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Electroadhesion (EA) offers low power consumption, material versatility, and precise force control for
soft robotics. This review examines EA principles, key performance variables, and recent advances in
dielectric and electrode materials. Applications such as clutches, grippers, climbing robots, and haptic
interfaces are discussed. Challenges remain, including high electric field requirement and slow

response. Future directions include low-voltage systems, sensing integration, advanced fabrication,

and ionic-based EA technologies.

Soft robotics, characterized by using compliant materials in their structures,
has emerged as a significant field in robotics research'. These robots
demonstrate remarkable adaptability to environmental constraints and
inherent safety in human interaction due to their material properties and
structural designs’. Compared with traditional rigid robots, soft robots can
perform tasks like delicate object manipulation, adaptive locomotion on
various surfaces, and safe physical human-robot interaction through their
compliant nature™’. The development of reliable and versatile adhesion and
gripping technologies is crucial for advancing soft robotics capabilities’. This
is particularly important for applications such as handling fragile objects,
climbing on various surfaces, navigation of complex terrains or haptic
interactions.

Conventional methods for adhesion and gripping each have their own
limitations*. Mechanical grippers can damage delicate objects and struggle
with small or thin materials. Magnetic adhesion is only effective on ferro-
magnetic materials. Vacuum suction requires continuous power con-
sumption, is not suitable for porous surfaces, and cannot operate in vacuum
environments. Van der Waals adhesion offers limited force and lacks effi-
cient reversibility control mechanisms. A concise comparison of these
conventional adhesion methods is provided in Table 1, highlighting their
respective advantages and drawbacks.

Electroadhesion (EA) represents an emerging adhesion technology that
operates through electrostatic attraction, where adhesion and release can be
controlled by potential difference’. The fundamental structure of EA devices
consists of a pair of electrodes, typically arranged in an interdigital (inter-
digitated) configuration, encased within a dielectric film®". When an EA device
is positioned on a substrate and high voltage is applied, the resulting non-
uniform electric field induces either polarization or charge redistribution on
the substrate surface, depending on its electrical properties, which will both
generate electrostatic forces between the substrate and the electrodes™.

One of the key advantages of EA lies in its versatility and adaptability
compared to other adhesion mechanisms’. EA systems can effectively

generate adhesion forces on a broad spectrum of surface types, ranging from
electrically conductive to insulating materials’. Another crucial feature of
EA technology is its controllability - the adhesion force can be modulated by
adjusting the applied voltage and completely dissipates upon voltage
removal"’. This technology reduces system complexity through its light-
weight construction and simple structure**’. Furthermore, EA systems offer
significant energy efficiency advantages — while requiring high voltage for
operation, power consumption remains remarkably low due to minimal
current flow (usually several pA) during steady-state operation®. Reported
EA devices span a wide power range depending on application and scale. For
instance, one study on a wearable exoskeleton clutch reported power con-
sumption as low as ~0.6 mW'"; another EA clutch for mobile robots
recorded ~0.3 W' and a suction-based EA gripping system in a separate
work reached up to ~1.5W". EA also enables gentle material handling
through soft EA pads, allowing it to lift delicate and high-value objects'.
Additionally, EA can potentially operate in extreme environments such as
vacuum conditions, making it particularly promising for space
applications’. Table 2 summarizes typical parameter ranges for EA devices,
including dielectric thickness, operating voltage, and corresponding adhe-
sion forces, serving as a practical reference for device design and perfor-
mance assessment.

Recent developments in soft robotics have witnessed increasing inte-
gration of EA technology, where flexibility, adaptability, and gentle
manipulation capabilities are essential requirements'*'”. Advances in flex-
ible electrode design and dielectric material selection have substantially
enhanced EA system performance in dynamic applications'*". In soft
robotic grippers, EA enables precise manipulation of fragile objects and thin
sheets through controllable adhesion forces and largely increase the payload
of the soft gripper''>”. In clutch applications, EA provides electrically
controllable braking and attachment capabilities with low power
consumptionw. For robotic locomotion, EA facilitates stable adhesion at
specific points for resting and controlled movement across surfaces’”. In
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Table 1 | Comparison of different adhesion technology
Principle

Method

Structural bonding; electronics assembly

Often single-use; can leave residues; sensitive to

temperature/humidity

High bonding strength; mature technology;

relatively low cost

Bonds to surfaces via chemical/physical

reactions

Chemica Adhesive'*®'?’

Automated handling; factories (e.g., sheets,

panels)

Requires continuous pumping; poor on porous/uneven

surfaces; not for vacuum env.

Strong grip on flat parts; well-established

Negative pressure in a sealed cup
industrial use

Vacuum Suction 2%

Transferring steel/iron parts; machining lines

Only for ferrous materials, may magnetize workpieces

Simple design; robust with metal objects

Magnet fields acting on ferromagnetic

objects

Magnetic'®''*?

Delicate parts; bio-inspired climbing robots

Expensive fabrication; needs relatively clean/smooth
surfaces; lack of or difficulty in reversibility control

Adheres to most materials; reusable; can

be cleaned

Relies on intermolecular forces or micro/

nanofiber structures

Van der Waals/Gecko'®

Robotic grippers; wall-climbing robots;

semiconductor handling

Requires high voltage; sensitive to humidity/roughness;

moderate force on rough

Works on various surfaces; very low power;

leaves minimal residue

High voltage electrodes generating

electrostatic forces

Electroadhesion (EA)*°

Table 2 | Typical Parameter Ranges for EA Devices

Parameter Typical Range

Dielectric Layer Thickness Submicrometer (<1 pm) up to a few millimeters

~0.04 kV up to ~9-10kV

Operating Voltage

Power Consumption Typically from below 1 milliwatt (mW) to several

watts (W)

Adhesion Force Fractions of newtons to tens of newtons

human-machine interfaces, EA-based haptic devices create controllable
tactile sensations through modulated friction forces™ . These capabilities
have significantly expanded the potential applications of EA in soft robotics,
establishing it as a crucial technology for next-generation robotic systems.

This review aims to explore the fundamental principles underlying EA
technology, with particular focus on materials selection and fabrication
methodologies. We will investigate various applications of EA in soft
robotics. Additionally, we will discuss current technological challenges in
EA implementation and propose research directions aimed at overcoming
these limitations. Through this comprehensive analysis, we aim to provide
insights into both the current state and prospects of EA technology in soft
robotics.

Principles of Electroadhesion and Influential Variables
EA depends on electrostatic forces between electrodes and a surface to
generate adhesion. As depicted in Fig. 1a, when a voltage is applied across
the electrodes of an EA pad, it creates an electric field. For dielectric
materials, this field polarizes the object’s surface, inducing dipole moments
that result in attractive forces between the EA pad and the object. For
conductive materials, the electric field prompts charge redistribution on the
surface rather than polarization, yet it similarly produces an adhesion force’.
As studies on EA have evolved, several theoretical models have been
adopted to describe and predict these forces including models based on
Coulomb forces and Johnsen-Rahbek (J-R) effect.

From a microscopic perspective, EA is based on Coulomb forces
between charges. For continuous charge distributions and fields, this
microscopic mechanism is elegantly represented by the Maxwell stress
tensor - a macroscopic description that can be derived from Coulomb’s law
through field theory. This tensor describes the stress generated by an electric
field in a dielectric medium and provides a more practical way to calculate
the forces in real applications . The Maxwell stress tensor in its general
form is expressed as:

1 2
Tﬁ:s(Eﬁf—E%E) (1)

Where ¢ is the dielectric constant, E; and Ej are the components of the
electric field, and §;; is the Kronecker delta. This equation helps calculate the
stress at any given point in the material, resulting from the interaction of
electric field components.

This tensor equation describes the complete stress state at any point in
the dielectric medium. For the specific case of a parallel electrode config-
uration, where the electric field is predominantly normal to the electrode
surface and uniform across the interface, the tensor equation can be sim-
plified. By integrating the normal component of the stress over the electrode
area, we obtain a more practical expression for the total EA force™:

A (kN2
F:E%C%J )

where A is the contact area between the electrodes, V is the applied voltage, d
is the thickness of the dielectric layer, ¢, is the permittivity of free space and
kg is the dielectric constant of the dielectric layer. In this model, the dielectric
material is considered as an ideal insulator and the air gap is ignored in
this model.
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Fig. 1 | Working principle of the EA. a Schematic illustration of working principles
for an EA system working on conductive and dielectric substrate in cross-sectional
view. Reproduced under the Creative Commons Attribution 4.0 International
License (CC BY 4.0)°. Copyright 2019 IEEE. b Schematic illustration of two
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electrostatic clamping mechanisms: classical/conventional electrostatic model and
Johnsen-Rahbek electrostatic model. Reproduced with permission”. Copyright
2007 AIP Publishing LLC.

The Johnsen-Rahbek (J-R) effect, which occurs when charge carriers
are able to transit through the dielectric layer, also initiates EA, as shown in
Fig. 1b. This process involves the flow of current through conductive
materials such as polyelectrolytes or semiconductors, which facilitates the
migration of charges to the surface areas of the dielectric films. An electric
field is established across a nanometer-scale gap, either between juxtaposed
dielectric layers or between a dielectric layer and an adjacent electrode. The
resulting attractive force due to the J-R effect can be expressed as™:

A kV 2
B = e, (0 )

where A, is the real contact area between the nanoscale asperities on the
surfaces, g is the size of the interfacial gap, kg is the relative permittivity of the
interfacial gap and Vg is the effective applied voltage, which is affected by
the resistances of the dielectric material and the contact interface.

Maxwell adhesion force and J-R effect typically coexist in EA systems,
but their relative contributions vary depending on the material properties.
Maxwell stress becomes dominant when the electrodes are encapsulated in
highly insulating dielectric layers, which is common in EA devices designed
for grippers or locomotion robots that need to work with various substrate
materials. Conversely, the J-R effect becomes predominant when the
dielectric layer has higher conductivity. The J-R effect can generate larger
electrostatic pressures at a given voltage because the charge carriers migrate
to the dielectric-electrode interface, leading to a substantial reduction in the
interfacial air gap (g), which is typically much smaller than the thickness of
the dielectric film. Therefore, J-R-dominated systems are more suitable for
applications requiring large adhesion forces but limited to specific materials
and interfaces, such as EA chucks or clutches.

Originally, it was believed that the effectiveness of adhesion was
determined by a few key factors: the dielectric constant and thickness of the
dielectric layer, the applied voltage, and the surface texture. However, recent
developments have identified as many as 33 different variables that can

influence adhesion”, complicating its management without sacrificing
certain properties to meet specific requirements.

While Maxwell and J-R effect models can effectively evaluate the EA
force in parallel-plate electrode configurations, these models face significant
limitations when applied to interdigital electrode designs. The challenges
arise from two main aspects: first, the complex electrode patterns generate
inhomogeneous electric field distributions that are difficult to model
accurately; second, the diverse working mechanisms and material properties
of different substrates introduce additional variables. Consequently, devel-
oping a universal model to predict EA performance remains challenging.
Nevertheless, ongoing research continues to investigate both qualitative and
quantitative relationships between various parameters and EA device per-
formance. Recent researchers have increasingly adopted Finite Element
Method (FEM) simulation to predict EA device performance, as it can better
account for the complex field distributions and geometric effects™.

Among the numerous variables that influence EA performance, the
following aspects have been identified as particularly important and have
received substantial research attention.

Electric field

The theoretical models of Maxwell stress and Johnson-Rahbeck effect both
predict that the electrostatic adhesion force should increase quadratically
with applied voltage, which was initially supported by early experimental
results. However, subsequent experimental studies revealed significant
deviations from this quadratic relationship at higher voltage ranges. These
deviations are primarily attributed to two phenomena: dielectric breakdown
and field emission effects. The dielectric breakdown leads to a dramatic
increase of the leaking current when the electric field reaches the material’s
breakdown strength, while field emission becomes prominent at high field
intensities, particularly at surface irregularities and sharp edges.

This non-linear behavior was first systematically documented by
Stuckes etal., who demonstrated that beyond a critical threshold voltage, the
force-voltage relationship deviates substantially from the quadratic
prediction’”. Their findings highlighted the importance of considering
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Fig. 2 | Study of some influential variables of EA system. a EA force on aluminum
with different textures. Reproduced under the Creative Commons Attribution 3.0
License (CC BY 3.0)”. Copyright 2016 IOP Publishing Ltd. b Simulation results of
performance of EA device with different electrode patterns. Reproduced with
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face mechanism of a haptic device with EA. Reproduced with permission®. Copy-
right 2020 IEEE. d Electrowetting effect. Reproduced with permission”. Copyright
2020 IEEE.

. Copyright 2021 Elsevier B.V. ¢ Configuration of the finger-EA inter-

these high-field effects in practical applications. Building upon this work,
Atkinson et al. developed a more comprehensive model that incorporated
additional factors previously overlooked™. His revised formula for the

adhesion force is:
\%
1+2In| 2=
( * ( Vi ))

Where F represents the adhesion force, A is the contact area, V; is the
interfacial voltage drop, day is the maximum height of the surface asperity,
and V.« is the interfacial potential corresponding to the advent of field
emission across the entire interface. The interfacial voltage drop is a critical
parameter that significantly differs from the total applied voltage due to the
distribution of electrical resistance in the system, especially at the micro-
scopic contact points between the two materials. This drop mainly occurs at
the interface between the metal electrode and the semiconductive dielectric,
where microscopic surface roughness results in a small actual contact area
and high local resistance.

F V2

=i (€))
A" 888x10"d2

Surface roughness

In addition to the applied electric field, surface texture significantly influ-
ences EA performance through its effect on interfacial contact
characteristics™. Surface roughness, characterized by microscopic peaks and

valleys, reduces the effective contact area between the electrode and the
target surface’™. This reduction occurs because air gaps form at the
interface, and since the dielectric constant of air is substantially lower than
that of most solid dielectric materials, these gaps significantly diminish the
regions where the electric field can effectively generate EA force. Conse-
quently, increased surface roughness typically results in reduced adhesive
force. Conversely, smoother surfaces facilitate larger real contact areas due
to more intimate contact between the substrate and the EA device. This
enhanced interfacial contact promotes more uniform electric field dis-
tribution across the interface, leading to stronger adhesion forces™.
Experimental validation of these effects has been provided through
several systematic studies. The study of Ruffatto et al. compared the per-
formance of different adhesion methods across surfaces with varying
roughness, including EA”. Their results demonstrate that EA exhibits
optimal performance on relatively smooth surfaces (roughness < 10 um),
with adhesion forces decreasing substantially on rougher surfaces. These
findings were further corroborated by Guo et al. who performed a com-
prehensive investigation of the relationship between surface texture and
interfacial EA force (Fig. 2a)”’. Their study revealed two critical thresholds:
surfaces with root mean square roughness (Sq) below 2 pum showed minimal
impact on EA force, while those exceeding 5 um demonstrated significant
force reduction. Furthermore, their research highlighted that the directional
characteristics of surface texture (texture orientation) can also modulate the
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EA force, suggesting that both amplitude and spatial distribution of surface
features play important roles in determining adhesion strength.

Electrode pattern

The electrode pattern design significantly influences EA performance.
Experimental studies have demonstrated that optimized electrode config-
urations within EA pads of the same size can enhance the adhesion force by
up to 15 times compared to non-optimized designs’. The most widely
adopted pattern is interdigital, owing to its ability to generate hemispherical
equipotential fields at the interface between electrode pairs. The polarization
of the substrate surface is predominantly determined by the electric field
distribution between positive and negative electrodes, suggesting that
interdigital structures with optimized electrode gaps can achieve superior
performance. To maximize the adhesion force while ensuring operational
stability, the electrode gap is typically minimized within the constraints of
dielectric breakdown strength of the insulating materials™.

While most earlier research on optimizing electrode patterns primarily
relied on experimental results****, recent years have seen a growing use of
finite element method (FEM) simulations. These simulations are used to
compare different electrode configurations and aid in the design of EA
pads****"*. Choi et al. explored the impact of electrode geometry on local
charge distribution and interface polarization. They constructed devices
with varying electrode gaps and widths and analyzed the force under dif-
ferent voltages. Their results indicate that the EA force increases with
decreasing electrode gap and width. This effect arises because, for a given
device area, a smaller electrode gap and width lead to a larger electrode
boundary edge ratio, which is crucial for EA on insulating or dielectric
materials™. Bigharaz et al. utilized ANSYS Maxwell, an FEM-based soft-
ware, to evaluate the 2D and 3D electrodes, arriving at a similar conclusion
that smaller electrode widths enhance capacitance and adhesion perfor-
mance. Additionally, innovative patterns such as sinusoidal have been
shown to possess higher capacitance compared to the common inter-
digitated pattern, as shown in Fig. 2b”. Ruffatto et al. compared different
electrode shapes through simulation and experiments, concluding that
concentric designs perform better due to their larger and more evenly dis-
tributed electric fields".

Environmental factors

Environmental factors significantly influence the performance and relia-
bility of EA devices. Among these factors, humidity and temperature have
been identified as particularly critical through both theoretical analysis and
experimental studies.

Humidity affects EA through multiple mechanisms and these effects
are most extensively studied in EA haptic devices, where humidity variations
come from both environmental moisture and human perspiration as
depicted in Fig. 2c™***™". When water molecules accumulate at the interface
between the EA device and substrate, they form capillary bridges that alter
the local electric field distribution. The presence of water reduces the EA
force through two primary mechanisms: (1) creating conductive paths that
drastically reduce the interface impedance, and (2) bridging the air gaps
between the finger and touchscreen surface, which diminishes the potential
difference across the interface. These effects result in reduced electric field
strength and consequently weakened EA forces*. However, in haptic
applications, studies have shown that increasing humidity can enhance the
EA-induced friction force within certain ranges. This enhancement is
attributed to multiple factors including decreased Young’s modulus of skin
leading to larger contact area, increased capillary force, and the electro-
wetting effect as shown in Fig. 2d. Notably, electrowetting has been found to
contribute up to 60% of the total friction force increase in some cases®.
Based on these observations, potential strategies to address the humidity
effects could include the use of hydrophobic surface treatments, moisture-
resistant dielectric materials, or optimized surface structures.

Another critical environmental factor is temperature®. Elevated tem-
peratures generally deteriorate EA device performance through multiple
mechanisms: reducing material resistivity, altering dielectric constants, and

potentially causing thermal expansion that affects the contact interface.
These combined effects typically result in reduced adhesion forces and
increased leakage current'®. Interestingly, recent research by Choi et al. has
revealed an unexpected benefit of higher temperatures: improved tactile
feedback for users due to an enhanced ratio between base friction and EA-
induced additional friction, which could be particularly beneficial in
human-machine interface applications™. This finding suggests the potential
for optimizing temperature effects based on specific application require-
ments rather than viewing thermal effects as purely detrimental.

Dielectric and electrode materials for electroadhesion
Dielectric materials and their fabrication

A wide range of dielectric materials can be employed in EA devices. While
theoretically any dielectric material could function, the performance of an
EA device is critically dependent on the specific properties of the chosen
material’. According to the Maxwell stress equation, the generated Maxwell
stress is proportional to the material’s dielectric constant. Moreover, since
electrical breakdown can occur both between electrodes and within the
dielectric film itself, the breakdown strength of the dielectric material
determines the maximum applicable voltage, thereby directly influencing
the maximum achievable EA force. Beyond these electrical properties,
mechanical characteristics such as compliance become particularly crucial
when considering materials for soft robotics applications.

To enhance clarity and cohesion, representative dielectric materials are
described in terms of their key properties (Table 3)—namely, dielectric
constant, breakdown strength, stretchability, and mechanical characteristics
—as each material naturally exhibits different combinations of these traits,
which significantly influence EA performance in various application sce-
narios. For example, polyimide (PI) films, though less stretchable, are prized
for their high dielectric strength and stability, making them suitable for
high-voltage applications or environments. Poly(vinylidene fluoride)
(PVDF) and its copolymers combine relatively high dielectric constants
with moderate flexibility; they can be further enhanced by incorporating
ceramic or conductive nanofillers, which is advantageous for EA devices
requiring higher force densities. In contrast, silicone-based elastomers (e.g.,
PDMS, Ecoflex) offer exceptional stretchability and compliance, thus
improving conformity to rough or curved surfaces but often exhibit lower
dielectric constants. Lastly, other soft elastomers such as polyurethane (PU)
or commercial Very High Bond (VHB) tapes can bridge the gap by pro-
viding decent dielectric strength, moderate stretchability, and, in some cases,
extra functionalities like self-healing. Through careful matching of their
electrical and mechanical properties with the target EA application—whe-
ther it demands extreme shape adaptation, high normal force—one can
optimize both the adhesion performance and overall reliability of the EA
system.

For soft robotics applications, flexible materials are generally preferred.
Polyimide (PI) stands out among flexible dielectric materials due to its
exceptional combination of mechanical properties, environmental stability,
and high dielectric breakdown strength'”'*******, Commercial PI films are
available with precisely controlled, uniform thicknesses, making them ideal
for direct use as dielectric layers without additional processing require-
ments. The superior mechanical and dielectric strength of PI enables the
fabrication of dielectric layers as thin as 25 pm while maintaining reliable
operation under high electric fields. This characteristic allows PI-based EA
devices to generate substantial adhesion forces. In practical applications, PI-
based EA devices have demonstrated remarkable success in soft robotics,
particularly inlocomotion robots developed by Gu et al. and Guo et al. These
devices generated sufficient adhesion force to not only support the entire
robot weight on flat surfaces but also enable stable locomotion across
varying substrates (Fig. 3a)”**. A limitation of PI is its relatively low flex-
ibility compared to other elastomeric materials, which can limit its perfor-
mance in highly flexible or stretchable applications. Despite this, its
exceptional dielectric properties and mechanical strength make it a pre-
ferred choice for high-force applications. In a comprehensive comparative
study by Hwang et al., PI-based EA devices showed superior performance
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Table 3 | Summary of Representative Dielectric Materials for EA Applications

Limitations

Advantages

Mechanical Properties

Breakdown Strength
High (> 200 kV/mm)

Dielectric Constant

3.4-3.5

Material

Limited stretchability

Excellent dielectric strength, commercial availability

with controlled thickness

Flexible, high modulus, limited

stretchability

Polyimide (PI)>"3%1%

High dielectric constant, tunable properties Complex processing

Moderate to high Flexible, moderate stiffness

8-11 (base), >50

(composites)
2.5-3.0

PVDF2057.136

Excellent stretchability, commercial availability Low dielectric constant

Highly stretchable, low modulus

Moderate

Silicone elastomers (PDMS,

Ecoflex)'”

Highly tunable properties, potential for self-healing Complex synthesis, lower stability

Tunable mechanical properties

3.0-7.0 Moderate

Polyurethane (PU)®>'®®

compared to PDMS and acrylic elastomers in gripper applications’'. Their
high modulus prevented unintentional deformation during object manip-
ulation, effectively providing structural reinforcement. Their large-area PI-
based EA gripper successfully manipulated objects weighing over 16.8 kg, as
depicted in Fig. 3b. Another limitation of using commercially available PI
films, compared to self-fabricated dielectric films, is the reduced flexibility in
tuning mechanical and dielectric properties such as thickness or dielectric
strength.

Polyvinylidene fluoride (PVDF) represents another significant class of
flexible dielectric materials, distinguished by its excellent flexibility and
inherently high dielectric constant™. Research efforts have focused on
enhancing PVDF-based materials to achieve even higher dielectric con-
stants, particularly crucial for applications demanding substantial forces,
such as EA clutches and tapes. Wei et al. developed an innovative approach
to fabricating PVDF-based dielectric nanocomposites with ultrahigh
dielectric constants while maintaining breakdown strength®. By incorpor-
ating Ti;C, T into a terpolymer P(VDF-TrFE-CTFE), nanocomposite films
with a dielectric constant exceeding 2300 at 100 °C were produced. A clutch
using this nanocomposite achieved an EA shear stress of 85.61 N/cm” at
500 V and 70 °C. Similarly, as shown in Fig. 3c, Ranjithkumar et al. added
hexagonal Boron Nitride (hBN) and BaTiO; into a PVDF-HFP matrix,
allowing the device to operate at a lower voltage of 250 V and increasing the
payload from 100 g to 950 g”. The preparation method for PVDE-based
films involves mechanically mixing PVDF with other components in a
solution, coating the mixture onto a substrate, and then evaporating the
solvent to solidify the film. This method is relatively simple and adaptable,
making it suitable for small-scale research and capable of easily fabricating
microscale films with good uniformity. However, it may encounter issues
with solvent evaporation, potentially leading to uneven film thickness or
surface irregularities. While the method is cost-effective in terms of
equipment, the use of high-quality solvents and additional processing steps
may increase production costs, particularly for large-scale applications.

While flexible dielectric materials excel in applications requiring
minimal deformation, such as crawling robot feet or EA clutches operating
on relatively flat or cylindrical surfaces, applications demanding higher
compliance necessitate the use of stretchable dielectric materials, particu-
larly dielectric elastomers. Although these stretchable materials typically
exhibit lower dielectric strengths, they offer superior conformability to
complex surface geometries, effectively minimizing air gap formation and
accommodating surface irregularities. This enhanced surface adaptation
results in larger and more stable EA forces, ultimately improving overall
performance™. Furthermore, the integration of EA devices with soft
actuators often benefits from using similar or identical materials, as many
soft actuators are inherently constructed from stretchable materials.

Among stretchable dielectric materials, silicone-based elastomers have
gained widespread adoption due to their commercial availability, excep-
tional mechanical properties, high dielectric strength, and remarkable
stretchability. The Ecoflex series and polydimethylsiloxane (PDMS) are
particularly prominent choices, as depicted in Fig. 3d. These materials are
typically prepared by directly using commercially available precursors,
which are mixed and then processed into thin films through coating
methods, usually employing the doctor blade technique. The films are
subsequently thermally cured to achieve a solid state. This fabrication
approach is cost-effective and convenient, but it may have limitations in
terms of uniformity and precise control over the film thickness. Guo et al.
demonstrated the effectiveness of this approach by embedding an EA device
within a pneumatic two-finger gripper fabricated from Ecoflex 00-50'". This
allowed the gripper to handle thin, flat objects like plastic PVC ID cards,
porous cotton-polyester fabric, and CDs, which are typically difficult for
conventional pneumatic grippers to manage. Shintake integrated EA
technology with dielectric elastomer actuators (DEA) to develop an elec-
trically controlled soft gripper'”. In this system, PDMS served both as the
dielectric layer for the EA device and the passive layer for the DEA, enabling
the gripper to perform bending motions. Leveraging PDMS’s high modulus,
the gripper successfully handled a variety of objects, including delicate items
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constant PVDF-based composite material and an EA clutch utilizing another PVDEF-
based dielectric material. Reproduced with permission”””". Copyright 2023 Mary
Ann Liebert, Inc. Copyright 2023 Springer Nature. d Silicone as the dielectric layer of
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like raw chicken eggs, flat sheets of paper, and fragile water balloons—tasks
that would have been impossible for a DEA-only gripper due to its limited
gripping force. Chen et al. also used a PDMS-based EA device in an Ecoflex
soft gripper, achieving a normal adhesion force of up to 4.11 kPa and a shear
force of 12.78 kPa™. This enhancement not only increased the gripper’s
maximum payload but also improved its ability to grasp thin and flat objects,
expanding the maximum lifting sphere diameter from 250 mm to 300 mm.

VHB (Very High Bond) is another highly popular, commercially
available dielectric elastomer film. Since VHB is commercially avail-
able and can be used directly without the need for further processing, it
provides significant convenience in various applications. However, this
also means that its material properties cannot be adjusted, and the
thickness options are limited. It is widely used as the dielectric layer in
dielectric elastomer actuators (DEAs) due to its excellent dielectric
properties and stretchability®>®". VHB is a promising option as the
dielectric layer in EA systems because it offers both the high dielectric
constant and dielectric strength required for EA devices. Additionally,
since DEAs are often coupled with EA devices due to their similar
working mechanisms, using VHB for both components can simplify

fabrication”. As shown in Fig. 3e, Kanno et al. successfully demon-
strated this versatility by implementing VHB as the dielectric layer in a
wearable EA device, where its excellent stretchability enabled seamless
conformity to finger movements®. Their device not only provided
reliable adhesion under DC voltage but also delivered haptic feedback
through AC voltage activation, highlighting the multifunctional cap-
abilities of the EA system.

Polyurethane (PU) emerges as a particularly versatile option among
dielectric elastomers, distinguished by its higher dielectric constant com-
pared to silicone materials. Unlike commercially available silicone elasto-
mers and VHB tape, PU-based materials offer unprecedented tunability in
their properties. Through modifications in chemical composition and
processing methods, key characteristics such as hardness, elastic modulus,
and dielectric strength can be precisely controlled. Moreover, novel func-
tionalities including self-healing and self-cleaning capabilities can be engi-
neered into the material. Choi et al. used an anionic waterborne
polyurethane (WPU) as the dielectric material for an EA gripper, achieving
a maximum force of 33.1 kPa under a voltage of 1 kV*. Gao et al. developed
a supramolecular, hierarchically H-bonded polyurethane (SHPU) as the
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dielectric layer for an EA gripper, which not only enhanced mechanical
toughness but also imparted self-healing properties to the device (Fig. 3)®.
Their innovation enabled the EA device to recover functionality even after
severe mechanical damage, demonstrating unprecedented resilience in
practical applications. Compared to commercial materials, synthesized PU
may involve more complex fabrication processes and exhibit lower stability.
Additionally, since PU typically has undesirable properties such as lower
dielectric strength and higher viscosity, modifying PU materials is crucial for
enhancing device performance.

In addition to each material’s intrinsic properties, the method of fab-
ricating the dielectric layer strongly impacts the reliability and overall EA
performance. For instance, when using commercially supplied PI or VHB
tapes, the film thickness and modulus are fixed; researchers typically
laminate or bond these thin sheets onto patterned electrodes. By contrast,
when self-fabricating elastomeric layers such as silicone or PU, one may
employ casting, blade-coating, or spin-coating. Each of these methods can
produce uniform films but differs in thickness range, scalability, and sub-
strate compatibility. Casting more easily handles thicker layers, blade-
coating is quick and adaptable to larger areas, while spin-coating can yield
very thin and uniform films but typically suits smaller substrates.

For materials like PVDF, which are often dissolved in a solvent before
curing, the film can be cast or spin-coated to reach the desired thickness.
Proper solvent evaporation and annealing steps are crucial to ensure con-
sistent crystallinity and electrical performance. If fillers (e.g., ceramic or
carbon-based) are added, thorough dispersion (via sonication, ball milling,
etc.) is necessary before coating to avoid aggregation.

More compliant elastomers can conform to irregular surfaces, redu-
cing air gaps. Balancing dielectric strength, thickness, elasticity, and ease of
fabrication is essential when selecting or formulating a dielectric for EA
systems, especially for soft robotic applications.

Electrode materials and their fabrication

The performance of EA devices critically depends on patterned electrodes
that generate the desired electric field distribution. Common electrode
materials include metals and carbon-based materials (such as carbon black,
CNTs, graphene, and their composites), each offering distinct advantages
for specific applications. Metal electrodes are traditionally preferred due to
their superior conductivity and compatibility with diverse fabrication
methods that enable precise patterning—a crucial requirement for opti-
mizing EA performance. While metal films can be directly cut into free-
standing interdigitated patterns and applied to dielectric films, offering
excellent conductivity and pattern uniformity™, this approach has limita-
tions. Conventional free-standing metal films often prove too thick and lack
the flexibility required for many applications. Consequently, direct
deposition of thin metal layers onto flexible dielectric substrates has
emerged as a more effective approach, as these thinner layers can better
accommodate substrate deformation'"*”. Hwang et al. conducted com-
prehensive comparisons of various electrode materials in EA devices,
demonstrating that 17 um gold electrodes outperformed both silver nano-
wire (AgNW) and carbon nanotube (CNT) electrodes, primarily due to
their more uniform pattern structure compared to the network-like
arrangements typical of 1D materials’. Similarly, Gu et al. successfully
implemented 18 um copper patterns on PI substrates to create EA feet for
climbing robots, achieving sufficient adhesion force to support vertical
locomotion™. However, even these thin metal layers face significant chal-
lenges including potential delamination from the substrate during repeated
deformation cycles, susceptibility to fatigue cracking under mechanical
stress, and limited stretchability that may constrain their application in
highly deformable EA devices.

To address the time-consuming nature of traditional metal electrode
patterning, commercial conductive inks—typically consisting of metal
particles (predominantly silver) dispersed in appropriate solvents—have
gained popularity due to their processing advantages. These inks are com-
patible with conventional printing methods such as blade coating and screen
printing. For example, Wang et al. used screen printing to apply silver paste

onto PI film for a climbing robot”". The PI film served as the belt for the
crawler. The stable performance of the rotating EA belt highlights the robust
adhesion of the printed silver electrodes to the PI substrate, ensuring they
remain intact during operation, while also preserving the device’s overall
flexibility. Beyond traditional methods, these conductive inks enable the use
of advanced manufacturing techniques like inkjet printing, which offers
superior resolution for creating precise patterns with minimized electrode
widths and gaps—critical parameters for maximizing EA forces. As shown
in Fig. 4a, Berdozzi et al. introduced inkjet printing of silver ink for EA device
fabrication, citing advantages like high resolution, repeatability, and com-
patibility with various materials and geometries. This scalable, non-contact,
and environmentally friendly process is suitable for both small-scale pro-
totyping and large-scale industrial production’. As depicted in Fig. 4b,
Kong et al. developed a silver nanowire (AgNW)-based ink for a 3D printing
technique known as direct ink writing (DIW) and successfully printed
AgNW electrode patterns on various substrates, including silicon, PET, and
PL The printed patterns demonstrated a very high resolution, with line
widths as narrow as 50 um, and the final device achieved an adhesion stress
of up to 15.5kPa'’. However, despite their processing advantages, con-
ductive ink-based electrodes generally present common limitations
including lower conductivity than bulk metals, environmental stability
concerns, mechanical reliability issues during cyclic operation, and chal-
lenges in maintaining consistent electrical properties across different fab-
rication batches and operating conditions.

Liquid metal electrodes have emerged as a promising alternative that
combines excellent conductivity with exceptional stretchability—a combi-
nation difficult to achieve with traditional solid conductors. Gallium-based
liquid metals, such as eutectic gallium-indium (EGaln) and gallium-
indium-tin (Galinstan), maintain high conductivity even under significant
deformation, making them particularly suitable for highly stretchable EA
devices. These materials can be patterned through techniques like micro-
fluidic embedding within elastomer channels. Park et al. demonstrated a
stretchable EA device using interdigitated EGaln microchannels embedded
in PDMS, achieving excellent adhesion performance while preserving
metallic conductivity during stretching™. Similarly, Kim et al. developed a
soft capacitive sensor with EA capabilities using spider web-inspired liquid
metal subsurface microwires, enabling both adhesion and sensing functions
in a single device”. Despite their advantages, liquid metal electrodes face
challenges including potential leakage, and more complex fabrication pro-
cedures compared to conventional electrode materials.

While thin metal layers on flexible substrates like PI provides adequate
flexibility for certain applications, they generally prove unsuitable for
stretchable devices. Metal electrodes, whether in film or particulate form,
tend to develop cracks under strain, significantly compromising their
conductivity. Additionally, metal electrodes face inherent challenges with
oxidation over time. For these applications, carbon-based materials (CNTs,
graphene, and carbon black) emerge as superior alternatives, either used
independently or incorporated into polymer matrices. The simplest
approach involves applying carbon particles directly onto elastomer surfaces
using patterned masks, taking advantage of many elastomers’ inherent
surface adhesion properties. Among these materials, CNTs are particularly
advantageous due to their ability to form conductive networks with minimal
layer thickness and superior strain tolerance compared to alternative
materials. Duduta et al. used a stamping method to apply CNTs onto a
patterned mask, creating interdigitated electrode patterns®. The final EA
device could be transferred to both curved and right-angled surfaces while
maintaining pattern integrity, demonstrating good stability and flexibility.
However, carbon-based electrodes also present significant limitations that
must be considered for EA applications. These materials typically exhibit
substantially lower conductivity compared to their metal counterparts.
Carbon-based electrodes often face challenges with homogeneity and
reproducibility during fabrication, leading to variability in device
performance.

Carbon grease, consisting of carbon black dispersed in grease or sili-
cone oil, represents another widely utilized carbon-based electrode material.
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Fig. 4 | Electrodes for soft EA device. a Inkjet-printed metal electrode with high
resolution. Reproduced with permission'’. Copyright 2020 IEEE. b Direct ink
writing-printed AgNWs electrode on various substate. Reproduced with
permission'‘. Copyright 2023 American Chemical Society. ¢ Schematic diagram of
the fabrication process of EA device with conductive silicone electrode. Reproduced
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with permission”™. Copyright 2019 Mary Ann Liebert, Inc. Reproduced under the
Creative Commons Attribution 3.0 License (CC BY 3.0)". Copyright 2018 IOP
Publishing Ltd. d Inkjet-printed ionic conductor as the electrode of EA device.
Reproduced under the Creative Commons Attribution 4.0 International License
(CC BY 4.0)”. Copyright The Author(s) 2023.

Its non-solid nature minimizes mechanical constraints on stretchable
substrates while maintaining conductivity under significant deformation,
making it particularly suitable for applications combining DEA and EA
functionalities. Wang et al. successfully implemented patterned carbon
grease electrodes in an integrated DEA-EA gripper system, enabling both
actuation and adhesion capabilities””. However, the practical challenges of
handling carbon grease have led to increased interest in more manageable
stretchable electrodes.

Stretchable conductive composites offer a more practical alternative,
providing better stability and enhanced control over pattern geometry and
thickness. These materials typically combine carbon black or CNTs with
silicone-based precursors to create conductive elastomer matrices suitable
for casting or printing into stretchable electrode patterns (Fig. 4c)>*7*7%
The excellent mechanical properties of commercial silicones, combined
with relatively low filler loading requirements, result in electrodes with
exceptional stretchability, making them compatible with various soft
actuators including pneumatic systems and DEAs. Furthermore, the
availability of commercial conductive silicone sheets enables direct pattern
creation through blade-cutting or laser-cutting processes”’, making con-
ductive elastomers currently the most prevalent and promising choice for
stretchable EA applications. However, stretchable conductive composites
face several inherent limitations. The incorporation of conductive fillers
typically results in a significant trade-off between conductivity and
mechanical properties, where higher filler concentrations improve electrical
performance but compromise stretchability and mechanical durability.
Additionally, they commonly suffer from strain-dependent resistance var-
iations. Manufacturing challenges related to achieving uniform filler dis-
persion and consistent electrical properties across batches also remain
significant barriers to their standardized implementation in commercial EA
devices.

Recent developments in stretchable ionic conductors represent an
emerging frontier in electrode materials for EA. Compared to traditional
conductive elastomers incorporating carbon or metallic fillers, ionic con-
ductive elastomers show potential for optical transparency, which might
enable new possibilities in EA device applications. Moreover, these materials

provide enhanced tunability through matrix modification, as the matrix
offers a wider range of choices and can be customized to achieve specific
characteristics, such as a lower modulus, which could reduce constraints on
soft actuators. Gao et al. developed a stretchable ionic conductor with
innovative properties like self-healing, and the electrode can be inkjet-
printed, allowing for the creation of smaller electrode widths and gaps, as
shown in Fig. 4d*. However, Ionic conductors are usually highly sensitive to
environmental conditions such as humidity and temperature, which can
dramatically alter their conductivity and operational stability. The long-
term reliability of these materials remains a concern, as issues including
electrolyte leakage, evaporation, or degradation may compromise perfor-
mance over time.

Electrode patterning often relies on photolithography, laser scribing, or
printing (e.g., screen or inkjet). Photolithography ensures high resolution
but requires specialized facilities, multi-step chemical processing, and can be
cost-intensive. Laser scribing is contactless and scalable, yet localized heat
damage may occur on sensitive substrates. Printing methods generally
provide a balanced trade-off among cost, speed, and resolution, though
electrode conductivity can depend on ink formulation and post-treatment
conditions. In all three approaches, complexity, throughput, and yield vary,
so the final selection should consider device performance targets, substrate
compatibility, and production volume. Typically, a compromise between
high-resolution patterning and manufacturing scalability will determine the
optimal fabrication route.

Large-scale manufacturing

Achieving reliable large-scale manufacturing of EA devices requires thor-
ough consideration of cost, reproducibility, and large-area patterning
techniques. For instance, while additive manufacturing methods (e.g., inkjet
printing and screen printing) can reduce material waste and enable flexible
patterns'”*>’°, maintaining uniform electrode gaps and dielectric thick-
nesses at industrial scales remain challenging due to the stringent precision
needed to maximize EA performance. Subtractive and hybrid processes,
such as chemical etching or laser ablation of large copper laminates, may
provide repeatable electrode patterns over bigger areas, yet the associated
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Fig. 5 | EA technology is integrated into both clutches and grippers. a The
schematic illustrates a flexible clutch mechanism with an enhanced dielectric con-
stant and its application for limiting joint rotation. Reproduced under the Creative
Commons Attribution 4.0 International License (CC BY 4.0)"*. Copyright 2024 The
Authors. Advanced Materials Technologies published by Wiley-VCH GmbH.
Reproduced with permission*’. Copyright 2018 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. b An origami-structured clutch-based gripper with high bending
stiffness. Reproduced with permission'*’. Copyright 2023 IEEE. ¢ A soft EA gripper
integrated with a dielectric elastomer actuator (DEA) in a single structure. Repro-
duced with permission'*. Copyright 2015 WILEY-VCH Verlag GmbH & Co. KGaA,
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smooth and rough surfaces. Reproduced with permission”. Copyright 2014 Royal
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tooling and setup costs can become significant when scaling up production’.
Moreover, thin dielectric films that offer higher EA forces must be processed
in carefully controlled environments to prevent surface defects and ensure
consistent breakdown strengths across large area. Balancing manufacturing
throughput with uniform quality is essential for scaling up EA technologies.
Future efforts may benefit from adopting advanced fabrication strategies
such as roll-to-roll printing, which have shown potential in related flexible
electronics domains”’. By improving patterning consistency and material
integration efficiency, these approaches could reduce fabrication defects and
enable more scalable and economically viable EA device production for
industrial applications.

Applications of electroadhesion in soft robotics

Clutch

EA brakes represent an innovative braking technology that utilizes EA to
generate strong adhesion forces during the braking process™* ™. The primary
mechanism involves applying an electric field between two surfaces, which
creates a significant attractive force when voltage is applied, as shown in
Fig. 5a. This force effectively binds the brake components together, leading
to significant braking capability. A key advantage of EA-based brakes is their
quick response time (10 to 100 milliseconds)®. The rapid adjustment of
adhesion strength enables more precise and immediate braking. Moreover,

the substantial adhesion generated provides enhanced stopping power,
surpassing traditional mechanical brakes. Additionally, EA brakes feature
low energy consumption. Unlike conventional braking systems that rely on
mechanical friction, EA brakes operate efficiently, minimizing energy
requirements during braking. This makes them ideal for electric vehicles
and automated systems. EA-based brakes are applied in fields such as
electric vehicles®, industrial robots’, and automation equipment®, where
efficient and reliable braking is crucial.

Advancements in technology and user demands have shifted EA
clutches from rigid to more flexible and soft designs. This evolution has
facilitated their integration into applications such as wearable devices and
soft robotics, thereby enhancing their versatility and adaptability in various
fields. As depicted in Fig. 5a, electrodes are deposited onto textile substrates,
and the dielectric materials are constructed from flexible organic
compoundsm. This design enables the creation of a flexible EA clutch,
enhancing its suitability for wearable devices. Another research focus for EA
clutches is reducing the active voltage required for shear force generation.
Even with the use of composite materials in the design of the dielectric layer,
the active voltage still ranges from several hundred to several kilovolts. The
incorporation of polyelectrolytes can reduce the active voltage to 5V®,
leveraging the benefits of the ionic double layer (IDL) effect. One dis-
advantage of polyelectrolyte-based low-voltage EA clutches is the prolonged
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release time due to residual charges. Most EA clutches only bear shear forces
parallel to the tensile load, rendering them weak against compressive forces
and moments. Recently, a 3D structured EA clutch inspired by origami has
achieved a significant improvement in stability under compression, as
illustrated in Fig. 5b. Because EA clutches lack actuation capability, they are
combined with other actuators like pneumatic actuators, dielectric elasto-
mer actuators, and ionic polymer metal composites in soft robotics. Inte-
grating EA clutches with different actuators holds promise for
advancements in soft robotics.

Gripper

Another prominent application of EA is its use as a gripper, adaptable across
a spectrum from rigid to flexible and soft materials® . The gripper utilizes
the large shear force generated by EA, allowing it to easily achieve a grasping
capability of several tens of kilograms. Since the normal force between the
EA patch and the target objects is confined to the surfaces of the objects, this
type of gripper minimizes the risk of damage to them. While the EA gripper
exhibits a significant blocking force, its available actuation mechanisms offer
limited precision in positioning the target point. The first method to address
the aforementioned problem is to combine dielectric elastomer actuators
(DEAs) with EA. In the work of Shintake et al. two pairs of finger electrodes
are arranged and wrapped with dielectric materials', as shown in Fig. 5c.
The two layers of active finger electrodes squeeze the middle layer of
dielectric polymer to elongate it. The dielectric layer near the pair of finger
electrodes, used for EA, is somewhat thick, causing the extension strain to be
transferred to bending. EA is also combined with a shape-adaptive gripper
to enhance its capability for grasping large objects as well as thin, lightweight
items™. Chen et al. positioned the EA patch on the interior of the adaptive
gripper finger, as illustrated in Fig. 5d. The adaptive gripper is effective at
grasping objects of various shapes when the objects are suitable for the
gripper fingers’ wrapping. When the object is large, the gripper may squeeze
the object out due to insufficient shear force; EA patch serves as a valuable
supplement in this situation. This strategy is also applied by combining the
pneumatic gripper with EA, yielding results similar to those obtained with
the combination of the adaptive gripper and EA in the work of Guo etal.”*, as
shown in Fig. 5e.

An intriguing technology reported in the literature utilizes EA to
enhance the adhesion properties of gecko-inspired adhesives on rough
surfaces”, as shown in Fig. 5f. The electrostatic force generated by the EA
layer exerts increased pressure on this gecko-inspired adhesive, enhancing
its contact with the target object and increasing the contact area to generate
greater van der Waals adhesion force. In an EA clutch, EA function can
facilitate the development of a gripper with tunable stiffness”. In the work of
Chen et al., multiple pairs of flexible EA clutches are systematically arranged
in layers to constitute the gripper finger. By selectively activating different
numbers of clutches, it is possible to achieve a range of stiffness levels. Low
stiffness enhances the effective contact between EA and the objects, whereas
high stiffness serves to maintain this contact, thereby enabling the attain-
ment of a stable blocking force. Electrowetting, a form of EA, involves
applying an electric charge to a droplet to modify the adhesive force between
it and the substrate. This process controls the contact angle, enabling better
manipulation of liquid on surfaces. Vasudev et al. have reported micro-
gripper that utilizes water droplets for adhesion and release of objects™, as
illustrated in Fig. 5g. Initially, the droplet has a large contact angle, allowing
contact with the object for lifting. Upon activation, electrowetting reduces
the contact angle, allowing the object to be released.

Robotics

EA technology has emerged as a key innovation in robotics, enabling robots
to adhere to various surfaces with adjustable force. This capability enhances
the versatility of robotic systems in applications such as climbing and resting
on different object surfaces. The primary application of EA in robotics
involves emulating the adhesion mechanisms of birds or reptiles, enabling
the robots to maintain a stable position at a single point for resting. For this
application, a single EA patch is typically sufficient to generate the necessary

adhesion force for fixation and to deactivate for release. The EA patch is
positioned on the head of the robotic insect”, as shown in Fig. 6a. Upon
approaching the target location, the patch is activated to generate the
necessary adhesion force for secure attachment to the surface. The robotic
system designed to achieve crawling functionality with feet encounters the
challenge of generating variable friction forces at the feet to facilitate loco-
motion. EA presents a viable solution to this challenge, owing to its cap-
ability to provide adjustable adhesion forces. As illustrated in Fig. 6b, in the
work of Gu et al. the clawing robot is equipped with a dielectric elastomer
actuator (DEA) to produce bending strain, which serves as the basis for
clawing deformation™. Additionally, it incorporates two EA patches as feet
to generate alternating friction forces. The hind feet are activated to generate
frictional force, after which the DEA is engaged to extend the forefoot by a
specified length. Subsequently, the forefoot is activated to secure its position,
while the hindfoot is deactivated to release the adhesion. At this juncture, the
DEA is deactivated, resulting in the bending of the insect’s back and the
forward extension of the hindfoot. The configuration of two feet facilitates
clawing functionality in a single direction, thereby limiting the capability to
change direction. Augmenting the number of EA feet will enhance the
agility of the robots and improve their capacity for directional change’’, as
shown in Fig. 6¢c. This robot is equipped with four EA feet, featuring an
adjustable activation sequence to modify the locomotion model. The foot of
the robotic system can be designed in a crawler configuration and activated
in a specified sequence. A crawler foot and a brushless motor are integrated
into a unified structure to facilitate locomotion™, as shown in Fig. 6d. The
belt crawler foot rotates to enable forward and backward locomotion, while
the electrostatic force generated between the crawler and the body electrode
film supplies the requisite force for movement.

Haptic device
Haptic technology focuses on the sense of touch and provides tactile feed-
back to users, enhancing their interaction with digital environments. Its
applications range from virtual reality and gaming to medical training and
remote robotics, allowing for a more immersive and intuitive user experi-
ence. In contrast to EA clutches and feet in robotics that utilize direct current
(DC) to generate adhesion forces, EA employed in haptic devices pre-
dominantly relies on alternating current (AC)**”*. The main structure of the
tactile screen consists of an electrode covered by a dielectric layer'®”, as
shown in Fig. 6e. EA in tactile screens operates by using electric fields to
create adhesion between the screen’s surface and the user’s finger, enhancing
the tactile feedback experienced during interaction. Key control factors
include the magnitude of the applied voltage, the surface material properties,
and the dielectric layer’s thickness, all of which influence the strength and
responsiveness of the EA interaction. One significant challenge of EA in
tactile screens is the limited effectiveness of adhesion at higher speeds or
rapid interactions, which can lead to a less responsive user experience.
Additionally, the need for precise control of voltage levels to prevent
overheating or damaging the dielectric layer can complicate the design and
implementation of these systems.

A 2.5 D haptic device has been reported that does not directly employ
EA between the electrode and the human finger. The haptic device employs
an array of metal rods arranged in various configurations to create distinct
patterns and text, enabling users to sense these elements with their fingers to
obtain information™, as shown in Fig. 6f. The rods are elevated by the
underlying platform, and as the platform descends, the rods are secured at
the designated height by EA clutches, facilitating the formation of patterns
and text. This 2.5 D tactile device encounters challenges related to efficiency
and is constrained in its capacity to process large data sets.

Electrostatic cleaning and sealing

AC electrostatic cleaning utilizes an alternating current to generate an
electric field that effectively removes contaminants from surfaces. In
this method, the alternating current induces periodic changes in the
electric field, causing the contaminants to experience varying polarities,

which generates attractive or repulsive forces™. This interaction
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mechanism and employs a flexible electrostatic motor. Reproduced under the
Creative Commons Attribution 3.0 License (CC BY 3.0)*'. Copyright 2014 The
Author(s). e Contact mechanics between the human finger and a touchscreen
facilitated by EA and enhanced through the incorporation of PVDE. Reproduced
with permission”. Copyright 2024, American Chemical Society. f Electrostatic
adhesive braking mechanisms for advanced high spatial resolution refreshable 2.5D
tactile shape display systems. Reproduced with permission”. Copyright 2018, IEEE.
g AC voltage-triggered EA utilized for the cleaning of gecko-inspired adhesives.
Reproduced with permission”. Copyright 2018, Royal Society.

allows for the effective removal of dust, grease, and other small particles
from the surface, making it particularly suitable for cleaning delicate
and intricate components. The technique offers advantages such as high
cleaning efficiency and the absence of chemical agents. In the work of
Alizadehyazdi et al. a gecko-inspired dry adhesion technique has been
reported in conjunction with electrostatic cleaning technology”’. The
gecko-inspired structure exhibits a high sensitivity to dust, which
markedly reduces the adhesion force. With the application of an AC
high-voltage signal, the dust will become polarized and be removed
from the surface. AC electrostatic cleaning has several drawbacks that
should be considered. Its effectiveness can be sensitive to environmental
conditions, such as humidity and temperature, as moisture may inter-
fere with electrostatic forces. Additionally, while it works well for dust
and small particles, it may not efficiently remove heavier or oily residues
that require mechanical cleaning. Safety concerns arise from the use of

high-voltage AC signals, necessitating careful handling to prevent
electrical hazards. Furthermore, the technology can involve complex
equipment and maintenance, increasing operational costs, and not all
surfaces may be compatible, particularly those that are highly con-
ductive or have coatings susceptible to electrical stress.

EA has been identified as a valuable technique for sealing suction cups,
which necessitate preliminary sealing to enable subsequent vacuum adhe-
sion. In the work of Okuno et al. the EA ring is integrated into the edge of the
suction cup. Upon contact with an object, the EA ring exerts pressure,
facilitating a seal that enhances the effectiveness of the suction mechanism”".
EA enhances the performance of suction cups by providing a reliable seal
that improves adhesion to various surfaces, including porous or uneven
materials. Additionally, it allows for greater control over the adhesion force,
enabling the suction cup to be easily activated or deactivated as needed,
which increases its versatility in applications.
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Space application

EA technology has emerged as a compelling solution for on-orbit tasks,
offering the potential to tackle longstanding challenges in space operations
that stem from vacuum conditions, extreme temperature fluctuations, and
radiation exposure. By leveraging electrostatic forces rather than conven-
tional mechanical clamping methods, EA devices exhibit low energy con-
sumption, minimal structural complexity, and no chemical byproducts,
thus enabling gentle yet robust adhesion on diverse spacecraft materials™.
Early tests at NASA’s Marshall Space Flight Center illustrated that carefully
engineered EA pads can function reliably in reduced-pressure test cham-
bers, providing strong clamping forces with minimal current draw even on
curved or uneven satellite components®. These fundamental demonstra-
tions were further substantiated by flight experiments under microgravity
conditions, which showed that the absence of a stable gravitational field does
not undermine EA’s capacity to form and maintain contact™.

Researchers have deployed electroadhesive (EA) mechanisms across
the aerospace sector in distinct operational categories. Material manipula-
tion represents the first key domain, with several works validating item
acquisition devices for transfer tasks simulated spacecraft environment”™'®.
Expanding this functionality, Saravia et al. engineer an adaptable capture
unit merging fiber-composite structures with polarizable surfaces tailored
for collecting space refuse'”. Extending these innovations, Leung et al.
validated EA grippers for spacecraft docking and servicing within vacuum
chambers and frictionless-plane simulations'”. Similarly, Ritter et al.
characterized geometry-based variations of EA devices, demonstrating how
different shapes and electrode designs can optimize shear adhesion on
substrates like aluminum and aluminized films, thereby broadening the

potential for agile capture mechanisms in space-based missions'”.

Challenges and future directions

Reducing high voltage requirement

The intense electric field present in electroadhesion (EA) devices poses
significant challenges despite the typically low leakage current—often lim-
ited to a few microamperes—which helps maintain low power consump-
tion. These high fields can cause dielectric breakdown, field emission, and
long-term material degradation, particularly near sharp features or thin
insulating regions. Additionally, excessive electric fields can induce elec-
trochemical reactions or mechanical instabilities, especially in soft robotic
applications involving stretchable or compliant materials. These effects not
only threaten device reliability and user safety but also limit EA’s integration
into real-world, safety-critical systems. Therefore, managing the electric
field—by optimizing electrode geometry, improving dielectric strength, or
enhancing material properties—has become a central research objective
aimed at extending the functionality and safety of EA devices across broader
application domains.

Improvements in device design can help by adjusting factors like
electrode spacing or reducing dielectric thickness’. However, reducing
electrode gaps is limited by the breakdown of the dielectric material and
current electrode fabrication precision, and thinner dielectric films may lead
to durability issues, potentially impacting performance and longevity'™.
Optimizing dielectric materials by increasing their dielectric constant
represents another promising approach, as materials with higher constants
can achieve greater adhesion force at lower voltages. For example, PVDF-
based materials with high dielectric constants (exceeding 50) have been
shown to reduce operational voltages, with research of Ranjithkumar et al.
demonstrating an EA device that operated at just 250 V using high-dielectric
PVDEF-based material”.

In stretchable EA applications, researchers predominantly utilize
commercially available materials, primarily silicone elastomers'*'>'*.
Despite their excellent mechanical properties, silicones like PDMS and
Ecoflex exhibit relatively low dielectric constants (typically below 3). While
there is ongoing research into high-dielectric-constant elastomers, few have
been adapted specifically for EA applications, with most being tailored for
dielectric elastomer actuators®>'**'”". Several new polymers have been for-
mulated to create elastomers with enhanced dielectric properties, such as

high dielectric constants, strong dielectric strength, and desirable mechan-
ical characteristics'”*'”. Another simpler method to increase dielectric
constants is introducing fillers—such as metal, ceramic, ionic conductors, or
carbon, etc.—into the polymer matrix, as shown in Fig. 7a°"'""'"*. These
novel materials and approaches could probably reduce the operational
voltage requirements for EA devices. However, careful consideration must
be given to the trade-off between enhanced dielectric constant and potential
degradation of mechanical and dielectric strength at higher filler

concentrations'”.

Achieve fast adhesion and de-adhesion
EA exhibits a complex and dynamic electrostatic attraction effect char-
acterized by time-dependent behavior’. When the system is activated,
residual charges trapped within the EA dielectric require a finite period to
reach maximum adhesive force, and similarly, a finite duration is needed for
force dissipation when the system is deactivated. In most applications, a
faster adhering and releasing process is preferable, necessitating the devel-
opment of methods to accelerate both the adhesion and de-adhesion pro-
cesses. To enhance adhesion speed, one effective solution is to temporarily
apply a higher voltage than is required to generate the desired force, then
lower the voltage to a maintenance level sufficient to sustain that force.
Various methods for rapid de-adhesion have been proposed, typically
falling into mechanical and electrical approaches. Mechanical solutions
incorporate additional components, predominantly soft actuators, into the
EA device to create movement that assists with releasing the adhered object,
often making the EA systems more complex but enabling nearly instanta-
neous release. For instance, in grippers that integrate soft actuators with EA
devices, the actuator movement can assist in peeling the EA device from the
surface even when the adhesion force has not fully dissipated. Many works
incorporate soft actuators specifically for fast releasing, often using them ina
vibration mode. As depicted in Fig. 7b, Gao et al. for example, utilized
resonant vibrations from embedded dielectric elastomer actuators for quick
release’, and similarly, Xiang et al. developed a pneumatic-driven vibration
method to expedite EA release™. In terms of electrical approaches, advanced
voltage control methods and associated electronics have been employed,
including oscillatory release waveforms (10-100 Hz), adaptive release vol-
tages, exponentially decaying reverse-polarity voltages (50-80% of adhesion
voltage), and variable polarity voltage techniques. These methods have
significantly advanced the rapid de-adhesion capabilities of EA systems’.
Nonetheless, there remains a need for a cost-effective, easy-to-implement,
lightweight, and durable solution for quick EA de-adhesion that is com-
patible with all types of materials.

Incorporate sensing capabilities

Integrating sensing functions into EA devices is highly advantageous. Since
EA devices fundamentally operate as capacitors, often with interdigital
electrode patterns, their structure is closely aligned with that of capacitive
sensors”. Although EA devices operate effectively across a broad range of
surfaces, encompassing diverse materials and textures, the adhesion force
they generate is subject to significant variation due to numerous factors,
including the material properties of the object, its surface conditions, and
environmental influences such as temperature and humidity*”. Conse-
quently, integrating sensing functions into EA systems becomes crucial,
enabling them to adapt more dynamically and perform with greater
precision.

Guo et al. developed an EA-DEA gripper with proprioceptive and
exteroceptive capabilities. As shown in Fig. 7c. The proprioceptive feature
allows the gripper to sense its own deformations, while exteroceptive sensing
enables the gripper to differentiate between the types of surfaces it contacts.
These integrated sensing capabilities significantly improve the gripper’s
functionality and adaptability in robotic applications'”. In their another
work on EA-pneumatic gripper, he also designed a stretchable touch sensor
and integrate it on the gripper to sense whether the object is gripped, making
the gripper more controllable and intelligent"”. Similarly, Gao et al. also used
his EA device as a capacitive sensor to sense the location of the object and
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Fig. 7 | Some future directions for EA devise. a Increasing dielectric constant of the
dielectric materials by introducing fillers. Reproduced with permission'"". Copyright
2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. b Fast release of the EA
device with the assistance of vibration of DEA. Reproduced with permission”.
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integrated with the capability of sensing the location of the object. Reproduced under
the Creative Commons Attribution 4.0 International License (CC BY 4.0)®.
Copyright The Author(s) 2023. d Fully 3D-pritned EA device. Reproduced with
permission'". Copyright 2022 Elsevier B.V.

distinguish if the object is in proximity or in contact, demonstrating the
multi-functional potential of EA devices®.

Advanced fabrication methods

In the fabrication of EA devices, minimizing electrode gaps can enhance
EA performance, making high-resolution fabrication methods essen-
tial. Many advanced fabrication methods including laser cutting and
inkjet printing have been introduced into the fabrication of EA devices,
offering scalable precision up to micro scales, critical for tuning EA
performance'””. These advanced fabrication methods continue to
improve EA device performance by enabling finer control over struc-
tural details.

Inkjet printing, for example, offers exceptional flexibility in creating
complex electrode patterns with line widths down to 50 um'”. This tech-
nique provides not only high resolution but also scalability from laboratory
prototyping to industrial production, while maintaining environmental
advantages through reduced material waste. These advanced fabrication
methods enable micrometer-scale precision in electrode patterning,
resulting in EA devices with optimized electric field distributions and higher
adhesion forces.

Optical fabrication methods (including photolithography, laser-based
patterning, and related high-resolution processes) represent another highly
promising route for producing dense, interdigitated electrodes with feature
sizes below the capabilities of many additive manufacturing systems. By
leveraging precisely controlled exposure and etching steps, optical methods
can achieve sub-micrometer pattern fidelity and faster throughput in certain
batch-fabrication settings, making them an attractive option when both
feature precision and large-volume production are required. These tech-
niques are particularly valuable for applications requiring extremely precise
electrode geometries to maximize adhesion force while minimizing opera-
tional voltage.

Another key challenge in EA device fabrication involves the current
practice of using distinct methods for creating the dielectric and electrode
materials, often requiring manual handling and complicating the process.
For EA devices integrated with actuators, separate fabrication of each
component is typical, followed by manual assembly. Currently, few
approaches successfully integrate both components into a single, dual-
function device. However, 3D printing offers a promising solution, as it can
not only control dielectric thickness but also print precise electrode patterns
as shown in Fig. 7d"". This approach enables single-step device fabrication,
particularly as multi-material 3D printing has demonstrated the capability
to create both dielectric and conductive layers simultaneously’®"*"'*. Fur-
thermore, because 3D printing is already widely employed in fabricating
various kinds of soft actuators'”"', incorporating it into EA device fabri-
cation could support seamless integration of EA devices with soft actuators,
potentially revolutionizing the manufacturing process for complex EA
systems.

The convergence of these advanced fabrication technologies—from
high-resolution printing and optical methods to multi-material 3D printing
—provides a robust foundation for addressing current limitations in EA
device performance and integration, ultimately expanding their potential
applications in soft robotics and beyond.

lonic-based electroadhesion

Recently, a novel approach to EA based on ionic materials has shown great
promise by enabling strong adhesion at remarkably low voltages. Unlike
traditional dielectric EA which requires kilovolt-range potentials, ionic EA
can operate effectively at voltages as low as 1-10 V'**'°, The key mechanism
relies on heterojunctions between ionoelastomers of opposite polarity,
where a molecular-scale ionic double layer (IDL) forms at the interface'*.
When operated under reverse bias, mobile ions are pulled away from the

interfacial region, leading to a build-up of excess fixed charges in the IDL.
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The electric field generated by these excess fixed charges in the thin inter-
facial layer induces electrostatic adhesion. Under forward bias, mobile
cations are driven from the polyanion domain into the polycation domain
(and vice versa for mobile anions), causing the interface to behave resistively
and thus losing the electrostatic adhesion®*'*. State-of-the-art ionic EA
systems can achieve adhesion forces up to 102 N/cm? at 7.5 V, with less than
7% variation in charge storage capability after 1000 cycles”’. Compared to
conventional dielectric-based adhesion, ionic systems offer several advan-
tages including significantly lower operating voltages, higher force capacity
per unit stored energy, and remarkable tolerance to defects or damage'*.
However, the ionoelastomer material system usually has longer charging
time than the other EA system, duel to the viscoelastic effects that occur
during charging.

Hybrid electroadhesion systems

Recent advances in robotics have witnessed increasing interest in hybrid
approaches that combine EA with complementary adhesion technologies to
overcome individual limitations and enhance overall performance. The
synergy between EA and other mechanisms, such as gecko-inspired adhe-
sives and DEAs, has shown remarkable performance improvements. Inte-
grating EA with DEAs creates multifunctional systems capable of both
shape adaptation and controllable adhesion, as shown in Shintake’s work on
soft grippers that can delicately handle fragile objects".

Gecko-inspired dry adhesives combined with EA demonstrate
enhanced shear adhesion strength on both smooth and rough surfaces,
leveraging the van der Waals forces of micro/nanoscale features and the
electrostatic attraction of EA. As demonstrated by Ruffatto et al., this hybrid
approach achieves up to five times greater shear adhesion compared to
either technology alone, with improved performance across diverse surface
materials”.

Hybrid configurations that incorporate pneumatic actuators with EA
pads offer comparable benefits. Because pneumatic actuators can deform
significantly under pressure, they ensure a large and conformal contact area
between the electroadhesive pad and the target object, which is crucial for
establishing strong adhesion forces. One example is the combination of a
soft pneumatic finger and an electroadhesive patch: once the pneumatic
actuator inflates and wraps around an item, the electroadhesive pad is
activated to provide additional shear force and reduce slippage, as illustrated
by Guo et al. in a shape-adaptive gripper design®’. This approach leverages
the strong normal pressure generated by the pneumatic inflation to max-
imize intimate contact, and then supplements the grip with controllable
electrostatic adhesion for improved precision and load-carrying capacity. As
a result, the hybrid system can lift heavier or more slippery objects than
either pneumatic gripping or EA alone, while maintaining relatively low
power usage and gentle handling.

In liquid manipulation, electrowetting-based techniques serve as
another promising complement to EA. Electrowetting, often regarded as a
form of EA for liquids, modifies the contact angle of a droplet through an
applied voltage and thus enables more efficient droplet displacement and
handling. By inserting interdigitated electrodes beneath a hydrophobic
dielectric layer, researchers can cause droplets to migrate or deform,
allowing them to function as microfluidic “grippers.” In one such example,
Vasudev and Zhe developed a microgripper in which a water droplet’s
contact angle is reduced via electrowetting, thereby controlling capillary
forces to lift and release micro-scale objects”. Combining EA for solid
interfaces with electrowetting for liquid interfaces suggests a future where
multi-phase manipulation (both solids and fluids) can be integrated in a
single soft robotic platform. This opens up new possibilities for applications
requiring rapid switching between solid object manipulation and fluidic
transport, such as biomedical or lab-on-a-chip systems.

These hybrid approaches represent a significant advancement in
addressing the inherent limitations of standalone EA systems, particularly in
applications requiring robust adhesion across various environmental con-
ditions, improved force-to-weight ratios, or faster adhesion/de-adhesion
cycles. The continued development of such hybrid systems will likely

expand the application scope of EA technology in fields ranging from space
robotics to medical devices.

Conclusion

This review has comprehensively examined the development and applica-
tion of EA technology in soft robotics, highlighting its significant potential as
a controllable and versatile adhesion mechanism. The fundamental prin-
ciples of EA, including both Maxwell stress and Johnsen-Rahbek effects,
have been thoroughly investigated, providing a theoretical foundation for
device optimization. Through systematic analysis of influential variables
such as electrode field, surface roughness, electrode patterns, and environ-
mental factors, researchers have gained deeper insights into optimizing EA
performance for specific applications.

Significant progress has been made in materials development and
fabrication techniques for EA devices. The emergence of flexible and
stretchable dielectric materials has enabled the seamless integration of EA
with soft robotic systems. Advanced electrode materials and fabrication
methods, ranging from metallic electrode to carbon-based composites and
innovative ionic conductors, have further enhanced capabilities of EA
devices. These developments have facilitated diverse applications in soft
robotics, including clutches, grippers, climbing robots, and haptic interfaces,
demonstrating the versatility of EA technology.

Despite these advances, several challenges remain to be addressed for
wider adoption of EA technology. These include reducing operational
voltage requirements, achieving faster adhesion/de-adhesion responses,
incorporating sensing capabilities, and developing more efficient fabrication
methods. Looking forward, the continued development of multifunctional
materials, integration of sensing capabilities, and advancement in fabrica-
tion technologies will likely drive the next generation of EA devices,
potentially revolutionizing soft robotics applications.
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