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Strong Reliable Electrostatic Actuation Based
on Self-Clearing Using a Thin Conductive Layer

Guoyong Xie,"" Dongliang Fan, " Huacen Wang,"? Renjie Zhu,"? Jianjun Mao? and Honggiang Wang'™

Abstract

Electrostatic adhesion, as a promising actuation technique for soft robotics, severely suffers from the failure
caused by the unpredictable electrical breakdown. This study proposes a novel self-clearing mechanism for
electrostatic actuators, particularly for electrostatic adhesion. By simply employing an enough thin conductive
layer (e.g., <7 um for copper), this method can spontaneously clear the conductor around the breakdown sites
effectively once breakdowns onset and survive the actuator shortly after the electrical damage. Compared with
previous self-clearing methods, which typically rely on new specific materials, this mechanism is easy to oper-
ate and compatible with various materials and fabrication processes. In our tests, it can improve the maximum
available voltage by 260% and the maximum electrostatic adhesive force by 276%. In addition, the robustness
and repeatability of the self-clearing mechanism are validated by surviving consecutive breakdowns and self-
clearing of 173 times during 65 min. This method is also demonstrated to be capable of recovering the elec-
trostatic pad from severe physical damages such as punctures, penetrations, and cuttings successfully and
enabling stable and reliable operation of the electrostatic clutch, or gripping, for example, even after the short-
circuit takes place for hundreds of times. Therefore, the proposed self-clearing method sheds new light on high
performance and more extensive practical applications of electrostatic actuators in the future.
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Introduction Figure 1A. Supplied with a high voltage, dislike charges
induced in the conductive layer and the conductive pad
As AN EMERGING PROMISING attachment technique, elec- generate attractive force. Compared with other adhesion

trostatic adhesion has been extensivel%/ 1212pplied in soft methods,lg’21 electrostatic adhesion is lightweight, low cost,

robots,'~ flying vehicles,®” wearable devices,® '~ grippers,'*!”  energy efficient, deformable, and quickly responsible.?**

and aerospace applications.'® Usually, it is composed of a
conductive pad and an electroadhesive pad (EPad) consisting
of a conductive layer covered by insulation, as shown in

Nevertheless, the EPad suffers from unpredictable elec-
trical breakdown, which severely limits its practical appli-
cations. Once a short circuit happens accidentally, the whole
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FIG. 1. The mechanism of electrostatic adhesion and its self-clearing based on the thin conductive layer. (A) The
principle of electrostatic adhesion. The electrostatic adhesion is demonstrated by a 1.8 g electrostatic clutch while holding a
2.5 kg dumbbell. (B) The force of electrostatic adhesion using self-clearing (this study, squared markers) and others without
self-clearing (previous literature, circle markers). Colors indicate different materials. (C) Schematic drawing of defects in
the electrode, including foreign particles, heterogeneous crosslinking, uneven thickness, and holes. (D) Schematic of the
electronic avalanche. (E) Four self-clearing hypothesis modes.

device fails suddenly and cannot recover back.** The
breakdown is hard to predict since most of the discharge is
caused by the defects embedded in the dielectric materials,
and these defects may be presented during material prep-
aration, including foreign particles, heterogeneous cross-
linking, and uneven thickness, or presented in the process
of manufacture and operation, such as stress concentration,
breakdown puncture, and void formation.?’

In practice, to avoid electrical breakdown, the voltage
is restricted to a magnitude much lower than the thresh-
old acquired from tests and theories, and consequently, the
adhesive force that is proportional to the square of the volt-
age drops drastically.

We found that by simply thinning the conductive layer, the
EPad can survive defect-driven premature unrecoverable
breakdown damage and prolong the lifetime of EPads. A thinner
conductive layer in an EPad allows the arc energy during dis-
charge to be adequate to evaporate and deform the local elec-
trode. This self-clearing phenomenon recovers the circuit shortly
after the onset of breakdown, and the EPad becomes available
again. Until now, the research on electroadhesion has taken little
advantage of fault-tolerant techniques as far as we know.”**’

Other studies on electrostatic actuators (e.g., dielectric
elastomer actuators) have employed single-walled carbon
nanotubes and dielectric liquids as the conductive layer and
insulation layer, respectively, for localized clearing, but they



Downloaded by Library of Southern University of Science And Technology of Chinafrom www.liebertpub.com at 03/02/23. For personal use only.

SELF-CLEARING FOR ELECTROSTATIC ACTUATION

are high cost or complicated in manufacturing.’”-*® By the
method proposed in this study, however, we do not need to
change the materials and fabrication processes, but just
simply keep the thickness of the conductor under a certain
value (e.g., approximately <7 um for copper). Hence it is easy
to operate and compatible with existing materials and fabri-
cation processes, as shown in Figure 1B.

Moreover, self-clearing can also be used to remove defects
to achieve a higher critical voltage and adhesive force (that
is proportional to the square of the voltage). As shown in
Figure 1B, based on the self-clearing mechanism, the EPad in
this study can sustain a higher electrical field in practice and
achieve an output force >270% times higher than previous
study using the same materials.

Materials and Methods

To verify the manufacturing compatibility of the self-
clearing mechanism proposed here, we demonstrated a se-
ries of EPads using different materials and fabrication meth-
ods (Fig. 2). We employed LuxPrint, poly-p-dichlorotoluene
(Parylene C), polyimide (PI), poly(vinylidene fluoride—
trifluoroethylene—chlorotrifluoroethylene) [P(VDF-TrFE-
CTFE)] film, and biaxially oriented polypropylene (BOPP),
respectively, as the insulator, and copper, aluminum, and
carbon nanotubes as the conductor in the EPads. We fab-
ricated the EPads by chemical vapor deposition (CVD),
screen printing, electroplating, and heat pressing, respec-
tively, according to the materials. Most of these materials and
fabrication methods are extensively applied in the mass
production of flexible circuits.

The parylene insulation layer was generated in a coating
machine (PTP-3V; Penta). This fabrication method, as shown
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in Figure 2A, includes the following three steps: Dimer C
in the glass tank of the sublimation furnace is first heated to
evaporate at 120°C; then, the gas is pyrolyzed into a mono-
meric form in the pyrolysis furnace at 680°C; finally, the
monomer gas runs into the deposition chamber under ambient
temperature and deposits as a thin coating layer on the surface
of the samples (conductor films). A silane coupling agent
(KH-570) was added to the deposition chamber to enhance
the bonding strength of the coating layer. This CVD method
can generate a uniform thickness pinhole-free coverage on
all the surfaces of a conductor, including the edges, and
ensure perfect insulation.

The Pl insulation layer in this study was bonded to a copper
conductor layer by heat press. In this manufacturing process,
as shown in Figure 2B, a PI film, a sheet adhesive (Parylux
FR 1500; DuPont), and a copper foil were placed in sequence
inside a heat press machine and heated for 1.5h (195°C, 14—
28 kg/cm?). A layer of Teflon film was placed right above the
PI film to avoid bonding with the rubber. Rubber sheets were
placed on the bottom and top layers to make the heat and
pressure homogeneous.

The insulation layer of the EPad was also manufactured by
screen printing using a coating machine (MSK-AFA-ES200;
SZKEJING). As shown in Figure 2C, the conductive sub-
strate was first placed in the basement of the coating machine.
Then LuxPrint paste was poured in front of the scraper on
the conductive substrate. The scraper was controlled to
move forward at 5mm/s, and a thin layer of LuxPrint was
left above the conductive substrate. By adjusting the gap
height under the scraper, the thickness of the LuxPrint can
be tuned. Next, LuxPrint was cured for 10 min at 130°C in
an oven. Similarly, the carbon nanotube was coated on a
polyurethane film by screen printing. The polyurethane film

Heat-curing
130 °C

FIG. 2. The manufacturing methods in this study. (A) Parylene coating. (B) Heat and press PI films. (C) Screen printing of

LuxPrint on the metal layer. PI, polyimide.
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was first treated by air plasma (TS-PL02Z Plasma Cleaner;
Tonson) for 2 min to generate a hydrophilic surface.

Then, the multiwalled carbon nanotube suspension (0.2%
w/w; Timesnano) was poured in front of the scraper on the
polyurethane film. Next, the scraper was moved forward, and
a thin layer of the carbon nanotube suspension was left on the
polyurethane film. After the solvent evaporated at room
temperature (4 h), a thin layer of carbon nanotube was coated
on the polyurethane film. In addition, the P(VDF-TrFE-
CTFE) dielectric film (20 um) was also coated on a copper
film (7 um) by a similar protocol. The P(VDF-TrFE-CTFE)
film was prepared by dissolving the P(VDF-TrFE-CTFE)
powder (Piezotech S.A., France) in N,N-dimethylformamide
(DMF) with the ratio of 3 g: 20 mL.

Among the samples, BOPP film (25 um) is coated with
a layer of 70nm aluminum using electroplating by the
manufacturers.

Results
Modeling of electroadhesion

The conductive layer of the EPad and the conductive
pad together consist of a parallel plate capacitor, as shown in
Figure 1A. An electroadhesive force is generated between
the two conductive plates, according to Coulomb’s law. The
tightly adherent pad produces resistance in the lateral direc-
tion, which can bear a heavy load. The electroadhesive force
can be calculated by

1 /V\? 1
F=-cS|—) ==¢SE? 1
2€S<d> 2£S s (1)

where ¢is the permittivity, S is the effective area, V is
the voltage, d is the thickness of the insulator, and E is the
electrical field. The adhesion force is proportional to the
square of the voltage. If we can increase the driving voltage,
the adhesive force can be drastically improved. In previous
study, the practical voltage is usually much lower than the
theoretical value due to the breakdown rising from the
defects.?” Increasing the driving voltage, the lateral force can
be dramatically improved and withstand heavier loads. To
achieve this goal, the self-clearing method is essential.

Modeling of self-clearing

A breakdown usually happens when the electrical field is
higher than the dielectric strength of the insulation materials.
In practice, the insulator is subject to electrical breakdown
at the site of the defect over a voltage lower than the theo-
retical value since it causes a concentrated electrical field.**°
As shown in Figure 1C, various defects, including foreign
particles, heterogeneous crosslinking, and uneven thickness
of the insulation layer, always exist in EPads and limit the
driving voltage. Based on the electronic avalanche theory,
molecules at the defects are ionized during the dielectric
breakdown of the insulator, as shown in Figure 1D.

A vast number of ions form an arc between conductors,
accompanied by large Joule heat. This heat energy gen-
erated by the electricity evaporates the thin electrode nearby
the breakdown site. Vaporization of the metal at the defect
increases the resistance and reduces the arc duration. Even-
tually, the conductors are removed, the breakdown site is iso-
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lated from the circuit, and, finally, the circuit resumes regular
operation. This process is called self-clearing since its recovery
does not require external stimulation and operation.

In the process of clearing, the generated heat is mainly
related to the current and voltage. The current through the arc
is proportional to the voltage and inversely proportional to
the ballast resistance. The arc is generally extinguished when
the current is 0. In addition, the arc duration of self-clearing
increases as the breakdown voltage increases, but it is diffi-
cult to build an analytical relationship with the voltage.>'~?
The discharge in the air is governed by hundreds of chemical
reactions, and the energy required is highly dependent on the
intrinsic properties of the materials, including the conductor
and insulator.

The energy required for self-clearing is the combination
of the energy of evaporation of the metal electrodes and
the energy of decomposition and ionization of the dielec-
tric polymer film, which is hard for quantitative analysis.
Therefore, assuming that the current around the breakdown
site is uniform, the surface current J and the power density
P can be calculated by>>:

2

OB ;fl?, @)
I 2

P(t)— (;;%p , 3)

where p is resistivity, d, is the channel diameter, 7 is the arc
duration, and I(7) is the current during clearing. The current
is decided by the resistance, and the resistance depends on
the thickness of the conductors. Hence thicknesses of con-
ductors are essential for generating different clearing
modes.

In another aspect, the insulation layer thickness determines
the breakdown voltage of electrostatic adhesion. During self-
clearing, the clearing energy U, is decided by the thickness
of the conductor ¢ and applied voltage V*%-3*:

U. x V4. 4)

Therefore, the insulation layer thickness affects the
clearing area consequently. According to the clearing power
and current during the arcs, different thicknesses of con-
ductors can generate different clearing modes.

During the breakdown, the temperature can rise to a high
level in the limited zone. For example, a 7000 K temperature
is observed in the previous study, and the boiling point of
most metals and the decomposition temperature of insulation
materials are far below this value.>> Consequently, this tem-
perature evaporates the conductors and decomposes the
polymers easily.

Based on the ideal gas law:

PV =nRT, )

where P is the pressure, V is the volume, 7 is the temperature,
n is the number of moles, and R is the ideal gas constant. The
generated gas produces a large pressure, and this pressure
generates a bulge on the conductor layer. For example, the
aluminum gas becomes 24,600 times larger than its solid
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state, and the BOPP polymer becomes 42,110 times larger
after vaporization and decomposition.™

Four clearing modes

In this study, we proposed four self-clearing modes to
explain the different self-clearing phenomena in our experi-
ments (Fig. 1E). In Mode I, the conductive layer is ultrathin,
tens to hundreds of nanometers, and the conductor around the
breakdown site is apt to be vaporized and generate an open
channel easily. The metal around the defect is far away from
the cleared channel, which not only avoids forming a con-
ducting channel but also weakens the edge effect. In this case,
lots of graphite, which is produced by decomposing the in-
sulator,” is eliminated around the cleared area. The diameter
of the breakdown channel is usually within 200 ,um,3 6 and the
diameter of the nanometallization thin film is much larger
than the diameter of the breakdown channel.

When the conductive layer becomes thicker (Mode II), the
resistance actually decreases, and the increased current gen-
erates more heat during the arc. Consequently, an open chan-
nel is generated on the conductive layer in the breakdown site,
similar to Mode I. Since the conductive layer is thicker, before
generating an open channel in the conductor, the vaporized
conductor and insulator transfer into the high-pressure gas in
the conductive layer. Therefore, the pressured gas delamina-
tes the conductor from the insulator surface and produces a
bulge. The clearing succeeds in Mode I and Mode II.

When the conductive layer thickness continues to increase
(Mode III), more insulator is vaporized, and more graphite
is generated and left upon the wall of the breakdown hole.
This graphite might not become a conductive layer (the
graphite becomes conductive once its thickness is larger than
10 nm29), but it makes the breakdown hole less insulated and
vulnerable to a second breakdown. This is a poor clearing.

Once the thickness increases to a large value (Mode IV),
the heat energy is not adequate to vaporize the conductive
layer on the breakdown site anymore, but the generated
pressure from the cleared insulator can still generate a bulge
on the conductive layer. In this clearing mode, although the
polymer is removed around the breakdown site, most of the
graphite is trapped inside the bulge. Thus, this is a failed
clearing. These four proposed clearing modes are validated
through the electrical performance and the morphology of
EPads after self-clearing in the following descriptions.

Electrical performance of self-clearing

The electrical performance (voltage and current) can
directly indicate the self-clearing process. For a failed self-
clearing process, the short-circuit makes the current suddenly
soar up to 11mA from <0.1 mA, and the voltage simulta-
neously drops to several volts due to the power limitation of
the amplifier, as shown in Figure 3A. With such a low voltage,
according to Equation (1), the EPad cannot operate anymore.

With a successful clearing process, as shown in
Figure 3B, after the breakdown, the current decreases
drastically (in <150 us) to <0.1 mA, and simultaneously the
voltage recovers back to the regular magnitude. Conse-
quently, the circuit survives, and the EPad can work again.
This clearing and recovery process can repeat multiple
times stably, as shown in Figure 3C. In another case, if the
clearing quality is poor, a large amount of graphite is left on

the clearing site and generates a conductive pathway due to
the aggregation of graphite. Consecutive arcs happen at the
same location.

Owing to the poor clearing and frequent breakdown, the
voltage and current oscillate quickly, which is not acceptable for
stable electrostatic adhesion (Fig. 3D). In addition, to demon-
strate the broader application range of our self-clearing mecha-
nism, we employed a thin flexible conductive layer carbon
nanotube (thickness: 2 ym) onto a polyurethane film (thickness:
30 um) to compose the EPad, and electrical behavior presents a
successful self-clearing process, as shown in Supplementary
Figure S1. In the experiments on EPads, the voltage was
supplied by an amplifier (model 2220; Trek), which was
controlled by a computer and a DAQ board (Cdaq-9174; NI).

The variation of voltage and current was recorded by an
oscilloscope (Tektronix TBS1102) through the amplifier’s
monitor ports, and the statistical analysis and plotting were
performed in Origin 2018. The surface topologies of EPads
were observed by a confocal laser scanning microscope (VK-
X1000; Keyence), and the image data were collected by using
Keyence image-acquisition software (version 1.1.3.184).

Morphology of the EPads after self-clearing

With an ultrathin conductive layer (e.g., 70 nm aluminum),
the cleared conductor is much larger than the cleared insu-
lation layer, as shown in Figure 4A. Therefore, the circuit is
isolated from the short site (Mode I). When the conductive
layer is thicker (e.g.,7 um copper), the conductive layer of
the EPad bumps up to around the breakdown site due to the
uneven strain resulting from the ambient temperature and
gas pressure coming from the vaporized insulator. The
deformed conductor sections become far away from the
short site, extinguishing the arc, as shown in Figure 4B and
Supplementary Figure S2 (Mode II).

In another case, the conductive layer with a copper layer
of 7 um or thicker has black graphite remaining on the insu-
lation layer around the breakdown site (Fig. 4C). This is a
poor clearing—the remained graphite results in consecutive
arcs (Mode III). When the conductive layer is too thick (e.g.,
15 um copper), the conductive layer has no hole generated
by the arc at all, as shown in Figure 4D. The energy during
the breakdown is not adequate to evaporate the thick metal,
and graphite decomposed from the insulator is trapped on
the insulation (Mode IV).

It seems that a thinner conductive layer is more likely to
induce successful self-clearing. Still, the ultrathin conductive
layer also forms a sharp edge and causes an electrical field
concentration and breakdown through the air. We verify the
electrical field concentration phenomenon by the simulated
result (COMSOL 5.6) of the sandwiched structure, a 70 nm
aluminum layer, a 20 um insulated layer (dielectric con-
stant: 2.2), and a 10 um copper layer when applying 100 V to
the top layer, as shown in Supplementary Figure S3.

In the EPad with a 70nm aluminum layer, consecutive
breakdowns along the edges happen before it occurs at the
center. Consequently, the EPad practical maximum voltage
and adhesive force are much lower than the theoretical values.
A tradeoff between the clearing effect and edge effect should
be considered when we select the thickness of the conductive
layer. The self-clearing of the two conductors of the electro-
static adhesion can ensure a better recovery of the device.
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FIG. 3. The electrical performance (voltage and current) for an EPad with or without self-clearing. (A) Short circuit
without self-clearing (parylene thickness: 5 um, copper thickness: 15 um). (B) Once successful self-clearing process
(parylene thickness: 5 um, copper thickness: 7 um). (C) Multiple successful self-clearing processes (parylene thickness:
5 pum, copper thickness: 7 um). (D) Poor self-clearing process (parylene thickness: 2.5 um, copper thickness: 7 um). EPad,

electroadhesive pad.

Influence of the insulation layer thickness

In another aspect, the insulation layer thickness of EPads
determines various other features of the self-clearing such
as the theoretical breakdown voltage, clearing area, and
the number of breakdown sites. When the EPads are supplied
with a stepped increasing voltage shown in Figure 5A, in
this study, the first breakdown voltage is almost the same for
the insulator layer of 5 and 7 um thickness due to the defects,
while theoretically, the latter should be 1.4 times larger. In
previous research, this magnitude is usually set as the thresh-
old to avoid failure.

However, owing to the self-clearing mechanism, the EPad
in this study survives after the first breakdown and earns a
higher critical voltage since the weakest point (defect) is
removed. The maximum voltage increases by 160% (7 um
insulation layer) at least and 260% (2.5 um insulation layer)
at maximum, as shown in Figure 5B. This means the adhe-

sive force could increase by 676% at maximum, according
to Equation (1).

As shown in Figure 5C, the insulator of 2.5 um thick-
ness has 94 times more breakdown sites than that of 7 um
thickness, perhaps because thicker holes have larger expo-
sed areas and retain more graphite, which causes the fol-
lowing breakdown at the same site. Moreover, as shown in
Figure 5D, the clearing area on both the conductive layer and
the insulation layer gently grows when the insulation layer
becomes thicker, perhaps because thicker insulation induces
a higher breakdown voltage and more energy in the break-
down. The difference between the cleared area of the con-
ductor and the insulator can be represented by the clearing
ratio m:

dy—d>
m=

4 (6)
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FIG. 4. The surface morphology of the EPads after electric breakdowns. (A) Self-clearing of an EPad (25 yum BOPP and
70 nm aluminum). (B) Self-clearing of an EPad (7 um parylene C and 7 um copper). (C) Poor self-clearing of an EPad (7 um
parylene C and 7 um copper). (D) Failed self-clearing of an EPad (7 um parylene C and 15 um copper). BOPP, biaxially

oriented polypropylene.

where d; and d, are the diameters of the cleared area on
the conductive layer and insulation layer, respectively. In
the test of different insulation layer thicknesses, we set the
thickness of the conductive layer constant, 7 um (copper), but
differ in the insulation layer thickness (2.5, 5, and 7 um,
respectively, parylene). As shown in Figure 5E, with the
increase of the insulator thickness, the clearing ratio rises,
which means it becomes safer since the remaining conductor
becomes further from the breakdown site.

Therefore, the thinner insulation layer causes signifi-
cantly more breakdown sites and a slightly smaller clearing
area. Consequently, the effective adhesive area is reduced.
As shown in Figure 5F, when the insulator thickness is
merely 2.5 um, the lateral force after clearing drops by
~20%. In contrast, the force decrease is <1% for the insu-
lation with a thickness of 5 or 7 um.

Influence of the insulation materials

The material of the insulation layer also fundamentally
affects the self-clearing by limiting the dielectric strength
and, therefore, the theoretical breakdown voltage and maxi-
mum adhesive force [according to Eq. (1)], as shown in
Figure 1B. Moreover, the materials restrict the manufactur-
ing methods and the available thickness of the insulation
layer to influence the self-clearing in multiple aspects, as
aforementioned. Besides, different insulation materials gen-
erate various surface morphologies.

For example, the roughness (Ra) of Luxpint insulation is larger
than 0.06 um due to the large particles of BaTiOs, whereas that of
other materials, such as PI, parylene, and BOPP in this study, is
<0.01 um. The high roughness increases the coefficient of fric-
tion and brings more unevenness to the surface causing a con-
centrated electrical field between the conductive pad and EPad.

Self-clearing can benefit electrostatic adhesion in various
aspects, including its performance and reliability, which
are both critical for practical applications. As shown in

Figure 1B, with the same material, we can achieve 276%
times higher force for PI, 237% for parylene, and 133%
for BaTiO3 than the maximum value from previous study,
respectively. The lateral electroadhesive force was measured
using a tensile tester (990B; ZHIQU) to pull the EPad to
move relative to the conductive pad.

The repeatability of self-clearing

To demonstrate the repeatability and reliability of self-
clearing, we prepared an EPad composed of a copper layer
(7um) and a P(VDF-TrFE-CTFE) layer (20 um) for the
multiple breakdown test. A stepped increasing voltage was
supplied to the EPad with a 10V increment, and each step
lasted 15min. The applied voltage was first increased to
470V, under which the breakdown was initiated. Each peak
of the current response represents a successful self-clearing,
as shown in Figure 5G. After surviving 173 times and 65-min
consecutive sparks, several long-last short circuits occurred
on the voltage of 510V, which accompanied large-area
breakdown sites (Supplementary Fig. S4) and resulted in
the failure of the EPad.

The long-last short circuit may be caused by the uneven
distribution of the dielectric layer or the open channel (single
breakdown site) for the air breakdown. The robustness and
long continuous working capacity of the EPad demonstrate
the good repeatability of self-clearing.

Applications of EPads with self-clearing

As shown in Figure 6A—C and Supplementary Videos S1-
S3, suffering penetration, punching, and cutting, the EPad
survived with the self-clearing mechanism. The clearing
process completes so quickly, and it takes little effect on the
regular operation of electrostatic adhesion. As shown in
Figure 6D and Supplementary Video S4, the electrostatic
clutch held a weight of 200 g under it. Although sparks and
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FIG.5. The influence of the EPad insulation layer thickness. (A) The supplied voltage during the electric breakdown test. (B)
Maximum voltages before and after multiple self-clearing. k is the ratio between the maximum voltage before and after the
clearing for the same thickness. (C) The number of breakdown sites at different insulator thicknesses. (D) The diameters of the
cleared area on the conductive layer and insulation layer of EPads for different parylene coating thicknesses. (E) The clearing
ratio m for different parylene coating thicknesses. d; is the diameter of the breakdown site in the conductive layer and d, is the
diameter of the breakdown site in the insulation layer. (F) The lateral electrostatic adhesive force before and after self-clearing.
(G) The current behavior of the repeatability test for self-clearing and the inset presents a long-last short-circuit process.
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FIG. 6. The reliability of electrostatic adhesive devices resulted from the self-clearing mechanism. The electrostatic
clutch survives severe physical damages, such as (A) penetration using tooth sticks, (B) punching, and (C) cutting. The
current and voltage are shown, respectively, and their spikes represent the short circuit and self-clearing. (D) The stability of
the electrostatic clutch while holding a weight of 200 g. The force on the EPad is measured by a load cell (not shown in this
figure) connected above the EPad. The lateral force is shown below. (E) An electrostatic gripper is completing a pick-and-
place task, although electrical breakdown happens. The voltage and current are shown below.

short circuits were generated intentionally by increasing the
voltage, the clutch kept at the same position and recovered
quickly after the self-clearing process.

Finally, we demonstrated the applications of self-cleaning
with a more practical scenario of pick and place. The gripper
is made of two EPads. In previous study, when a spark was

generated, the gripper lost all the force due to a short circuit.
This failure comes suddenly and unpredictably and might
result in an accident of dropping the object. On the contrary,
with self-clearing, as shown in Figure 6E and Supplementary
Video S5, the gripper first survived the electrical breakdown
at State 2 (1500 V) and recovered back instantaneously from
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the increased applied voltage at State 3 (2000 V), resulting
in slight fluctuation in the gripping and transferring pro-
cess, which presents the reliability of our self-clearing
mechanism.

Conclusions

In this study, we propose a self-clearing method—simply
employing an enough thin conductive layer to allow the arc
energy to evaporate the defects on the EPads—to promote
the force and reliability of electrostatic adhesion. This study
builds the qualitative models for the self-clearing phenom-
enon and proposes four clearing modes to understand the
clearing results, mainly depending on the different thick-
nesses of the conductive layer, which are verified by the
microscopic surface morphology and the electrical perfor-
mance during and after the clearing. Our tests demonstrate
that this clearing mechanism requires no other new mate-
rials and fabrication process, and it is valid, economical, and
easy to operate.

According to the high-energy arcs during the self-clearing
process, defects are eliminated, and the cleaned holes are
generated to prevent further breakdowns. After clearing, the
working voltage is increased to 260%, which means that
the lateral force can be significantly increased (by 276%
in our tests), and accidental short currents on EPads can be
avoided. In addition, the cleaned area is relatively small, so
it has little effect on the lateral force.

Moreover, the repeatability and reliability of self-
clearing are verified by surviving 173 times and 65-min
consecutive sparks during the electric breakdown test.
Finally, we demonstrated an EPad survived severe physi-
cal damages (such as punctures, penetrations, and cut-
tings), and an EPad clutch exhibited stable and reliable
operations by holding a 200g weight and presented a
stable pick-and-place operation by an EPad gripper with
self-clearing.

Our self-clearing mechanism enables more practical and
extensive applications on EPads, such as gripping and clutch-
ing, and benefits other electrostatic-based actuations, such as
dielectric elastomer actuators and piezoelectric polymer actu-
ators. Versatile conductive materials, including conductive
polymers and carbon nanotubes, may also be involved to enrich
self-clearing. In the future, we will explore more potential ap-
plications based on this mechanism.
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