive
device 10e and the attaching substrate 16.

[0098] Patterning electrodes 18 at micrometer scales also provide an increase in
clamping pressures. Another embodiment for micromachining involves patterning
electrodes into insulated "cilia" hair-like structures, or scales. Figure 6C shows an
electroadhesion device 101, a variation of the device 10e, using conducting cilia 55 in
accordance with another specific embodiment of the present invention. Cilia 55
include small deformable fiber-like structures the increase intimate contact with a

rough surface 12 (from Figure 5).
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[0099] In one embodiment, each electroadhesion cilium 55 has two electrodes
embedded in a dielectric insulator such as silicone. The electroadhesion cilia then
conform to local surface roughness on wall surface 12, while the flexible backing,
such as insulating layer 44, to which the electroadhesion cilia attaches, conforms to
global irregularities in a wall surface 12. In another specific embodiment, a
conducting wire with an insulating coating is coated with another conductive layer. In
this case, the electroadhesive voltage is applied between the inner core electrode and
the outer ring through the insulating coating. In the embodiment of Figure 6C, each
cilium 55 has only one electrode and the cilia are simply deformable and compliant
hair-like structures connected to the flat electrodes similar to those in Figure 6A or
6B. The cilia in this embodiment may be coated with an insulator (not shown)
depending on an anticipated conductivity of a substrate being adhered to. Geometries
such as these, which can be implemented via micromachining and in some cases using
traditional molding or hand assembly techniques depending on the scale, allow the
effective gap between the wall surface 12 and electrodes in electroadhesion cilia to
decrease, both initially and dynamically, as described above, thus enabling large
clamping pressures and electroadhesive forces. Resistance to peeling forces is also
increased using cilia because of their large total peel line (each cilia has a high
perimeter length relative to it’s cross sectional area compared to a larger structure).
[0100] Increases in clamping pressures provided with patterned electrodes 18 may
be varied and increased by design. In one embodiment, the size 45 and pitch 47
between electrodes 18 in the electroadhesive device is reduced to increase field
strength per unit area. In general, the electroadhesive forces are proportional to the
average of the square of the field strength. Increasing size and spacing between
electrodes 18 also decreases weak or dead zones in the field distribution. In another
embodiment, the insulating material 20 of layer 44 is selected or altered to minimize
internal charge leakage through the electroadhesive devices. This also decreases the
power requirement for clamping. A material may also be added as the adhering
surface of the device and selected to increase fiction coefficients, thereby increasing
the effective lateral clamping pressure even for the same normal clamping pressure.
[0101] So far, the electroadhesive devices have been described with respect to two
using voltages. More complication electrical provisions are contemplated. Figure 41
shows an electroadhesive device 10i in accordance with another embodiment of the

present invention.
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[0102] Electroadhesive device 10i includes a combination of multiple voltages
applied to the electrodes 18. In this case, three voltages are alternated on the
electrodes 18: Vi, Va», and V3. For example, V; may be about 5 kilovolts, V> may be
about 0 volts, while V3 is about minus (-)5 kilovolts. This creates fractal electric fields
22 due to charges on the electrodes of varying strengths in the substrate 16, as shown
in Figure 41. Fractal electric fields refer to electric fields of different strengths created
by the electrodes and voltages applied thereto. More than three voltage levels may be
used, along with other spacing arrangements of the electrodes.

[0103] Another embodiment to create fractal electric fields 22 of varying electric
field strengths in the substrate 16 is to apply phase shifted input to electrodes 18. In
this case, a control circuit applied time varying voltages 59a-59c to the electrodes 18.
One suitable example of phase shifted input for the three voltage pattern of Figure 41
is shown in Figure 4]J. Other varying voltage patterns are also suitable for use.
Changing pitch between the electrodes may also achieve fractal electric fields 22 of
varying strengths as shown.

[0104] A multi-modal approach to increasing adhesion forces combines
electroadhesion with existing wall-crawling methods. For example, small angled
spikes (that embed into a surface) may be added to an electroadhesion clamping
device 10 to added greater lateral forces that oppose gravity and allow for forward
motion.

[0105] A second hybrid adhesion embodiment involves the use of electroadhesion
in combination with a suction cup. For example, the suction cup may include an
electroadhesive device about the perimeter of a ring for the cup, which increases the
ability for the perimeter to maintain intimate contact with a wall surface, thereby
reducing leaks and improves suction forces. The suction cup may be actuated by any
suitable suction cup technology, such as pneumatic means, pumps, or electroactive
polymer actuation.

[0106] Electroadhesive devices 10 may also be modified to increase resistance to
peeling. Figures 7A-7C illustrate the concept of peeling for an electroadhesive device
10. Figures 7A and 7C illustrate when peeling may be encountered, and the resultant
peeling moment 80 and force 82 for a vertical wall and ceiling, respectively.

[0107] As described above, electroadhesive device 10 has strong force capability
perpendicular and parallel to wall 14, but may be sensitive to peeling forces and

moments that cause rotation and detachment of a portion of the device 10 away from
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the wall 14, such as the clockwise peeling moment 80 shown in Figure 7B. The force
required to peel an electroadhesion device 10 off a substrate depends on the
electroadhesive forces (such as measured by clamping pressure) and on the length of
the peeling line (i.e. the length of the line in the peeling zone that defines detached
areas from attached areas). The minimum force required to peel the electroadhesive
device 10 off a substrate is its minimum peeling force for that substrate as defined
here.

[0108] In addition to a high minimum peeling force for device 10, it is often
beneficial to have a high total peel energy. The total peel energy as defined here is the
mechanical energy required to detach electroadhesion device 10 from a substrate. By
analogy to the strength of materials, total peel energy may be considered a measure of
peel toughness whereas minimum peel force is a measure of peel strength. The total
peel energy may often be approximated by the minimum peel force times the distance
device 10 must be pulled to remove it by peeling. The compliant and elastic features
of this invention are particularly useful for increasing total peel energy. If, for
example, the compliance comes from soft elastomer layers, flaps, or cilia, and if the
peel force is enough to appreciably stretch these elastic features, then the total peel
energy is increased by the elastic stretching energy. A high total peel energy is helpful
in these instances because it makes the device 10 more able to resist disturbances such
as temporary shocks, jolts, and vibration.

[0109] Peeling moment 80 may cause the electroadhesive device 10 to detach,
first partially, and then potentially fully from top to bottom. Partial detachment is
shown in Figures 7D (top view) and 7E (side view), where 112 represents portions of
the electroadhesive device 10 surface that are still attached to wall 14, while 114
represents a portion of wall surface 12 that has already peeled away. The length of
peel line 110 is a measure of the force or torque that can be resisted by the
electroadhesion without peeling.

[0110] In one embodiment, an electroadhesive device 10 is adapted to increase
peel-resistance. In a specific embodiment, electroadhesive devices 10 increase the
cumulative length of the peel line 110, thereby increasing the peeling force to detach
from the wall. For electroadhesive device 10g shown in Figures 7F and 7G, this
solution is achieved using a grid structure 116 to subdivide the overall electroadhesive
device area 30 (which consists of both attached areas 112 and detached areas 114; see

Figure 7F). Grid structure 116 increases the cumulative length of peel lines 110 for

21



WO 2007/143662 PCT/US2007/070437

10

15

20

25

30

electroadhesive device 10 by separating the lines. While grid structure 116 provides a
more peel-resistant electroadhesive device, the resulting increase in bending stiffness
of device 10 may impede the ability of the electroadhesive device 10 to maintain
intimate contact with wall surface 12 and thus may reduce clamping forces.
Techniques to compensate and increase the clamping force were described above.
[0111] Figures 7H and 71 show a peel-resistant electroadhesive device 10h in
accordance with another embodiment of the present invention. Electroadhesive device
10h includes a sealed plenum-like structure 130 that creates a relative vacuum
pressure in a space 132 that is at least partially sealed by the surface of insulating
layer 44 opposite to the adhering surface. The vacuum pressure in space 132 limits
deformation of the compliant insulating layer 44. Although a sealed air chamber is
shown in Figs. 7H and 71, similar peel resistance may be achieved using a soft
elastomer, gel, or even liquid inside the cavity instead of air.

[0112] Functionally, once electroadhesive device 10h attaches to wall 14, peeling
of the electroadhesive device 10h has to increase the volume of the sealed space 132.
This decreases pressure in space 132, thus causing the vacuum pressure space 132 to
resist further peeling. This passive structural modification has demonstrated an
increase in peeling force of 2.6X and 1.8X for wall and ceiling electroadhesion forces,
respectively.

[0113] Having discussed several simple electroadhesive devices, electrodes 18
and insulating material 20 will now be expanded upon.

[0114] Electrodes 18 include a conductive material that communicates electrical
energy. Generally, electrodes suitable for use with the present invention may include
any conductor, shape and material provided that they are able to supply and transmit
an electrostatic adhesion voltage that induces an adhering electric field into a nearby
wall or structure. The electrodes may be deposited on a surface of the electroadhesive
device as a conductive coating, or embedded therein. Conductive coatings 18 or layers
may include any suitable electrical carrier, such as a carbon impregnated polymers, a
metallic spray or sputtered coating, or any other suitable conductor available to one of
skill in the art. Electrode 18 may also be made up of an insulated or non-insulated
electrical wire. Because electrostatic forces typically operate at high voltage and low
current, the conductive material 18 need not be highly conductive. In fact, the natural
conductivity of carbon fibers or other carbon particles, even diminished by mixing

them into a non-conducting polymer matrix, is more than sufficient in many cases.
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Embedding the electrode 18 in insulating material 20 or under another material
protects the electrodes.

[0115] The present invention may employ a wide variety of electrode 18
materials. In one embodiment, the electrodes 18 are rigid. Suitable materials for rigid
electrodes 18 may include a metal such as copper, aluminum, gold, brass, and
conductive polymers.

[0116] In some cases, “rigid” electrode materials may also be considered
deformable if they are sufficiently thin. For example, aluminized mylar or gold-coated
polyimide are both typically quite flexible and compliant because they can easily bend
in thin shapes, though they are non-extensible (non-stretchable). Very thin metals and
other conductors can also be advantageous because a local electrical breakdown can
self-heal by locally vaporizing electrode material until the field can be supported
again. This self-healing process makes the electroadhesion device 10 more robust.
Related self-healing methods are known, for example, in the capacitor prior art as a
way to make the device more robust. Another method to construct compliant
electrodes out of “rigid” or non-extensible materials is to construct it with in-plane of
out of plane corrugations (such as zigzags) that can be expanded without stretching
the electrode. In another embodiment, electrodes 18 are compliant and change shape
or extend with device 10. Suitable compliant, extensible electrodes materials include
conductive greases such as carbon greases or silver greases, colloidal suspensions,
high aspect ratio conductive materials such as carbon fibrils and carbon nanotubes,
and mixtures of ionically conductive materials. Other suitable materials include
graphite powders, carbon black, colloidal suspensions, silver filled and carbon filled
gels and polymers, and ionically or electronically stretchable conductive polymers. In
a specific embodiment, an electrode suitable for use with the present invention
comprises gold-coated polyimide or kapton. Aluminized mylar can also be used as a
lower cost alternative but is more prone to cracking and “open” circuits, particularly
in the connection region. In another specific embodiment, stretchable electrodes can
be made by mixing LSR 5810 silicone elastomer made by Nusil Technology of
Carpenteria, CA with conductive carbon black (Vultan(R) XC72R) made by Cabot
Corporation of Alpharetta, GA in a 5:1 ratio. Solvents such as naptha or hexane can be
used to lower the viscosity of the electrode during mixing or deposition. Various types
of electrodes suitable for use with the present invention are known in the prior art of

complaint conductors and examples are described in commonly owned U.S. Patent
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No. 7,034,432, which is incorporated by reference herein in its entirety for all
purposes.

[0117] Carbon based electrodes may be patterned by spray deposition and screen
printing for example. In a specific embodiment, a compliant electrode 18 includes a
thin coating applied in a selective area or pattern to a surface of insulating material 20
(Figures 6A and 6B). For example, the compliant electrode may include a carbon-
impregnated elastomer patterned with a stencil. The compliant electrode 18 adds little
stiffness to a deformable electroadhesive device 10. In addition, the carbon-
impregnated polymer adds little thickness to electroadhesive device 10. In one
specific embodiment, the carbon-based electrodes can be deposited to form strands on
the electroadhesive device 10 in the shape of cilia discussed in Figure 6C. In another
embodiment, an electrode can be patterned by removing material. For example,
etching away or even peeling away certain areas of aluminum coating on an
aluminized mylar sheet can result in a patterned electrode left behind on the mylar
substrate.

[0118] Insulating material 20 includes any material that can separate charges from
adjacent electrodes 18, substantially maintain the electrostatic adhesion voltage
between the first electrode and the second electrode, or otherwise allows the power
supply providing the electrostatic adhesion voltage to maintain the electrostatic
adhesion voltage. In one embodiment, spacing between electrodes 18 determines the
conductivity limit of insulating material 20; if the electrodes 18 are too close, even a
good insulator may be weakly conductive at some high voltages that may be used in
device 10. In some cases, air pockets may act as the effective insulation between
electrodes 18 (see Figures 4G or 5B for example).

[0119] In one embodiment, insulating material 20 includes a compliant material.
In a specific embodiment, insulating material 20 includes an elastic modulus less than
about 10 MPa. In another specific embodiment, insulating material 20 includes an
elastic modulus less than about 1 MPa.

[0120] Insulating material 20 may also include more rigid materials. Some rigid
materials may be thinly cast, such as mylar; this allows the thin material to be
bendable and conformable but not substantially elastically extendable. In order to
support larger loads, a stiffer stronger insulating material 20 may be used.

[0121] Specific examples of insulation material 20 may include a compliant

rubber or elastomer, acrylic elastomers, mylar, polyimide, silicones, silicone rubbers,
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payralin, PMDS elastomer, silicone rubber films, polyeurethane, polypropelene,
acrylics, nitrile, latex, fiberglass, fiberglass cloth, glass, and ceramic. One suitable
insulation material 20 is silicone RTV 118 as provided by GE Silicones of Wilton,
CT. PVC films (popularly used as cling wrap for food packaging) are also suitable for
use and have a good balance of elasticity, elastic modulus, and dielectric breakdown
strength. Since these materials are made to have enhanced static electricity, they have
low leakage rates and high dielectric breakdown strength. Breakdown tests on PVC
films has indicated a breakdown strength of 250 to 550 V/micrometer, which is well
above the minimum required for electroadhesion. Another suitable material is mylar,
due to its excellent breakdown strength and low inherent leakage (and power
consumption).

[0122] Electroadhesive device 10 may be packaged in a vast array of form factors,
shapes, and sizes. Padded and flat electroadhesive devices 10 have already been
illustrated. Electroadhesion tracks, suitable for ground-based locomotion, are shown
below in Figures 10A-10C. Electroadhesive device tires are shown in Figures 11A
and 11B. The ability to make the support structure 24 rigid or soft also permits custom
shapes with varying surface textures. It is also important to note that electroadhesive
device 10 is substantially scale invariant: electroadhesive device sizes may range from
1 square centimeter to several meters in surface area. Larger and smaller surface areas
also possible, and may be sized to the needs of an application.

[0123] Electroadhesive device 10 can adhere to a wide variety of materials 16,
structures 14 and surfaces 12. Sample surfaces 12 includes those found on: indoor and
outdoor walls, rocks and trees and other obstacles found in natural environments,
sloping structures such as bridge spans and sides of storage tanks, ceilings, and doors
and windows. The indoor and outdoor walls may include vertical walls, angled walls,
ceilings, and the like. Sample structures 14 include buildings and parts thereof, trees,
cars, planes, boats, and other vehicles larger than the device or a robot that uses the
device 10, bridges, storage tanks, and pipes.

[0124] Electroadhesion as described herein also provides robust attachment to a
wide variety of wall materials including but not limited to: concrete, wood, glass,
plastics, ceramic, granite, rocks, asphalt, and metals. For example, the present
invention works with most wall materials such as concrete, wood, steel, glass, and
drywall commonly found in everyday buildings. Non-perfect conditions and surfaces

are also suitable for attachment, such as damp surfaces, dusty surfaces, and uneven
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and/or rough surfaces. Rough surfaces are suitable for use and were described above
with respect to Figures SA-5C.

ELECTRICAL CONTROL AND CIRCUITS
[0125] The electroadhesive devices typically rely on electrical control and input.
For instance, at the very least, a minimum amount of circuitry is needed to provide
electrostatic adhesion voltages to the electroadhesive device 10. Figure 8 shows
control and conditioning circuitry 150 suitable for providing a suitable electrostatic
adhesion voltage to electrodes 18 of electroadhesive device 10 in accordance with one
embodiment of the present invention.
[0126] Control circuitry 152 is configured to determine when a suitable
electrostatic adhesion voltage is applied to electrodes 18. Circuitry 152 may include a
processor or controller that provides on/off signals that determine when electrostatic
adhesion voltages area applied, and what magnitudes. Circuitry 152 may also
determine the times associated with a charge and discharge cycle on the
electroadhesive device 10.
[0127] Conditioning circuitry 154 may include any circuitry configured to
perform one or more of the following tasks: voltage step-up, which is used when
applying a voltage to the electrodes 18, conversion between AC and DC power,
voltage smoothing, and recovery of stored electrostatic energy. Conditioning circuitry
154 may be designed to receive power from a low-voltage battery 156. For example,
in robotics applications, conditioning circuitry 154 may receive a voltage from a
conventional battery, such as those less than 40 volts, and increase the voltage to an
electrostatic adhesion voltages above 1 kilovolt. The low voltage power source such
as the battery may be replaced by another electrical source such as a small
photovoltaic panels similar to the ones used in many handheld calculators. In one
embodiment, conditioning circuitry 154 includes a transformer configured to provide
voltage step-up to electrostatic adhesion voltages described herein. In a specific
embodiment, conditioning circuitry 154 includes a model No. Q50-5 as provided by
EMCO High Voltage Corporation of 70 Forest Products Road, Sutter Creek CA.
Leads 158 extend from conditioning circuitry 154 to common electrode 71, which
simultaneously communicates with electrodes 18 of electroadhesive device 10.
[0128] More complex charge control circuits may be developed, depending on the
configuration of electroadhesive device 10, and are not limited to the design in Figure

8. Also, some of the circuit functions may be integrated. For instance, one integrated
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circuit may perform the functions of both the step-up circuitry 154 and the charge
control circuitry 152.

[0129] The voltages provided to electroadhesive device 10 may vary. In one
embodiment, AC actuation is applied to the electrodes. In some cases, electrostatic
forces on a dielectric substrate have been shown to relax over a time constant under
steady DC actuation. This phenomena can also occur in insulator 20 if it traps charge.
However, by alternating the polarity of charge on each of the compliant electrodes 18
at a high frequency, electroadhesive forces can be maintained or even enhanced. In a
specific embodiment, the AC signal includes a frequency above 1 Hz. Other higher
and lower frequencies may be used. In another embodiment, multiple sets of electrode
18 are used with applied AC voltages offset in time or shifted in phase. This allows
one set of electrodes 18 to maintain electroadhesive forces while the AC voltage in
another set temporarily passes through O voltage difference. In another embodiment, a
DC actuation may be provided to the electrodes. In some of the cases with DC
actuation, a moderately low insulator resistance may provide a leakage path to
achieve a fast release when voltage is switched off. In other cases, a fixed amount of
charge of opposite polarity to the DC actuation may be pulsed into the electrodes 18
to provide release when desired. In this case, the fixed amount of charge may come
from an external capacitor or one that is a part of the conditioning circuitry 154 with a
capacitance equal to that of the electroadhesive clamp 20.

[0130] Switching and response times of electroadhesive device 10 will then vary
with the electrical equipment and signal applied to the electrodes 18. A 5 Hz signal,
with a voltage rise time of one-tenth of the time period, provides a charge and
discharge cycle of 20 milliseconds.

[0131] In general, electroadhesion requires a small amount of power to adhere to
a substrate. The power requirement is small because electroadhesion may be primarily
thought of as a capacitive device. This implies that with appropriate selection of
insulation material 20 to minimize leakage currents (of the order of micro- or nano-
amps in most cases), the reactive power remains small. Resistivity of insulator 20 may
be reduced if trapped charge becomes a problem as long as the leakage current
remains acceptable.

[0132] A quick power modeling of electroadhesion will now be provided to help
assess power requirements in robotics and other applications. This is especially

valuable in understanding the endurance of a robot when in a perch or hold position
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with no locomotion, where the robot still needs to stay attached to a wall or ceiling for
extended periods of time.
[0133] As an illustrative example, an electroadhesive area of 15 square inches
may support the weight of a 1.5 1b robot at an electroadhesion pressure of 0.1 psi (a
conservative clamping pressure that accommodates wet and rough surfaces and the
possible presence of particulates). This area may be decreased to 3 square inches for
many designs. The electroded area can be roughly estimated at 50 percent of the
overall area of the contacting surface 80 of device 10 (e.g., 1 millimeter wide
electrodes with 1 millimeter spacing between them). Although the capacitance of the
electroadhesion would depend on the substrate 16 to which the device 10 is being
clamped, a simplifying estimate can be obtained by approximating the capacitance
through the thickness of insulating material 20 when the substrate 20 is a conductive
material such as steel. This estimate is a conservative one since the effective charge
path for nonconductive substrates is greater and results in a lower capacitance. The
capacitance of a parallel plate capacitor is:

C= ¢ ¢ A/Md (Equation 2)
[0134] where ¢, is the dielectric constant of the material of interest, g, the
permittivity of free space, A is the electroded area on device 10, and d is the insulated
electrical path length between the electrodes 18 (i.e. excluding the distance through
the conductive substrate and other conductors). With an acrylic with a dielectric
constant of 4.7 and a thickness of approximately 25 microns as insulating material 20,
Equation 1 produces a capacitance of 0.8 nF for an area of 3 square inches (note that d
is twice the acrylic thickness in this case). The power required to charge and
discharge this resistor is given by:

P= 1 CV’Fq (Equation 3)
[0135] where V is the voltage to which the capacitance is charged (e.g., 3-4 kV),
n is the efficiency of the low-to-high voltage conversion, and F is the frequency of the
charging and discharging. For wheeled robots as described below, the charging and
discharging occurs as the wheel rotates, e.g., it uses a commutator design as described
below. However, when the robot is stationary, the compliant electrodes may be
charged with bipolar AC voltage in order to prevent buildup of charge in the

substrate, which for some substrates may gradually decrease the clamping force. For
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purposes of illustration, assuming an AC charge/discharge frequency of 20 Hz and an
efficiency of 50 percent, device 10 uses of 0.26 W of power.

[0136] In some cases, additional power may be required to overcome leakage
resistance of the insulator material 20. Because the resistance between two successive
electrodes 18 is fairly large (e.g., in the order of Gigaohms), the leakage currents
involved are of the order of microamps or even nanoamps. As such, the I’R resistive
losses are a small fraction of the power required to charge and discharge the effective
capacitance between the compliant electrodes.

[0137] In a fully operational robot as described in the next section, most of the
power for mobility is therefore for the drive motors and communication equipment,
similar to that in a ground vehicle. It may also be noted that the above analysis
assumes that the charge from each cycle is dissipated through a resistor or other
means. With some additional circuitry that recovers charge and shuttles it across
capacitors, the electronic efficiency may exceed 80 percent, which decreases the
power required for clamp-on hold and increasing the endurance of the robot in a perch
mode. It should also be noted that if AC charging and discharging is not needed, as is
often the case, then much lower power is needed. For example, on many surfaces and
electroadhesion device 10 configurations, DC voltages work well and the device 10
may be simply peeled off for removal rather than needing to turn off power. The
peeling may be done manually or, on a robot, parts of electroadhesion device may be
peeled off while other parts are attached (for example using electroadhesive wheels or
treads; see later descriptions of robots). In such cases where DC power can be used,
the power consumption can be dramatically reduced and in one embodiment it was
estimated that only 100 microwatts of power would be needed to hold a 1 1b. (0.45 kg)
robot on a wall.

[0138] Figure 9 shows a method 200 of adhering objects using electroadhesion in
accordance with one embodiment of the present invention.

[0139] Method 200 typically begins by positioning an electroadhesion device in
proximity to a surface of a substrate (202). As mentioned below with respect to the
robots, this may be automated using mechanical means such as a wheel or track. A
user may also do so manually in the case of the double-sided electroadhesive device
600 of Figure 16A.

[0140] Control circuitry in electrical communication with electrodes in the

electroadhesion device then applies a differential electrostatic adhesion voltage to the
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electrodes (204). In some cases, the steps 202 and 204 may be reversed, i.e. the
voltage to the electrodes may be first applied before positioning the electroadhesion
pad near the substrate. The voltage difference may be applied substantially
simultaneously, or at different times. Suitable electrostatic adhesion voltages - to
create an adhering electric field and electrostatic force between the electroadhesion
device and substrate - were described above.
[0141] Insulation material 20 maintains separation of the electrodes and maintains
the voltage differential for electrostatic adhesion (206). This maintains the adhering
electric field and electrostatic force between the electroadhesion device and substrate.
[0142] The device then adheres to the substrate (208). In anther embodiment, the
electrostatic forces are used to increase traction of the electroadhesive device relative
to a surface. Enhanced traction is useful for mobility (of robots or other devices) on
inclines or low slippery surfaces such as ice for example.
[0143] In one embodiment when the electroadhesion device includes a
deformable material between the electrodes and at the surface of the substrate, the
compliance permits the electrodes to move closer to the surface and this dynamically
increase the electrostatic force and adhesion strength (210). This is shown and
explained above with respect to Figures 5A-5C.
[0144] When it is desirous to cease the electrostatic adhesion — to move the
electroadhesion device relative to the wall for example — the control circuitry then
removes differential electrostatic adhesion voltage (212). If the electroadhesion device
is to be moved to another location, method 200 may repeat as desired. In other cases,
the electroadhesive voltage may be always on and the robot moved by mechanically
peeling away the electroadhesive device from the surface without turning the voltage
off.

DEVICES AND APPLICATIONS
[0145] Electrically controlled adhesion finds wide use in a wide variety of devices
and applications. For example, many devices designed or adapted for wall crawling
are well suited to use electroadhesive devices and methods described herein. Some
examples described in further detail below include wall crawling robots,
electroadhesion equipment worn by a person for wall crawling, and electroadhesion
ladders that allow the topside or the entire length of a ladder to adhere to a wall so that
a person may climb the ladder. Many other devices may use the electroadhesive

devices and methods as described herein.
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[0146] Many devices in this section, such as the robots, permit robust
performance. They are able to: clamp and unclamp with electroadhesion speeds of
response less than 1 second, conform around and clamp to rough surfaces, operate in
dusty or damp environments, transition across orthogonal surfaces on walls, etc. In
addition, the electroadhesive devices add little weight; many standalone pads may
weigh less than an ounce.

[0147] Numerous robot illustrative designs will now be discussed. In one
embodiment, electroadhesion is used to enable a wall-crawling robot. This may
include adding electroadhesive devices to rotary locomotive robots, such as those
using wheels or tracks (Figures 10-12).

[0148] Figure 10A shows a wall-crawling robot 350a in accordance with a
specific embodiment of the present invention. Robot 350a includes two tracks 352 on
left and right sides of a chassis 354. In some cases, a single continuous elecroadhesive
device may be employed that attaches to both left and right side of chassis 354
(similar to a conveyor belt).

[0149] Chassis 354 provides structural support between wheels 354, which
interface with track or tracks 352. Chassis also includes all portable locomotion
requirements for robot 350, such as a battery or other power source, one or more
motors to turn wheels 354, wireless communication equipment and interfaces,
payload such as a camera, etc.

[0150] Tracks 352 include one or more compliant electroadhesive devices on their
outer surface. In one embodiment, the electroadhesive devices continuously follow
along the track length without interruption. Both the mechanical structure of tracks
352 and compliant electroadhesive devices disposed thereon can conform around
rough or uneven surfaces. Tracks 352 offer a large electroadhesive surface area,
without requiring an appreciable mass. In addition, the tracks offer a reliable, robust,
and proven way for locomotion on unstructured and unpredictable terrain — both flat
and vertical.

[0151] To turn, one or both tracks 352 slide relative to a surface. During turning,
electroadhesion between one or both tracks 352 and the surface may be reduced. In
addition, control of the electroadhesion pressures on individual tracks 352 can be used
to steer the vehicle without any additional mechanisms, thereby providing a simple
and lightweight steering mechanism. In other cases, the speed of track 352 may be

changed on one side of the robot relative to the other.
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[0152] Figure 10B shows a wall-crawling robot 350b in accordance with another
specific embodiment of the present invention. Robot 350b includes multiple segments
372 and 374 and a hinge 376 that permits pivoting between segments 372 and 374. As
will be described below, this facilitates transitioning between horizontal surfaces
(floors and ceilings) and vertical surfaces (walls). Figure 10C shows wall-crawling
robot 350b traversing from a horizontal surface 380 to a vertical wall 382 and to
another horizontal surface 384.

[0153] Referring to Figure 10B, segments 372 and 374 are each capable of
pivoting relative to the other, about hinge 376, while each capable of independently
maintaining adhesion to a wall surface. This allows wall-crawling robot 350 to
successfully negotiate the inner and outer corners of a building, for example.
Although not shown, robot 350 may include more than two segments, such as three,
four, ten, or more.

[0154] Hinge 376 attaches to segments 372 and 374 and permits rotational motion
between segments 372 and 374. Hinge 376 may be passive or articulated. An
articulated hinge 376 uses an actuator to controllably rotate the hinge and move one
segment relative to the other. For example, the actuator may include a lead screw-
motor device, or a motor with a gearbox, in order to provide torque. The articulation
may actuate for 90 degrees, or greater, of rotation in either direction in order to
negotiate orthogonal surfaces. A passive hinge 376 reacts to the forces applied to it by
segments 372 and 374.

[0155] As shown in Figure 10C, for an inner corner 381 (e.g., floor 380 to a
vertical wall 382), the forward (upper) segment 374 raises and folds upwards while
the trailing (lower) segment 372 provides traction and electroadhesion until the top
segment 374 clamps to the vertical surface 12. Although not shown, wall-crawling
robots 350 may be capable of movement in both forward and reverse directions (e.g.,
by reversing the direction of wheels). In this case, segment 372 becomes the forward
segment while segment 374 becomes the trailing segment 372.

[0156] For an outer corner 385 (where vertical wall 382 meets top surface, or
roof, 384), the forward segment 374 first comes into contact with roof 384, which is
about orthogonal to vertical wall 382, and then drags the rest of the robot 350 with it.
Once transition of one-half of robot 350 has been achieved, adhesion of trailing
segment 372 can be switched off, temporarily making the robot 350 a front-wheel

drive vehicle until the rear tracks gain adhesion to the roof 384 surface. This results in
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the ability to easily transition across orthogonal surfaces and reduces power
consumption.

[0157] In one specific embodiment, some of the wheels 354 are passive and do
not provide rotational power. In another specific embodiment, some of the wheels 354
are spring loaded and can move slightly to maintain and increase the amount of
contact with the wall as the robot turns upwards.

[0158] As mentioned above with respect to Figures 7A-71, electroadhesive
devices may be adapted to resist peeling. Peeling also concerns a robot when the robot
exerts torques on its electroadhesive devices because its center of gravity is distant
from a wall surface.

[0159] One technique to reduce peeling torques for a robot is to make the robot as
thin and flat as possible. Robot 350 also exerts a clamping force normal to wall 14 so
that the robot does not peel off the wall. As a simplified example, a low-profile robot
weighing 5 N (about 0.5 kg or 1 1b mass) might have a center of mass located 0.075 m
(about 3 inches) from the wall surface 12. In this case, the peeling torque exerted is 5
N x 0.075 m, or about 0.375 N-m (about 3 in-lbs). For a 0.25 m (10 inch) long robot
that pivots at the bottom and has an electroadhesive clamping force distributed
roughly uniformly along its length so that the average moment arm is roughly 0.125
m (5 inch) from the bottom, the normal clamping force needed is about 0.375 N-
m/0.125 m = 3 N. Assuming a modest clamping pressure of 1.5 kPa (about 0.2 psi),
the required 3 N clamping force can be achieved with an electroadhesive device of 3
N /(1500 Pa) = 0.002 m* or about 3.1 square inches in size for most electroadhesion
materials on a variety of wall surfaces. In general, rougher surfaces will require
greater clamping pressures or larger electroadhesive device to make the robot even
more robust.

[0160] Another technique to reduce peeling uses a double tracked robot 350b as
shown in Figure 10B. Robot 350b includes two tracked segments: a front segment 374
and a rear segment 372. In one embodiment, the front segment 374 is smaller than the
passive rear segment 372 and pushed forward by the rear segment. In this case, rear
segment 372 includes the motors and gearing to move robot 350b.

[0161] For a robot climbing up a vertical wall (see Figure 10C), the peeling
moment due to the center of gravity offset typically tries to rotate the robot about its
lowermost point. The front segment 374 provides a force and moment that counteracts

this peeling moment on the rear segment 372. Ribs, or rigid cross members, may also
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be added onto the track 354 of either segment to effectively segment the
electroadhesive devices along the track 354 and interrupt full peeling. A mechanical
extension or “tail” can also be added to many robots using electroadhesion. The tail
forces the rotation point lower, thus increasing the effectiveness of electroadhesion to
resist peeling torque by increasing the moment arm.

[0162] Figure 11 illustrates a wall-crawling robot 400 using electroadhesion in a
flattened tire configuration in accordance with another specific embodiment of the
present invention. For sake of brevity, only the features of robot 400 not included in
device 350 will now be described. Thus, components such as the chassis 372 and
batteries are not detailed.

[0163] Robot 400 includes compliant and elastic electroadhesive devices 10
disposed on the outer surface, and around the circumference, of four under-inflated
tires 402. Each tire 402 resembles a deflated tire in order to increase contact area
between the electroadhesive device 10 disposed thereon and a surface to be adhered
to.

[0164] Each tire 402 includes two sets of compliant electrodes 404: compliant
electrodes 404 in an inner electrode set 400, and compliant electrodes 404 in an outer
electrode set 408. The electrode sets 406 and 408 each include finger electrodes 404
that extend substantially across the tire 402 width, and are circumferentially offset
from each other.

[0165] In one embodiment, an insulating and compliant layer (comprising a
compliant material and not shown in Figure 11A) separates the electrode sets 406 and
408. In a specific embodiment, the insulating layer includes an insulating elastomer
layer. The electrode sets 406 and 408 are disposed on opposite sides of the insulating
layer to prevent electrical breakdown across a gap between the electrodes 406 and
408. In another embodiment, the electrodes 406 and 408 may be located on the same
side of a compliant substrate. This side may be either on the inside of a thin insulating
layer, or on the outside of such a layer in direct contact with the substrate.

[0166] Both electrode sets 406 and 408 are also embedded in tire 402 under an
outer layer (again, transparent and not shown in Figure 11A so the electrodes can be
seen, although the actual outer layer need not be transparent). The inter-electrode
insulating layer and outer layer are usually thin so that the electrodes 406 and 408

remain close to the tire surface.
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[0167] In operation, the flattened tires 402 increase the amount of surface area
contact between the electrodes and a surface 12. As described above with respect to
the method of Figures SA-5C, the compliance of tire 402 and electroadhesive device
10 disposed thereon also permits dynamic increases in the surface area contact to
provide greater surface area attachment and higher adhesion forces. In some cases, it
may not be necessary to flatten the tire if the electroadhesive force from an inflated
tire is sufficient to support wall climbing. In such cases, the power required to drive
the robot forward may be lower than in the case of using a flattened tire.

[0168] Electrically, activation of compliant electrodes 404 near the substrate
surface may use bipolar AC voltages to achieve both robust clamping and fast
declamping (so as to not retard the motion of the vehicle). The AC voltages are also
useful when the robot is stationary in order to avoid deterioration of clamping force
over time because of trapped charge in the substrate or insulator. Deactivation of the
electrodes permits the removal of dust, moisture, or other substances that may adhere
to the wheel 402 (or track) during normal operation and reduce adhesive efficiency.
Thus, by switching off the electroadhesion away from the clamping surface, dust
particles no longer actively adhere to the wheels 402 (or tracks 354 of robot 350), and
as described in further detail below, permit a simple passive cleaning device such as a
brush 432 to remove any additional debris on the wheel or track. In some cases DC
voltages are satisfactory in maintaining adequate electroadhesive forces as noted
earlier. Brushes may still be helpful in DC operation by sweeping the electroadhesive
surfaces that adhere to the substrate clean. In the DC mode the dust and debris may
accumulate at the brush location until it can fall off away from the critical surfaces.
[0169] In an AC mode, in order to achieve transfer of charge to and from the
compliant electrodes at select times in the tire 402 rotation, an electrical commutator
may be used. The commutator is configured to apply charge to the electrodes 404
during a bottom angle of the rotating wheel 402 when the tire is in contact with
surface 12 (or just before), and removes this charge from a top or side angle of
rotation that is not in contact with the substrate to aid cleaning. The commutator thus
allows selective rotational electroadhesion and activation of the electroadhesive
devices by regulating when electrical energy supplied to the electrode sets 406 and
408. The commutator is relatively simple and permits the application of bipolar AC
signals to the appropriate portions of wheel rotation, and removal of charge from

other portions of the wheel rotation without requiring numerous signals. Many
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commutators suitable for use herein are commercially available from a wide variety of
vendors. The commutator may send high voltage on or off the electroadhesive device
directly if it has suitable high voltage capability. Alternately, a commutator can send
low voltage power to small voltage converters inside the tire, or to high voltage
switches such as solid state high voltage switches on the tire that switch a single
source of high voltage to the correct electrodes. Alternatively to a commutator, a slip
ring or other mechanism for selective rotational electrical actuation may be used,
possibly in conjunction with increased insulation or lower number of effective
channels to accommodate high voltages. One slip ring suitable for use is a model AC
246 from Moog Corporation of Blacksburg, VA. Note that the commutator or other
mechanism for controlled rotational electrical provision may be used in other robots
described herein (i.e., with tracks or flapped tires) with only minor modifications.
[0170] Other techniques to provide power to the electrodes are suitable for use.
Alternatively, without brushes, a voltage bus may be fixed relative to the body 372 of
robot 400 to contact spokes 418 at desired rotational locations to actuate the
electroadhesive devices at desired angles. In another specific embodiment, a robot
may use a high-voltage slip-ring, with four to eight channels, to provide signals to the
rotating electroadhesive surfaces. Each sector of the wheel or track connects to one
channel of the slip ring and activate when that sector is close to the substrate surface.
In this case, a trigger sensor - that determines the position of each sector relative to
the wall or ground - may be used to command input voltages.

[0171] Robot 400 permits easy steering. Indeed, off-the-shelf robots with
modified wheels (to add flattened tires 402 and a commutator, for example) can be
used for robot 400. Further, with independent axles 436 for each wheel, minimal
sliding is necessary in order to achieve turning, allowing the application of full
electroadhesive clamping force at all times, if desired. Alterations to robot 400 are
contemplated. Other suitable configurations involve similar electroadhesive devices
10 integrated into rigid wheels of a robot.

[0172] Robot 400 also includes an optional cleaning system configured to clean
electroadhesive devices 10 and surfaces of tires 402. The cleaning system may
remove moisture, dust and other foreign particles that may rest between the pads and
a wall surface. The cleaning system may be added to the other robots described
herein. For example, cleaning system may be added to robot 350 to remove

particulates and moisture from tracks 352.
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[0173] The cleaning system components may vary with the objects removed from
the adhesive pads. For example, the cleaning system may include a brush 432 (see
Figure 11B or 10A) that contacts the electroadhesive devices on tires 402 as they
rotate to a position where they usually do not contact a wall. The brush 432 removes
particulates very well. Alternatively, the cleaning system may include a foam material
that removes both dust particulates and moisture from the electroadhesive devices of
tires 402 or tracks 352 at one of their respective non-adherence positions. Other
substances that may be removed include oils, dirt, grass, and other debris.

[0174] In one embodiment, the cleaning system is disposed on a path of moving
electroadhesive devices 10 that does not interfere with where the pads 10 clamp to a
wall for that robot. Robot 400 uses a side position (not bottom or top) along the
rotational path of the tires 402 and permits the electroadhesive devices 10 to interface
with the brush 432, which provides a simple and passive cleaning system that
continuously cleans surfaces of each tire 402. Typically, the adhesion is turned off
(e.g., using the commutator) when the wheel or track comes in contact with the
cleaning pad, allowing for debris and liquids to be removed. Since the pressure that
needs to be applied to clean a non-adhesive device is small, the cleaning system adds
little added power to achieve sustained cleaning of the pads.

[0175] Figure 12 shows a wall crawling robot 450 in accordance with another
specific embodiment of the present invention. Robot 450 includes flexible
electroadhesive devices 452 that extend radially outward from wheels 454.

[0176] Each electroadhesive device 452 is relatively planar, and includes a first
end that attaches to wheel 454 and a second free end. Structurally, each device 452
resembles a flap. As each wheel 454 rotates, the electroadhesive devices 452 on each
wheel rotate about the wheel axis and eventually: a) comes into contact with a surface
of substrate 16, and b) flatten beneath the wheel 454. In both positions,
electroadhesive device 452 provides an adherence force to substrate 16. Cumulatively,
multiple electroadhesive devices 452 contacting the surface of substrate 16 provide a
force sufficient to hold robot 450 aloft on vertical walls, angled walls, ceilings, and
the like. In one embodiment, electroadhesive devices 452 each include a flexible
material as the insulating material 20, such as rubber, which allows the device to
readily deform.

[0177] Flap electroadhesive devices 452 may also be added to tracks 352 of robot

350 described above. In this case, one end of a bendable but not substantially
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extendable flap 452 attaches to the track 352 while the other is free to deform relative
to the attached end. As each track 352 rotates, the flap electroadhesive devices 452 on
each track eventually: a) come into contact with a surface of substrate 16, and b)
flatten beneath the track 352 while the flap remains on the bottom side of the track
attached to the wall. This design increases the amount of time that flap
electroadhesive devices 452 contacts the wall, and increases electroadhesive contact
area between robot and wall. In addition, flaps 452 incorporate increased peel
resistance, since the load to support and drive the robot is applied to the bottom of
each flap and is substantially in a direction that is in the plane of the flaps. The flaps
452 may also use the increased contact time, while under the track, to dynamically
increase contact as described in Figures 5B and 5C. Such robots have been built, can
scale vertical walls of many materials, and reach speeds of about 1 foot per second.
[0178] As shown, robot 450 also includes a hinge 376 and two segments attached
thereto. Another embodiment of robot 450 includes a single segment, similar to the
chassis of Figures 10A or 11A. Turning robot 450 uses reduced sliding of pads 452,
similar to the flattened tire design of Figure 11A. In other cases, two side-by-side
units with an articulated hinge between them can be used to achieve turning without
the need to slide relative to the surfaces. Although not shown, hinge 376 and multiple
segments 372 and 374 may also work with the wheeled designs of Figures 11A and
12.

[0179] The robots described above are able to robustly climb a variety of external
surfaces including rough, dusty, and sometimes damp environments, move on interior
surfaces, transition between orthogonal and other angled surfaces while maintaining
adhesion to at least one surface, and remain motionless for substantial periods of time
on a vertical wall or ceiling (also known as ‘perching’). Prior to the electroadhesive-
based robots described above, robots capable of all these functions did not exist
despite having been investigated for many years, which hints at the breakthrough by
controllable electroadhesion for wall crawling.

[0180] The robots described herein are well suited for a variety of tasks, and may
carry payloads according to those tasks. For example, the robots may carry a camera
for surveillance in dangerous or remote areas. Other payloads may be carried.
Communications equipment, such as communications equipment to relay images
captured by the camera and/or communications equipment to permit remote control,

are also useful and may be carted by the robot. Such reconnaissance robots are useful
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for traversing complex and unstructured terrain, such as random buildings, especially
in urban environments for a variety of scouting and other military or police missions.
[0181] There is a need in police and fire departments, the military, and industry
for a portable robot device that can be sent into an inaccessible and/or hostile
environment. The robots described herein are able to do so and traverse in three
dimensions on the ground, walls, and ceilings on commonly encountered building
substrates, readily transitioning across the surfaces when necessary. The ability to
perch for long periods of time (more than 60 hours) on a wall or ceiling or navigate
continuously for 3 hours in three dimensions without requiring battery charging is
also useful in many of these applications. The ability to carry a communications link,
which permits a user interface to control the robot, also extends usage in hostile
environments.

[0182] Recent military operations in the Middle East and elsewhere have
demonstrated the need for effective tools in urban combat operations. One such tool is
a robot that has three-dimensional mobility. By affording access in a vertical direction
in an urban environment, such a robot can enhance limited communications range at
ground level by deploying communication antennae at much higher levels.
Alternately, a robot may carry a surveillance camera and enter a building through a
door, window, or hole in the building and scale the interior walls or ceilings of a room
— before military personnel enter blindly. These smaller wall-climbing robots can also
be deployed by soldiers into an urban combat zone inside a building by releasing them
on the ground and steering them in. These robots may then scale walls surreptitiously
and provide visual cues to the soldier from internal vantage points.

[0183] Another common feature permissible in the robots described above is
symmetry along three axes (forward and back, left and right as well as top and
bottom). The symmetry allows a robot to work from any position - regardless of
orientation. The upside down symmetry allows the robot to detach from a ceiling and
land on a floor, e.g., for rapid repositioning when necessary. In such situations, in
addition to having good shock tolerance, the robot is then able to operate in whatever
orientation in which it lands so that no power or time is wasted on trying to change its
orientation. In addition, having cameras both fore and aft allows a teleo-operator to
see what is going on beneath a climbing robot, or optimize its perching position for

maximum clamping capability and field of view.
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[0184] The robots are also surprisingly fast. Many of the wall-crawling robot
embodiments described above may operate with speeds of about 0.2 to about 1 foot
per second — while climbing a wall. Faster and slower speeds are also permissible.
Since the electroadhesion can be switched off when the robot is moving horizontally
on the ground or another level surface, the electroadhesive devices would not add any
additional friction to the robot under normal operation (where electroadhesion is not
needed for locomotion) and affect ground speeds significantly.

[0185] In one embodiment, many of the robots described above and suitable for
use herein are attained with slight modifications to commercially available robots, or
using parts from commercially available robotic kits. For example, tracked robot 400
may include a tracked vehicle modified from a Tamiya Tracked Vehicle Chassis Kit
Skill Level I model no. 3081246 as provided by Edmunds Scientific of Tonawanda,
NY. Commercially available robotic components, most of which are already designed
for lightweight robots, suitable for use may include motors, speed controllers, battery
packs, solar panels, micro receivers or other transmitters, and/or camera units with
transmitters. One suitable motor includes a Copal 60:1 gear motor model no. 0-
copal60 as provided by The Robot Marketplace of Bradenton, Florida. This motor
already comes with an inbuilt 60:1 gear train ratio. One suitable speed controller
includes an Ant 150 Dual 5A high speed controller as provided by The Robot
Marketplace (part number LB-ANT150-2). One suitable battery includes an Apogee
2480 mAh LiPoly rechargeable battery as provided by RC Hobbies and More of
Winsted CT.

[0186] The weight of a wall-crawling robot is important because clamping areas
and power consumption to climb a vertical or other wall via electroadhesion increases
with robot weight. Fortunately, many of the parts listed above are intended for
portable robotics and already reasonably light; the electroadhesion parts also add little
weight.

[0187] The electroadhesion also adds minimal power requirements to the portable
robot, which must usually rely on batteries or some other form of portable energy. For
example, the Copal motor operates at 6 V and a rated current of 400 milliAmps.
Integrating four such motors in order to independently drive the wheels of a robot
described above provides a maximum power consumption of 9.6 W. Intermittent
power may also be used to actuate an articulated hinge 376, if included. As discussed

in the preceding section on power requirements for electroadhesion, the power draw
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for the wall climbing (around 0.3 W in some instances) represents only a small
increase in total vehicle power

[0188] The minimal addition to power draw also results in a small decrease in
overall endurance. Endurance for a robot will depend on its power consumption,
weight and power supply, among other factors. Many commercially available
lightweight robots weigh less than 1 kilogram and have typical sizes of about 10 in x
10 in and wheel diameters of about 4 to 5 inches or track dimensions of about § in x 2
in. Their endurance will depend on the battery pack energy capacity that comes with
the kit, which may provide an endurance of over two hours in many instances, and
can be increased with added battery capacity. One robot that has been modified with
electroadhesion tracks in a Tamiya Tracked Vehicle Chassis Kit Skill Level I model
no. 3081246 as provided by Edmunds Scientific of Tonawanda, NY. Modifying these
robots with oversized lightweight electroadhesive wheels or tracks enables mobile
robots with little cost.

[0189] In other instances, the robots are custom built to fully leverage the
advantages of electroadhesion. In a specific embodiment, a robot body includes a
lightweight carbon fiber that provides a high strength-to-weight ratio.

[0190] Other robotic designs are contemplated and permissible. Figure 13 shows a
robot 500 in accordance with another embodiment of the present invention. Robot 500
uses flat electroadhesive devices 502 (the pads are shown similar to the grid
electroadhesive design of Figure 7F), each connected to a motorized wheel or tread
using a 4-bar linkage 504. In one embodiment shown in Figure 13, when the wheel
rotates, the pads 502 move away from the robot but remain in an approximately
constant orientation parallel to the wall. In another embodiment, the rotation of the
wheel can produce a combination of an out of plane motion (to move the pads away
from the wall) as well as in plane motion (to advance the pads while it is away from
the wall). In some of these cases involving mechanically moving the pads away from
the wall, it may not be necessary to switch off the electroadhesion during the robot
motion. Using either of these embodiments, the power for electroadhesive device 502
can be located on the device itself, and does not require transfer of charge between a
rotating frame and fixed frame. The switching of the electroadhesion can be
synchronized to the rotation of the wheel thus simplifying the electronics

requirements. More complex robots with articulated arms having multiple degrees of
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freedom may also include electroadhesive devices 502 distally attached to their distal
end.

[0191] In a specific embodiment, a robot with electroadhesive devices ‘walks’.
These robots have electroadhesive devices that provide controlled on/off clamping
and traction when the device touches a wall surface. In another specific embodiment,
pads 502 are ‘always on’. In this configuration, the electroadhesive devices 502
provide a normal force between the robot and the wall at all times. Robot 500 includes
motors that overcome the friction from the adhesion of pads 502 and either drag the
pads along the wall (e.g., a vertical wall) or peels them off as the robot moves. This
scheme is simple and allows the clamps to operate continuously.

[0192] A walking robot using electroadhesive to assist locomotion may use a
commercially available walking robot with minor modifications. This may include
adding electroadhesive devices to the legs of a crawling robot, and providing a means
of sequencing the electroadhesive actuation in coordination with the leg motions.
Examples of such commercially available robots include robots made to climb walls
using suction cups such as in the Climb@tron series of robots as provided by
Edmunds Scientific of Tonawanda, NY. In many such cases, a direct replacement of
the suction cups with electroadhesive pads can result in more robust wall climbing
across a wider variety of substrates. Although off-the-shelf crawling vehicles are
generally slow, the ease with which electroadhesive devices can be added makes them
attractive. A power supply and control electronics for the electroadhesive devices may
also be added onboard the robot, but as mentioned above, the electroadhesive devices
consume significantly less power than locomotion for the robot, and the control
electronics can also be negligibly small and light.

[0193] Other robots and robotic design may employ one or more electroadhesive
devices as described herein. One alternative to wheeled or tracked locomotion is an
inchworm-type robot. This robot uses a separate actuator to move electroadhesive
devices relative to each other along a wall; the electroadhesive devices take turns
clamping to permit the other end of the inchworm-type robot to move. Wall-climbing
robots involving such actuators are known in the art, without electroadhesive devices
that is.

[0194] Electroadhesion also enables other devices. Figure 14 shows
electroadhesive handwear 550 and electroadhesive leg-pads 552 in accordance with a

specific application embodiment. Handwear 550 includes an electroadhesive device
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554 and an interface 556 that attaches to electroadhesive device 554 and detachably
couples to a hand or wrist of a person. Similarly, leg-pads 552 include an
electroadhesive device 558 and an interface 556 that attaches to electroadhesive
device 554 and detachably couples about a person’s knee as shown.

[0195] Electroadhesive handwear 550 and leg-pads 552 allow the person to climb
wall 560.

[0196] The size of electroadhesive devices 554 will vary with the adherence
pressures provided by the electroadhesive devices 554. A conservative acceptable
area may be 100 square inches of electroadhesive devices 554 using 4 pads (two
handwear pads 550 and two leg pads 552). Assuming 3 psi clamping (sliding
resistance) pressure, each 25 square inch pad (e.g. 5 inch x 5 inch pads) would
provide 75 1bs sliding resistance, so the pads could support up to 300 1bs. More or less
electroadhesive area for handwear 550 and leg-pads 552 may be used.

[0197] While interface 556 includes a strap for both handwear 550 and leg-pads
552, other pad/person interfaces may be configured to detachably couple an
electroadhesive device to a portion of a person. For example, handwear 550 may
include a glove, mitten, etc., while leg-pads 552 may include shoes, boots or other leg
or foot wear configured to detachably couple to a portion of a person’s leg. In some
cases, the electroadhesive electrodes may be patterned directly onto or worn as a
covering over the fabric or clothing of the person.

[0198] Electroadhesion permits other devices and methods for a person to climb a
wall. The methods may be described as 1) placing an electroadhesive device on a wall
above a person, 2) adhering the electroadhesive device to the wall, and 3) ascending
the wall using the coupling between the electroadhesive device and wall. Two
examples of this method are shown in Figures 15A and 15B.

[0199] Figure 15A shows an electroadhesive scaling device 570 in accordance
with a specific application embodiment. Device 570 includes a line 572 and
electroadhesive device 575. An air pressure gun, or other projection device, propels
electroadhesive device 575 up wall 576 and places device 575 on the wall above the
person 577. Electroadhesive device 575 may include its own power supply, contact
sensor and switch that initiates electroadhesion when device 575 hits the wall.
Alternately the electronics are located with the person and line 572 includes suitable
electrical connections to electroadhesive device 575. Electroadhesive device 575 may

also include a compliant surface to dynamically improve adherence, as discussed
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above. In some cases, device 575 may also include mechanical grapplers, hooks etc.
to provide additional adherence to the wall. After device 575 adheres to the wall,
person 577 may then scale the wall using the coupling between the electroadhesive
device 575 and wall. Line 572 may include rope, twine, or any other suitable
lightweight cable.

[0200] Figure 15B shows an electroadhesive scaling device 580 in accordance
with another specific application embodiment. In this case, device 590 includes a
robot 350 and ladder 592 (or other line 572) attached to a trailing portion of robot
350. Person 577 places the electroadhesive devices on robot 350 on wall 576 by
controlling movement of the robot 350. At a desired position, the robot stops and
adheres to its current position, while the person 577 ascends ladder 592. In some
cases, it is desirable to adhere ladder 592 along its length to the wall 576 to prevent
large ladder motions. In such cases, the ladder 592 may be equipped with
electroadhesion as well. With resting stops for the person along the wall or building,
this process may be repeated as desired to scale large or high structures.

[0201] Another device enabled by electroadhesive devices described herein
includes robotic grippers. The grippers have one or more electroadhesive devices that
are well suited to grasp and pick up objects. These grippers find use in robotics such
as manufacturing and industrial grippers where fragile items are to be handled without
much force. Compliance or actuation in the gripper also permits the electroadhesive
device(s) to globally shape to an object before electroadhesion is applied. The
grippers are also well suited for picking up dust (an electroadhesive dust collector),
leaves (and electroadhesive leaf remover), non-lethal insect traps (for experiments, for
example) etc.

[0202] In another embodiment, an electroadhesive device is used in a device that
is configured to provide controllable adhesion of one or more objects to a wall or
other large structure. Figures 16A-16C show a detachable double-sided
electroadhesive device 600 in accordance with another specific embodiment of the
present invention.

[0203] Device 600 includes electrodes 602 and 604 disposed on opposite sides of
an insulating material 606, as shown in Figure 16B. More specifically, insulating
material 606 includes a relatively flat profile and two opposing surfaces 603 and 601.
Insulating material 606 may be rigid or flexible; in the latter case, device 600 assumes

the stiffness of more rigid objects that it adheres to. One or more protective layers 615
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may be disposed over the electrodes. Layers 615 are thin and may include an
insulation material as described above such as mylar.

[0204] Electroadhesive device 600 is configured to controllably adhere to
multiple objects simultaneously. This may include one or more objects on each
surface 601 and 603. Together, adhering an object to each opposite surface 601 and
603 permits two separate objects to be temporarily coupled together using
electroadhesion and device 600. Figure 16A shows a cutaway of device 600 adhering
to a wall 610 and adhering to picture frame 612. In other words, device mechanically
couples frame 612 to wall 610, and may be used to hang frame 612 on the wall 610.
[0205] Device 600 may be thought of as a form of non-permanent adhesion that
does not leave an aftereffect of the mechanical connection, in contrast to a hole left by
a nail, for the objects it mechanically couples together. Post-it Notes and two-sided
tape are examples of non-permanent adhesion, but obviously rely on chemical
adhesives and are therefore susceptible to dust, particularly after repeated use. They
may also require undesirable tradeoffs between the need to support a significant load
and the need to be able to remove them without damage to the wall (for example
pulling double-sided tape off a wall may also remove paint). Electroadhesion on the
other hand can support larger structures and objects. Indeed, electroadhesive device
600 may be scaled in size from several square centimeters in surface area to several
meters.

[0206] Sample objects that may be adhered to include: picture frames, calenders,
staplers, cell phones, keys, posters, cords, decorations, banners, car dashboards, flat
screen televisions and monitors, radios, lightweight shelves, wallpaper, and lights, for
example. Wall 610 may alternatively include cabinets, the side of a desk, a home
appliance, cars, billboards, etc. Electroadhesive device 600 allows a person to utilize
typically untapped surfaces and spaces in an office or home, in a non-permanent and
non-damaging manner.

[0207] While Figure 16A shows device 600 adhering to one object on each side,
device 600 may also adhere more than one object per side. For example, device 600
may be enlarged to resemble a cork-board on which objects are adhered using
electroadhesion to the device 600, which itself adheres to a wall.

[0208] Switch 608 on side bar 611 is configured to allow a person to turn
electroadhesive device on/off. Contact sensors are suitable for use, along with

conventional mechanical switches. Embedded in control bar 611 is a battery or other
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power source such as solar panels and control circuitry, such as step-up voltage
circuitry, as described above to power electroadhesive device 600. In many cases, the
battery can be eliminated by use of a renewable source such as a small photovoltaic
panel. The small amounts of power required can be generated from a solar panel
operating indoors, similar to a solar cell calculator.

[0209] In another embodiment, device 600 is one-sided and has a permanent form
of attachment on a surface opposite to the adhering surface. This may then be used to
electrostatically adhere multiple objects to device 600, similar to a corkboard.

[0210] While this invention has been described in terms of several preferred
embodiments, there are alterations, permutations, and equivalents that fall within the
scope of this invention which have been omitted for brevity’s sake. By way of
example, although the present invention has been described in terms of several
polymer materials and geometries, the present invention is not limited to these
materials and geometries. It is therefore intended that the scope of the invention

should be determined with reference to the appended claims.
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What is claimed is:

1. A mobile device comprising:
a body; and
at least one electroadhesive device mechanically coupled to the body,
configured to detachably adhere to the substrate, and including
a deformable surface for interfacing with a surface of a substrate,
a first electrode configured to apply a first voltage at a first location of
the deformable surface,
a second electrode configured to apply a second voltage at a second
location of the deformable surface,
wherein the difference in voltage between the first voltage and second
voltage includes an electrostatic adhesion voltage that produces an electrostatic force
between the at least one electroadhesive device and the substrate that is suitable to
maintain a current position of the at least one electroadhesive device relative to the
substrate, and
an insulation material disposed between the first electrode and the
second electrode and configured to substantially maintain the electrostatic adhesion

voltage difference between the first electrode and the second electrode.

2. The robot of claim 1 wherein the substrate is included in a vertical wall or a
ceiling.
3. The robot of claim 1 wherein the robot includes a mechanism for locomotion

and the at least one electroadhesive device is mechanically coupled to a portion of the
mechanism for locomotion.
4. The robot of claim 3 wherein the mechanism for locomotion is configured to

position the at least one electroadhesive device onto a surface of the substrate.

5. The robot of claim 3 wherein the mechanism for locomotion includes tracks.
6. The robot of claim 3 wherein the mechanism for locomotion includes a wheel.
7. The robot of claim 1 wherein the electrodes include one or more cilium

configured to deform to the surface when the electrostatic adhesion voltage is applied.

8. The robot of claim 1 wherein the insulation material includes the deformable
surface.
9. The robot of claim 8 wherein the insulation material is further disposed

between the first electrode and a surface of the substrate and disposed between the

second electrode and the surface.

47



WO 2007/143662 PCT/US2007/070437

10

15

20

25

30

10. The robot of claim 9 wherein the insulation material includes a thickness less
than about 2 millimeters between the between the first electrode and a surface of the
substrate and between the second electrode and the surface of the substrate.
11. The robot of claim 1 wherein the deformable surface includes a surface of a
material or structure that is bendable but not substantially elastically extendable.
12. The robot of claim 1 wherein the surface of the substrate has a roughness
greater than about 1 millimeter.
13. The robot of claim 1 wherein the surface of the substrate is damp or dusty.
14. The robot of claim 1 wherein the electrostatic force between the device and
the substrate is suitable to maintain a current position of the device relative to the
substrate despite the presence of a particulate disposed between the deformable
surface and the surface of the substrate.
15. The robot of claim 1 further comprising circuitry configured to provide the
electrostatic adhesion voltage between the first electrode and the second electrode.
16. The robot of claim 15 wherein the circuitry includes step-up voltage circuitry
that is configured to receive a voltage from a voltage source, which is less than about
40 volts, and configured to increase the voltage from the voltage source to the
electrostatic adhesion voltage, which is above about 500 volts.
17. The robot of claim 1 wherein the first electrode and the second electrode are
less than about 1 millimeter from the surface of the substrate when the electrostatic
adhesion voltage is applied.
18. An electroadhesive device configured to adhere two objects together, the
electroadhesive device comprising:

a body with a first surface and a second surface;

a first electrode configured to apply a first voltage at a first location of the first
surface;

a second electrode configured to apply a second voltage at a second location
of the first surface,

wherein the difference in voltage between the first voltage and second voltage
includes an electrostatic adhesion voltage that produces a first electrostatic force
between the electroadhesive device and a first object that is suitable to adhere a
surface of the first object to the first surface, and

wherein the difference in voltage between the first voltage and second voltage

includes an electrostatic adhesion voltage that produces a second electrostatic force
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between the electroadhesive device and a second object that is suitable to adhere a
surface of the second object to the second surface.

19. The device of claim 18 wherein the body includes an insulation material
disposed between the first electrode and the second electrode and configured to
substantially maintain the electrostatic adhesion voltage difference between the first
electrode and the second electrode.

20. The device of claim 18 wherein the body includes an insulation material has a
thickness less than about 2 millimeters.

21. The device of claim 18 wherein the first electrode is on the first surface and
the second electrode is on the second surface.

22. The device of claim 18 wherein the first surface and the second surface are
deformable and the body includes a deformable insulation material.

23. The device of claim 22 wherein the deformable insulation material includes a
compliant material having an elastic modulus less than about 10 MPa.

24. The device of claim 22 wherein the deformable surface includes a surface of a
material or structure that is bendable but not substantially elastically extendable.

25. The device of claim 18 further comprising circuitry configured to provide the
electrostatic adhesion voltage between the first electrode and the second electrode.
26. The device of claim 25 wherein the circuitry includes step-up voltage circuitry
that is configured to receive a voltage from a voltage source, which is less than about
40 volts, and configured to increase the voltage from the voltage source to the

electrostatic adhesion voltage, which is above about 500 volt.

27. The device of claim 18 wherein the first voltage is above about 2 kilovolts.
28. The device of claim 27 wherein the second voltage is about zero volts.
29. A method of ascending a wall comprising:

positioning an electroadhesion device in proximity to a surface of the wall;

applying an electrostatic adhesion voltage difference between a first electrode
at a first location of the electroadhesion device and a second electrode at a second
location of the electroadhesion device;

adhering the electroadhesion device to the wall surface using an electrostatic
attraction force provided by the electrostatic adhesion voltage difference;

ascending the wall while the electroadhesion device adheres to the wall.
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30. The method of claim 29 wherein the electroadhesion device is included in a
robot with a second electroadhesion device that moves when then first

electroadhesion device adheres to the wall.

31. The method of claim 29 wherein the electroadhesion device is attached to a
rope.
32. The method of claim 29 further comprising removing the electrostatic

adhesion voltage difference between the first electrode and the second electrode.
33. The method of claim 32 further comprising repositioning the electroadhesion
device to a new position in proximity to a surface of the wall.
34. The method of claim 33 further comprising:

applying an electrostatic adhesion voltage difference between the first
electrode at the first location of the electroadhesion device and the second electrode at
a second location of the electroadhesion device;

adhering the electroadhesion device to the wall surface at the new position.
35. The method of claim 29 wherein the wall surface has a roughness greater than
about 1 millimeter.
36. The method of claim 29 wherein the wall surface is one of damp, greasy, or

dusty.
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