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A B S T R A C T

This paper characterizes a new electrode design coupled with new fabrication methods to improve the perfor-
mance of electrostatic/microstructured adhesives. The design is similar to a parallel plate capacitor in which one
plate has “holes” or gaps. The gaps allow the electric field to “leak” through, which can, under certain cir-
cumstances, create a stronger electric field than a conventional design. The design was optimized using FEA, and
experimental results show that combining the new design with an improved fabrication method that increases
the flexibility of the adhesive results in a 6× increase in the shear stress to disengage the adhesive from the
substrate.

1. Introduction

Controllable (i.e. on-off) adhesives, such as suction [1], electro-
magnets [2], microspines [3], and microstructured (i.e. fibrillar, gecko-
like, dry) [4] tend to perform well on a specific surface type, but fail
when applied to an alternate surface. For example, suction and mi-
crostructured adhesives work well on smooth surfaces, but fail on rough
surfaces. In the case of microstructured adhesives, the surface rough-
ness, which may be as slight as the texture left behind from a paint
roller, can prevent the adhesive from engaging with the substrate.

In an effort to create an adhesive that is applicable to both smooth
and rough surfaces, previous work has combined electrostatic adhesives
and microstructured adhesives (see Fig. 1 [5]). By applying a voltage
potential across an array of conductive electrodes embedded in a di-
electric, an electrostatic field is generated, which results in an adhesive
force on both conductive and non-conductive substrates. The combi-
nation of the two technologies creates a positive feedback loop. The
electrostatic adhesive helps engage the fibrillar stalks which in turn
bring the electrodes closer to the surface. As the electrodes move closer
to the surface, the electrostatic adhesive force increases. The result is an
adhesive that has been shown to outperform the sum of its individual
parts on many surfaces [5]. The resulting adhesive has potential in a
variety of applications that range from manufacturing [6], mobile ro-
bots that climb vertical and inverted surfaces [7–14], perching micro
air vehicles [15–18] and satellite grappling in space [19].

This paper presents an electrode design for the electrostatic portion

of the electrostatic/microstructured adhesive that theoretically in-
creases the normal adhesion by up to 3.5×. The paper also introduces a
new manufacturing process that improves the flexibility of the adhesive
pad to further increase the adhesion pressure. Experimental results
show a 6× increase in the shear stress needed to disengage the ad-
hesive from a substrate compared to a traditional design. In contrast to
other approaches, the design layers the electrodes on top of each other
(see Fig. 2, left) instead of placing them in the same plane (see Fig. 1).
The new design can be thought of as a parallel plate capacitor in which
one of the plates has “holes” or gaps in it. The approach is counter-
intuitive because the electric field is highest in the dielectric between
the two electrodes, not on the substrate to which the adhesive is at-
taching. Thus, it is more reasonable to place the electrodes side-by-side.
However, the spacing between electrodes in the traditional design is
limited by the voltage breakdown strength of the dielectric used to
encapsulate the electrodes. This is problematic as a smaller electrode
gap results in a higher electric field strength and thus generally higher
adhesion.

For the design introduced here, note the circled portion in the right
image of Fig. 2 and how the gaps allow the electric field to essentially
“leak” through to the substrate. Simulations demonstrate that this
leakage can, under certain circumstances, generate a stronger electric
field than the conventional in-plane design. This is due to the new
design allowing the gap between positive and negative electrodes be
significantly reduced, and gap size has a strong effect on adhesion
pressure [20]. Smaller electrode gaps are possible because the new
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design employs an insulating dielectric with a relatively high voltage
breakdown constant (e.g. Kapton). Thus, less distance is required be-
tween electrodes to prevent voltage breakdown. Note that in [21], due
to their manufacturing process, a Mylar sheet is placed between layers
of inter-digital electrodes to act as the dielectric. The effect is similar to
the one presented here; however, this paper will demonstrate why that
approach works and how a solid backing electrode results in the
strongest electrostatic field.

This paper is organized as follows. First, Section 2 provides back-
ground information regarding electrostatic and microstructured ad-
hesives. Section 3 then describes the simulation model used to optimize
the overall geometry of the electrode pattern as well as the specific
electrode widths and gap sizes. In Section 4, the fabrication procedure
is introduced for both electrostatic adhesive designs. Section 5 then
presents experimental test results to validate the simulation models.
Finally, Section 6 summarizes the work.

2. Background

This work utilizes two different adhesive technologies: electrostatic
adhesion and microstructured fibrillar adhesion. This section describes
previous work done in both of these areas as well as work that has
combined the two.

2.1. Electrostatic adhesives

In electrostatic adhesion, a high voltage potential (typically on the
order of kV ) across electrodes embedded in a dielectric creates an
electrostatic field, which in turn creates an adhesive force [22]. The
main advantage of electrostatic adhesion is that it can be applied to
almost any substrate, both conducting and non-conducting. For con-
ductive surfaces, electrons are free to migrate toward the positive
electrodes and form electron holes under the negative electrodes. On
non-conductive surfaces, the electric field polarizes the substrate's
molecules, which creates an attractive force [20]. Due to its universality
in terms of substrate composition, electrostatic adhesion has been used
for grippers in the semi-conductor industry [23] and is especially ap-
plicable to space environments where ferromagnetic materials are rare,
pressure sensitive adhesives out-gas, and suction does not work because
of the lack of an atmosphere.

The magnitude of electrostatic adhesion force is related to a number
of factors including the voltage potential, electrode geometry (e.g.
width, gap spacing, pattern), insulator thickness, and substrate per-
mittivity. Increasing the voltage potential or substrate permittivity

improves adhesion force, as does decreasing the insulator thickness or
gap size between electrodes [20].

Researchers have attempted to evaluate the effect of electrode
geometry on the electric field strength. This includes small experi-
mental studies [24] and the development of mathematical models of
the electrostatic force [25,26]. Some of the most complete studies to
date were [27] and [28], which both examined the entire design space
using a Finite Element Analysis optimization tool in order to determine
the optimal electrode geometry. Still other work evaluated adhesion
with theoretical studies coupled with finite element simulations [29]
and experimentally investigated adhesion as a function of substrate
roughness [30].

Previous researchers have also used a variety of techniques to fab-
ricate electrostatic adhesives. One approach created the electrode pat-
tern using polyethylene terephthalate and then spray coated it with a
thin layer of photo-resist resin as an insulator [31]. This works well on
smooth surfaces because the photo-resist resin layer is very thin, thus
increasing the electric field strength. However, with this technique the
electroadhesive is unable to conform to surface irregularities, thus
limiting it to smooth surfaces. A counter to that is the work done by
[32], which examined the fabrication of stretchable electrodes.

Another method used metal or carbon traces sandwiched between
flexible Mylar sheeting [14]. This design affords some conformity to
surface curvature but still does not address surface roughness. A dif-
ferent manufacturing technique was developed by the authors [27] that
involves embedding a copper and nickel-coated conductive mesh inside
a soft silicone dielectric. The conductive mesh is chemically etched with
a ferric chloride solution to create an electrode pattern. Using a multi-
step process the mesh is embedded inside of a soft, Shore 30A–40A,
silicone polymer. This process yields a highly compliant electrostatic
adhesive pad with high surface friction properties and an overall
thickness of approximately 400 μm. This allows the pad to conform to
micro-rough surfaces and create a large real-area of contact. We use a
similar fabrication process in this paper, substituting copper-clad
Kapton for the conductive mesh.

2.2. Microstructured adhesives

Since the early 2000's, numerous researchers have been developing
manufacturing techniques to fabricate artificial microstructured ad-
hesives [34–36]. Synthetic fibrillar adhesives use multiple structures to
engage with a surface to help reduce crack propagation and improve
conformity to surface undulations. Some utilize asymmetric, or direc-
tional, micro-structured hairs that create a high real area of contact

Fig. 1. Cross-sectional view of a traditional electrostatic/
microstructured adhesive design in which the both positive
and ground electrodes are placed on the same layer. Drawn
to scale.

Fig. 2. The new layered design (cross-sec-
tion, left) puts the positive and ground
electrodes on separate planes in an effort to
decrease the gap size and utilize a dielectric
layer with a high dielectric voltage break-
down strength (e.g. Kapton). The right side
shows a cross-section of the simulation re-
sults of the electric field strength using this
design. Drawn to scale.
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when loaded in a preferred direction (see Fig. 3, right [33,37–41]).
When the load is reversed, the adhesives release from the surface with
near zero force. Others, like the ones we use in this paper, are non-
directional [42,43] and “post-treated,” which is a process that results in
“mushroom-shaped” tips that increase normal adhesion (see Fig. 3, left
[44–48]).

2.3. Combination of electrostatic and microstructured adhesives

Combining electrostatic and microstructured adhesives has the po-
tential to yield a relatively strong adhesive (microstructured) with the
ability to adhere to more than just smooth surfaces (electrostatic).
There have been only a handful of research groups that have created
such adhesives. One group placed electrodes inside the dry adhesive
micro-structures [49], but this is not optimal since the electric field
does not adequately disperse into the substrate [27]. Another approach
used conductive silicone to fabricate a non-directional fibrillar adhesive
[50]. The results show an improvement in adhesion, but the config-
uration has limited practical value outside of a laboratory environment
since the conductive electrodes are completely exposed.

The combination electrostatic/microstructured adhesive described
in this paper is based upon the authors' previous work in the area [5] in
which a micro-structured dry adhesive element is molded directly into
the contact surface of an electrostatic adhesive. The electrostatic ad-
hesive provides a normal adhesion force that pre-loads a micro-
structured adhesive and helps conform the adhesive to the surface. The
microstructured adhesive provides conformation to micro scale fea-
tures, resistance to crack propagation, and a high real area of contact.
The combination of the two provides enhanced performance over a
wide range of substrate materials and roughness.

3. Design optimization

Many parameters, including electrode geometry, dielectric layer
thickness, substrate roughness, and distance between the electrodes and
the substrate, can affect adhesion performance [27]. In this section, the
electrode geometry and pattern are analyzed and optimized using finite
element analysis software for the new design described in this paper
(from here on referred to as the bi-layer design) and compared to op-
timized geometric values for the traditional design (from here on re-
ferred to as the uni-layer design).

3.1. Simulation setup

An FEA model was developed using Comsol Multiphysics v5.2 to
calculate the electric field strength and resulting electrostatic force
generated by a given electrode pattern. We utilized Comsol's built-in
electrostatic module to directly measure the electrostatic force of the
model. Comsol's built-in meshing and optimization (Nedler-Mead)
functions are also used for simplicity. For investigating the different
patterns (section 3.2) 3D models were used for consistency. However,
since we saw less than 5% difference in electrostatic force between the
2D and 3D models for the same electrode geometry, in following sec-
tions, the 2D or 2D-axisymmetric models were used to reduce compu-
tation time. Furthermore, we used an air gap between the adhesive and
substrate (see Fig. 4) as a proxy for substrate roughness, which we have
previously found to be a reasonable approximation [27].

The dielectric constants of the materials are 3.7 for Kapton, 1.0 for
air, and 5.0 for the substrate. In an effort to decrease the effect of the
substrate size on the simulation results, we ensured that the substrate
width was significantly large compared to the electrode geometry.

Finally, we fixed the voltage difference in both simulations and
experiments to be 5 kV . This voltage potential is easy to achieve with
commercial high voltage DC-DC converters, and, while in theory the
electrostatic force is proportional to the square of voltage difference,
prior research [51, 52] along with our own experiments have demon-
strated that adhesion begins to be linearly related to voltage above
approximately 4 kV .

3.2. Electrode patterns

Fig. 5 shows several of the electrode patterns for the new bi-layer
design that we investigated via simulation. These include parallel lines
on the top and bottom layers (sometimes referred to as interdigital),
respectively (a), ∘45 offset lines (b), solid top electrode with bottom
orthogonal lines (c), a solid top layer coupled with parallel lines on the
bottom (not pictured), a solid top layer coupled with circular holes on
the bottom layer (d), and a solid top layer with concentric circles on the
bottom layer (e). The evaluated adhesion pressures for four of the
electrode patterns are presented at Table 1. The results are calculated
using 3D FEA models after optimizing all of the geometry parameters
for each pattern. The simulation results suggest that a solid top elec-
trode is always preferable and therefore, for fair comparison, only re-
sults for patterns with solid top electrode are shown in the table.

Fig. 3. Examples of microstructured (i.e. fibrillar) adhesives. “Post-
treated” non-directional stalks used in this work, left. Directional
stalks, right [33].

Fig. 4. Cross-sectional view of the simulation
model parameters for the Uni-Layered design.
Drawn to scale.
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Similar to previous findings [27], the concentric circles provided the
highest electrostatic adhesion (see Fig. 6). However, as shown in
Table 1 the interdigital design is only 2% worse than the concentric
circle design. This difference is a result of unused area at the corners
and trace connections needed for the interdigital pattern. Based on
these results, all following simulations were performed with a con-
centric circle electrode pattern using a 2D-axisymmetric FEA model.

3.3. Optimal electrode geometry

Fig. 7 shows a cross-section of the bi-layer design along with the
parameters used in the optimization algorithm. Several simulations
were performed to assess the relationship among the air gap (a proxy
for surface roughness), substrate dielectric constant, electrode width,
and electrode gap size.

Fig. 8 shows the optimal electrode width (left) and optimal elec-
trode gap spacing (right) as a function of the substrate dielectric con-
stant for different air gap distances. Note that both graphs in Fig. 8 are
related. In other words, for each air gap and substrate dielectric pair
there is a unique optimal electrode gap and width pair. This is

presented in two graphs for better readability.
In general, as the adhesive is placed closer to the substrate (i.e. the

surface is smoother or the adhesive is more flexible), smaller gaps and
widths are preferred. This is because smaller gaps and widths generate a
relatively higher electrostatic field, but that field is more focused and a
more focused field cannot accommodate a relatively large air gap.
Furthermore, as the dielectric constant of the substrate increases, larger
gaps and widths become optimal, although this effect is not as pro-
nounced as the air gap distance.

Thus, the major consideration in deciding the electrode width and
gap size is the air gap. In practical terms, if one is using these adhesives
in a setting where the substrate material is well known and constant
(e.g. a factory setting), one can optimize the electrode gap and width to
a particular material. While this paper does not present a detailed
analysis matching surface roughness to a specific air gap, we believe a
general starting point would be to match the air gap to the peak to peak
roughness of the substrate.

In other situations, such as climbing robots, perching robots, and
robotic grippers used in general assembly or space applications, the
adhesive may be required to adhere to many different substrates, with a
wide range of dielectric constants and surface roughness. Therefore, it
is important to design for an air gap that results in an electrode width
and gap size that results in minimal variation for differing air gaps.
Fig. 9 shows the percentage of adhesion pressure as a function of air gap
distance for a electrode width and gap size optimized for a given air
gap. For example, consider the case of an electrode width and gap size
optimized for an air gap of μm50 (green line with triangular markers).
For an air gap of μm50 , this results in a 100% adhesion pressure since
that is the air gap it was optimized for. However, when the air gap
decreases to μm10 , the adhesive is only 95% effective.

3.4. Comparison with the uni-layer design

FEA optimization of the uni-layer design was also performed.
Fig. 10 shows the ratio of adhesion pressure of the bi-layer design to the
uni-layer design as a function of air gap and substrate dielectric con-
stant. The electrode widths and gap sizes were optimized for each
specific air gap and substrate dielectric constant for both types of de-
signs to ensure a fair comparison. The graph demonstrates that one
should expect a 2–3x improvement for most surfaces, and over a 3.5×
improvement is possible for small air gap sizes and low dielectric
constant substrate materials.

4. Fabrication methods

The fabrication process for creating the electrostatic/

Fig. 5. Evaluated electrode patterns. Parallel
electrodes (a). 45° offset electrodes (b). Solid
top electrode with bottom orthogonal elec-
trodes (c). Solid top electrode with circular
holes in bottom electrode (d). Solid top
electrode with concentric circles bottom
electrode (e).

Table 1
Evaluated adhesion pressure for different patterns with solid top electrode.

Bottom Electrode Pattern Adhesion pressure (kPa) Normalized (%)

Circular holes (d) 2.04 73
Orthogonal lines (c) 2.57 92
Parallel lines (interdigital) (a) 2.74 98
Concentric circle (e) 2.80 100

Fig. 6. Example of a fabricated electrostatic adhesive with the concentric circle pattern.
The bottom layer is closest to the substrate.

Fig. 7. Cross-sectional view of the bi-layer model used for
simulation.
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microstructured adhesive builds upon previous work [27, 53, 54].
Specifically, a microstructured adhesive was directly cast onto an
electrostatic adhesive. This section describes the microstructured ad-
hesive along with the fabrication processes for both the bi-layer and
uni-layer electrostatic adhesive designs.

4.1. Microstructured adhesive

For this paper, a non-directional microstructured adhesive with
post-treated stalks (see Fig. 3, left) [48, 55] was used in an effort to
emphasize the effects of the electrostatic adhesion. All tests were done
under shear loading only. The electrostatic element increases the
normal adhesion, which increases the shear load required to disengage
the adhesive from the substrate. Testing in shear removes any align-
ment issues between the flat substrate and adhesive as well as elim-
inates the need for a rigid backing, which is required to evenly transmit

the normal load across the adhesive but also prevents the adhesive from
conforming to rough substrates [54]. When we tested the electrostatic
element only, without including a silicone coating between the elec-
trodes and substrate, the low coefficient of friction between the ad-
hesive and test substrate resulted in minimal differentiation among test
samples. Alternatively, using a directional adhesive resulted in ex-
tremely high shear loads, making it difficult to isolate the effects of the
electrostatic adhesive from the microstructured adhesive. In contrast,
the post-treated non-directional stalks exhibit excellent normal adhe-
sion pressure, but limited friction. Thus, they provided a good balance
between the directional microstructured adhesives and bare electrodes
such that we could both differentiate the test results and eliminate any
dominating effects of the directional adhesives.

4.2. Uni-layer fabrication

A cross-sectional view of the uni-layer design is shown in Fig. 1. In
previous work, the electrostatic adhesive consisted of a conductive
mesh embedded inside of a silicone rubber insulator [5]. For this work,
the electrostatic adhesive was fabricated by bonding a cover layer of
Kapton film onto a copper-clad Kapton film, Pyralux, patterned with the
desired electrode geometry. This allowed us to create electrode patterns
with improved conductivity, robustness, and solderability compared to
our previous method. In the hybrid adhesive, it also moved the elec-
trodes closer to the fibrillar structures. For example, the vertical se-
paration between electrodes and fibrillar stalks with this approach was
only that of the Kapton film thickness, 25 μm, compared to 100-200 μm
in our previous conductive mesh approach [5].

To create the electrode geometry, a chemical etching process was
used. Specifically, a mask of the electrode pattern was printed and toner
transferred onto the copper-clad Kapton, Pyralux AC, and subsequently
etched using Ferric Chloride. Overall this approach provided adequate
resolution but it was determined that the reliability of the etching
process was greatly reduced when the electrode gap was decreased
below 200 μm. Since the etching process is not exact, it should be noted
that gap and width of the electrodes after etching are not exactly as
designed. Based on our observations the electrode gap size after etching
was typically up to 50 μm greater than the nominal size. This is true for
all pads tested throughout our paper, and in tables and figures only the
nominal sizes are listed.

Previous work showed that electrostatic adhesive pressure is in-
versely proportional to the electrode gap size [27]. This indicated that
the smallest feasible electrode gap size is desirable but it is limited by
the dielectric strength (voltage required to produce electrical break-
down through the material, volts/unit thickness) of the insulator ma-
terial and the voltage differential between electrodes. For reference, the
dielectric strength of air, silicone, and Kapton are approximately 3
V μm/ , 19 V μm/ , and 220 V μm/ , respectfully. If the electrodes are
covered with an poor insulator material such as air instead of silicone,
either a larger electrode gap size or lower voltage differential is re-
quired to prevent breakdown. However, an increase in gap size or a
decrease in voltage difference will both result a significant drop in

Fig. 8. Optimum electrode width versus substrate
dielectric constant for varying air gap distances
(left). Optimum electrode gap spacing versus
substrate dielectric constant for varying air gap
distances (right). Note that the graphs are corre-
lated.

Fig. 9. Normalized results for performance of bi-layer electrostatic adhesives optimized
for specific air gap size over other air gaps.

Fig. 10. Improvement factor as a function of air gap and substrate dielectric constant.
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adhesive pressure making it essential to use a high dielectric strength
insulator material. In previous work by the authors, Polytek Platsil 73-
60 silicone rubber was used as the insulator material [5]. For this work,
Dymax Multi-Cure 9-20557 resin was used to provide both superior
bond strength and dielectric strength. The dielectric strength of the
resin is approximately 60 V μm/ , which is 3× greater than the Platsil
73-60 and allows the electrode gap size to be as low as μm100 at a
voltage differential of 5 kV . Despite the theoretical electrode gap
minimum of 100 μm, we fabricated the electrostatic pads with a 200
μm gap size due to both limitations in the etching process and to pro-
vide a factor of safety.

The fabrication process begins by chemically etching the electrode
pattern onto a 25 μm thick Kapton film with 9 μm of copper cladding. A
strip of the bonding resign is placed along and edge and is used not only
as the insulator but also as an adhesive to bond the Kapton layers to-
gether. The plain Kapton film is the placed on the resin and the resin is
then rolled out to all the edges using a 200 g, 31 mm diameter cylind-
rical roller to create a consistent thickness of approximately 10 μm. The
rolling process is necessary to provide and thin, even resin layer and to
prevent the entrapment of air bubbles, which could provide paths for
electrical shorts. To fully cure the resin, the pad is placed in an oven at
140°C for 4 h. The microstructured adhesives are then molded onto the
surface, as described in [5].

Overall, this approach yielded a robust electrostatic adhesive
structure which is very thin and light while still providing a degree of
flexibility. Though the structure is more rigid than the conductive mesh
approach described in [5], it provided greater electrostatic adhesion.

4.3. Bi-layer fabrication

Fabrication of bi-layer electrostatic pads follows the same process as
previously described for the uni-layer pads. The primary difference is
that the positive and negative electrode sets are on opposite sides of a
50 μm Kapton film with the positive electrode set sandwiched between
the two Kapton film layers. From a fabrication perspective, this in-
creased yield as the bi-layer fabrication process is more tolerant of
process variation and has a high degree of resistance to shorting. This is
due to two key factors. First, the gaps between electrodes in the uni-
layer design are very sensitive to any residual material, and thus the
gaps between electrodes need to be etched thoroughly to prevent shorts
between the electrodes. In this case, the effective gap between the
electrodes is the Kapton film thickness which has a much higher di-
electric strength and is very consistent. Second, the resin used to in-
sulate the electrodes from each other can contain micro air bubbles or
other contaminates leading to shorting paths. For the bi-layer design,
the back cover sheet simply insulates the positive electrode from the
outside environment minimizing the effective of any internal defects.
Both of these issues reduced yield in the uni-layer design but since the
bi-layer design uses the Kapton sheet as an insulator, the aforemen-
tioned problems are not applicable. Overall, the bi-layer construction
approach increased both adhesion strength and insulation robustness at
the cost of decreased flexibility. The primary issue of flexibility will be
later addressed with alternate fabrication variations.

5. Experimental results

Experiments were performed to evaluate the performance of the
new bi-layer design. Complete details of the experimental test setup
(shown in Fig. 11) and test procedure can be found in [5]. In summary,
the test platform utilizes a JR3 6-DOF force-torque sensor and a pneu-
matic air slide actuated through a variable pressure regulator. A simple
test sequence is used to generate a shear force with respect to time plot.
A 5 kV DC/DC converter (EMCO CB101) energizes the electrostatic
adhesive and force data is recorded from the force-torque sensor using a
National Instruments data acquisition board and LabVIEW. The test
setup generates a steadily increasing shear force on the pad until it

detaches from the substrate, which occurs at the onset of slipping. The
plotted pressure is the force at that point divided by the adhesive area.
A sample plot of shear force as a function of time is shown in [54].

The size of the sample pads chosen to be 50 mm by 50 mm.
However, for the uni-layer design, the actual area that was covered
with electrodes was a rectangular area with size of 45 mm by 45 mm
and for the bi-layer design, it was a circular area with diameter of 45
mm.

Each adhesive was tested on a range of substrate materials to
evaluate the adhesive's performance with respect to material type and
surface roughness. The test substrates were a set of common materials
including painted drywall, finished wood, and glass. For each adhesive
design, we made three test samples to decrease uncertainty related to
the fabrication procedure. Each adhesive sample was tested five times
on each substrate material. Before testing, each adhesive pad and
substrate was thoroughly cleaned using masking tape to remove any
dust or other contaminants. Previous work has demonstrated that ad-
hesion does not significantly decrease over time and this testing pro-
cedure produces repeatable results [5].

The final design parameters for the bi-layer design were chosen to
be 400 μm and 200 μm for the electrode gap size and width, respec-
tively. The test results are presented in Fig. 12 along with the results of
the uni-layer design for comparison.

The simulation results of uni-layer pads indicated that the optimal
electrode design is heavily dependent on the air gap between the
electrodes and substrate (i.e. a proxy for surface roughness) and the
substrate's dielectric constant. To fairly compare the two designs, three

Fig. 11. Experimental test setup.
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different electrode geometries for the uni-layer pads were considered
for experiments. All uni-layer designs were tested on all substrates and
the design with the best performance on each substrate were chosen for
comparison (see Table 2).

The test results show an improvement on most substrates; however,
there is a large variance across materials and there is no evidence of a
2–3.5× increase as predicted by the simulations. We attributed the lack
of improvement to the increased stiffness of the bi-layer design com-
pared to the uni-layer design. This makes it difficult for the bi-layer
adhesive to conform to surface irregularities, which reduces the real
area of contact. Thus, we developed two techniques to improve the
flexibility of the pads, described as follows.

5.1. Flexibility improvement #1: non-solid backing electrode

The simulation optimization results demonstrated that the best bi-
layer design used a backing layer comprised of a solid electrode. This
increases the electrostatic adhesion, but it also decreases the pad's
flexibility, which decreases the adhesion and is not accounted for in the
simulation. To address this, we introduced gaps in the top electrode that
reduce the theoretical electrostatic adhesion, but increase flexibility. In
this new method, the “gapped top electrode design,” we patterned the
top electrode of the bi-layer pads similar to bottom layer electrodes but
with different electrode gap and widths (See Fig. 13).

We kept the bottom electrodes as before, μm400 gap and μm200
width. The top electrodes are given a μm200 gap and the width was
optimized. This resulted in a μm400 top electrode width. The simulation
model shows that this design results in 10–20% decrease in electrostatic
adhesion compared to solid top electrode design.

Fig. 14 compares the experimental performance of the gapped top
electrode design to solid top electrode over various substrate materials.
Despite the decrease in electrostatic field strength, the overall shear
stress is noticeably increased due to the increased flexibility, which was
readily evident with a qualitative assessment.

5.2. Flexibility improvement #2: metalized kapton fabrication process

To further improve flexibility, the thickness of the conductive
electrode layers was reduced by switching to an electron vapor de-
position process. The copper cladding was replaced with a metalized
layer consisting of 30 nm titanium, 30 nm platinum, and 300 nm gold.
For creating the electrode pattern a shadow mask was used during the

vapor deposition process, eliminating the need for chemical etching and
improving feature precision. Using the same electrode pattern as the
solid top layer design, resulted in up to a 6× increase in adhesion over
the original uni-layered design, as shown in Fig. 15.

6. Conclusion

This paper presents a new electrostatic adhesive design coupled
with a new manufacturing method that was used to increase the ad-
hesion of an electrostatic/microstructured adhesive. We evidenced up
to a 6× improvement compared to a traditional electrostatic design in
the shear stress at which the adhesive disengages with the substrate.
The electrode pattern, widths, and gap sizes of the new design were

Table 2
Optimal design parameters for the uni-layer samples.

Material Electrode Gap (μm) Electrode Width (μm)

Dry Wall 200 500
Glossy Dry Wall 200 500
Sealed Alder 200 400
Sealed Poplar 200 400
Unsealed Poplar 200 400
Adobe 200 400
Painted Aluminum 200 400
Sandstone 200 500

Fig. 13. Schematic view of the bi-layer design
with gapped top electrodes.
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Fig. 14. Shear stress at disengagement of gapped top electrode design on various sub-
strates compared to solid top electrode design.

Fig. 15. Adhesion pressure of EAD pads fabricated with metalized Kapton on various
substrates compared to non-solid top electrode bi-layer and uni-layer design.
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optimized in finite element software and the resulting geometries were
experimentally tested. We expect the increased electrostatic adhesion
will enable the technology to become more useful in a variety of ap-
plications including climbing robots and robotic grippers.
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