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Superior electroadhesion force
with permittivity-engineered
bilayer films using electrostatic
simulation and machine learning
approaches

Seongsoo Park?, Hongjun Chang?, Jaehyun Kim?, Yunki Gwak?* & Janghyuk Moon***

Electroadhesive forces are crucial in various applications, including grasping devices, electro-sticky
boards, electrostatic levitation, and climbing robots. However, the design of electroadhesive devices
relies on speculative or empirical error approaches. Therefore, we present a theoretical model
comprising predictive coplanar electrodes and protective layers for analyzing the electrostatic fields
between an object and electroadhesive device. The model considers the role of protective layer

and the air gap between the electrode surface and the object. To exert a higher electroadhesive
force, the higher permeability of the protective layer is required. However, a high permeability of
the protective layer is hard to withstand high applied voltage. To overcome this, two materials with
different permeabilities were employed as protective layers—a low-permeability inner layer and a
high-permeability outer layer—to maintain a high voltage and generate a large electroadhesive force.
Because a low-permeability inner layer material was selected, a more permeable outer layer material
was considered. A theoretical analysis revealed complex relationships between various design
parameters. The impact of key design parameters and working environments on the electroadhesion
behavior was further investigated. This study reveals the fundamental principles of electroadhesion
and proposes prospective methods to enhance the design of electroadhesive devices for various
engineering applications.

Robot- Robot-based manufacturing systems, such as smart factories, require efficient and controllable grip-
pers or actuating systems'. Among the various adhesive mechanisms, electroadhesion is the most promising
approach for achieving this goal**. A flexible functionality can also be achieved by using an appropriate substrate
material*’. Electroadhesion is the attractive force between the electroadhesive pad and the substrate®®. Applying
a few kilovolts generates an electric field which is strong electroadhesive forces through electric polarization’
Compared with other adhesion mechanisms, this method offers the advantages of ultralow energy consumption,
gentle handling, and enhanced adaptability'*-'.

To enhance the electroadhesive force, the pad geometry is optimized based on two factors: (1) thickness and
(2) interdigit electrode patterns'*~'>. Several studies have investigated various pad geometries for electroadhesive
applications and have demonstrated that the pad geometry is crucial for achieving the maximum electroadhesive
force and clamp/unclamp speed'®~'%. In particular, the comb shaped electrode geometry is the most commonly
used structure and is one of the electrode shapes that exhibits the greatest strength among various structures®.
The permeability or dielectric constant of the electrode cover is crucial in determining the electrostatic force?*?!.
However, material design of electrode cover in this area has not received considerable attention. The electric
field that passes through the electrode cover affects the electrostatic force, also known as the Maxwell stress, at
the object surface®*%. A cover with high permeability generates a strong electrostatic force, which enhances the
electric field produced by the interdigit electrodes'**. Unfortunately, most studies have used high-permeability
insulator materials for electrode covers with low breaking voltages during operation?*-2%. Although a thick elec-
trode cover can avoid voltage shortening between the electrodes and the substrate, it significantly reduces the
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electrostatic force'#?. To compensate for these shortcomings, the most recent technology is a bilayer electrode
cover design that maximizes electroadhesive force. This bilayer design consists of materials such as polyimide
(PI) for the inner layer, which is well known for its high breakdown voltage due to relatively low permittivity and
high humidity resistance, and polyurethane (PU) for the outer layer which can lead out superior electroadhesive
force due to its high permittivity**2. In an experimental environment, electroadhesive force is affected by vari-
ous phenomena such as humidity, roughness of each layer, and leakage current®-%. Even though the protective
layer has low electrical conductivity and acts as an insulating layer, a high applied voltage can cause current flow
due to the polarization induced high electric field**. Humidity is the main factor that changes the permittivity of
materials which affects the accumulation of charge®. Furthermore, the conductivity of air (RH >66%) increases
exponentially and sharply when the electric field exceeds a certain level®”. This can result in corona discharge or
leakage current, reducing the electroadhesive force®. The roughness of the protective layer and the object also
affects the dielectric constant. Increased surface roughness reduces the contact area between the protective layer
and the object, which in turn diminishes the electroadhesive force®. These conditions, which vary according to
the experimental environment, cause discrepancies between the analyzed electroadhesive force in the simulation
and the actual experimental values. In this study, we employed a simplified model controlling factors such as
humidity, leaking voltage, and break voltage to intuitively evaluate the consistent effect of bilayer permittivities on
electroadhesive force. To design an electroadhesion gripper which maximizes electroadhesive force, we analyzed
the electrostatic forces of 3000 different gripper configurations by using finite element analysis and 7000 different
gripper configurations by using Al, considering eight design variables. Through machine learning techniques,
we then optimized the gripper structure to achieve the best possible performance, as shown in Fig. la.

Methods
Computational method
The electric field distribution E within a general electrode system can be determined using the following equation:

divegradyp = 0, (1)

where ¢, ¢ denote the permittivity and the scalar electric potential (E = —gradg), respectively. The externally

generated volume-charge density was not considered. To obtain numerical solutions to Eq. (1), it is unnecessary

to solve for the entire surface where the attraction force F, occurs. On the contrary, owing to the repetitive pattern

of the electrodes, E can be computed for a single segment comprising two electrodes with opposite charges*.
The electrostatic force F, exerted on the segment can be calculated from the E distribution as follows:

1
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where T is the Maxwell stress tensor, D is the dielectric flux density, I is the unit diagonal matrix, and ® denotes
the dyadic product. Equation (2) can be simplified by assuming parallel interdigital electrodes on attractive object
surfaces. The Maxwell stress tensor is expressed as follows:

- S(B2-B)+ (B - B (¢E.Ey + LB.B, + ExP, + E,Py — B,M, — B,M,)
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where E, and E, are the electric field components, B, and B, are the magnetic field components, P is polarization,
and M is magnetization. As we assume our system is electrostatic condition, the B, M is neglected. The P which
the function of E and ¢ is calculated by following equation:
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Figure 1. (a) Schematic of the interdigitated electrode and the analysis steps, from geometry generation to
Al-based optimization. Model structures of interdigitated electrodes with (b) a monolayer and (c) bilayer
protective layer with various dielectric constants. FEM finite element method.
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P = g&relativeE (3)

where ¢,,,,;,. denotes the relative permittivity.
The normal direction of the electrostatic force F,, acting on the segment with electrodes of length=1 is
obtained as

1 w+g ) )
Fo = 7{ Tyds = ¢l / (E2 — E2)dx. (4)
S 0
F,, between the two parallel capacitor plates is expressed as
W, 190E,D U\’
F,, = £ X7 y/ dV:—E — | wi, (5)
ay 2 dy v 2\t

where W, D,, Vare the total energy, the electric displacement field component, and the capacitor volume,
respectively. U is the applied voltage, and ¢ is the distance between the electrodes®'.

ML algorithms

We developed an ML model using the RF algorithm, which is known for its ability to process complex and
nonlinear data. This ensemble method combines multiple decision trees to improve the prediction accuracy and
prevent overfitting*2. Our dataset comprised 1000 samples calculated through finite element method simulations,
covering a wide range of electroadhesive actuator designs. The input features for the model included the voltage,
electrode spacing, outer and inner permittivities of the protective layers, air gap, outer and inner thicknesses
of the protective layers, and electrode width. These features are critical for determining the electrostatic forces
exerted by actuators. We implemented rigorous training and validation procedures, including hyperparameter
tuning and cross validation, to ensure the reliability of the model for predicting the effects of these diverse design
parameters. In addition, we conducted an in-depth analysis of feature importance, which provided valuable
insights into the most important factors that influence electrode design optimization and facilitate the improve-
ment of the electroadhesive actuator performance.

Results

Electric field and force analysis

Figure 1b,c illustrate schematics of the interdigit electrodes used for electroadhesion simulation. The object is
separated from the conductive electrodes by a protective layer, which is either a monolayer or a bilayer*’. These
protective layers serve as insulators and have ambiguous breakdown voltage shortages***. A simulation was
conducted under the same applied voltage of 10 kV, disregarding the breaking voltage, to directly compare the
electroadhesive force with respect to changes in permittivity between bilayer and monolayer protective layers.
It is well-known that insulators with lower permeabilities exhibit higher breaking voltages, and vice versa®. The
voltage between 1 and 10 kV is applied to one electrode, and it is set to zero (ground) for the other electrode**’.
The electric field generated between the two electrodes exerts an adhesive force on various object materials**~>.
We have assumed that all of the electroadhesive gripping has caused no mechanical damage or chemical reac-
tions. The detailed parameters and material properties are listed in Table 1. Further, the design of the interdigit
electrode is analyzed by numerically solving a formulated mathematical model. The electrostatic force is then
derived from the electric field distribution and integrated field infectivity on the object surface.

Figure 2a illustrates the electrode potential contours within a single period of the interdigitated electrode
configuration. The most distinct potential gradient is observed between the adjacent electrodes, radiating outward
in a radial pattern. The permittivity variations between the monolayer and bilayer protective layers profoundly
affect the contour slopes. There is not a significant change observed in the voltage gradient which means the
electric field along to the x-direction for both monolayer and bilayer structures, while the electric field along to
the y-direction shows slightly differences at the outer layer. This electric field change which in turn influence the
electrostatic forces exerted on the adhered object.

The electric field distributions across the entire domain and at the object surface are shown in Fig. 2b,c,
respectively. The vertical (y-axis) electric field shows the maximum and minimum intensities at the edge of the
positively and ground charged electrodes, respectively. Conversely, the horizontal (x-axis) electric field peaks
in the interelectrode space and diminishes directly on the electrodes. When using a bilayer protective layer, the
y-axis component electric field strength at both edges is observed as 33.57 MV/m which is approximately 1.1%
greater compared to the single-layer protective layer (33.15 MV/m), while the x-axis component electric field
strength difference is only 0.17%. These results mean that the y-axis component electric field is a factor that
increase the electroadhesive force. The components of the Maxwell stress tensor which directly related to the
electroadhesive force exhibit maxima at the electrode edges and subsequently taper off along the segment axis
to reach a nadir, which in turn induces repulsive forces on the adjacent object. Conventionally, a protective layer
with high permittivity may have a lower breakdown voltage. It means that using a protective layer with supe-
rior permittivity might not necessarily lead to an increase in electroadhesive force. However, when the bilayer
protective layer is adopted, it has been observed that the strength of the electric field is higher in the inner layer
than in the outer layer. This implies that the inner layer is a buffer zone for the electric field, leading to electric
field shielding. The inner layer’s presence can improve the outer layer’s breakdown voltage. The bilayer protec-
tive layer shows a higher electroadhesive force than a single protective layer at the same voltage, and it is antici-
pated to demonstrate superior performance when considering breakdown voltage as well. Figure 2d presents a
comparison of the electrostatic adhesive forces based on the different permittivity. The results indicate a direct
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Mono layer

Description [unit] Parameter | Value | Min | Max
Electrode width [um] W, 75 50 500
Electrode spacing [pm] W, 100 50 500
Upper layer thickness [pum] tup 25 - -
Upper adhesive thickness [pum] tad.up 25 - -
Electrode thickness [um] te 35 - -
Lower adhesive thickness [um] tad.low 5 - -
Monolayer thickness [um] tm 25 - -
Air thickness [pum] tair 50 30 150
Object thickness [um] tob 800 - -
Inner layer thickness [pum] tin 12.5 10 100
Outer layer thickness [um] tout 12.5 10 100
Voltage [kV] \% 10 1 10
Upper layer permittivity Sup 2 - -
Adhesive permittivity Ead 3.6 - -
Monolayer permittivity Em 35 - -
Object permittivity Eob 23 - -
Inner layer permittivity Ein 2.5 1 10
Outer layer permittivity Eout 4.5 1 10
Electrode permittivity e 1 - -
Air permittivity Eair 1 - -

Table 1. Calculated design parameters and their ranges for finite element analysis.
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Figure 2. (a) Contour plots of the electrode potentials and potentials gradient according to the x and
y-direction under an applied voltage of 10 kV. (b) Electrostatic field and maxwell stress tensor component
measurements on the object surface. (c) Line profiles of the electrostatic field on the object surface and the
corresponding Maxwell stress. (d) Calculated electrostatic force densities of the monolayer (ey= 2.5, 3.5, and

4.5) and bilayer (gin= 2.5 and gou= 4.5).
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linear relationship between the applied voltage and the electrostatic adhesive force, wherein higher permittivity
results in a greater electrostatic force. Note that, the analysis shows that a bilayer structure with inner and outer
permittivities of 2.5 and 4.5, respectively, slightly improves the electrostatic force.

Random forest and sensitivity analysis

Figure 3a shows that increasing the permittivity of the monolayer configuration is an effective method for
enhancing the electrostatic force. However, when selecting materials for the protective layer, it is essential to
consider the operational voltage requirements, particularly the breakdown voltage®!. Therefore, a bilayer design
with low internal and external permittivities should be carefully considered. As the permittivity of the protective
monolayer increases from 1 to 3, the electrostatic force exerted on the object surface increases steadily; however,
it plateaus at higher permittivity levels. This suggests that although a higher permittivity can facilitate greater
electric field penetration and increase the electrostatic force, this effect is limited. Notably, the permittivity
variation within the protective layer results in a nonlinear electric field distribution, underscoring the complex
relationship between material properties and electrostatic phenomena.

Recently, there has been a growing interest in using data-centric approaches with machine learning and
artificial intelligence to optimize design parameters. Our electroadhesive gripper system has up to 8 param-
eters influencing its electroadhesive force. Conventional optimization methods, such as Levenberg—Marquardt,
nonlinear least squares, and Newton-Raphson, can lead to inaccuracies due to missing local minima or other
reasons, which take significant time to calculate. To optimize the design parameters that significantly affect the
electroadhesive force of a bilayer protective structure, we performed a sensitivity analysis using the random
forest (RF) algorithm on the results of 10,000 cases. To derive the 10,000 samples, we used a simulation with
random values of parameters between their minimum and maximum values. We also tested several machine
learning (ML) algorithms, including k-nearest neighbor, kernel ridge, support vector, and random forest regres-
sions (RFR)**~>%. The RFR algorithm most accurately fit the training data, as evidenced by the 500 sample points
shown in Fig. 3b. Feature importance was automatically derived from the RF model (Fig. 3¢). The results revealed
that the applied voltage was the most influential design parameter for determining the electroadhesive force,
underscoring the critical significance of the breakdown voltage of the protective layer. The air gap between the
protective layer and the object emerged as the second most significant design parameter. This gap was maintained
at 50 pm to optimize computational efficiency as it is an integral part of the actuator geometry. The protective
layer permittivity, which was the primary focus of this study, exhibited the lowest sensitivity in response, with the
permittivity of the inner layer being marginally more sensitive than that of the outer layer. Previous research on
the protective layer of bilayer protective structures did not fully consider the influence of its dielectric constant
owing to its low sensitivity*®. Additionally, the possibility that the electrostatic force differs from previous findings
was not considered either. This study acknowledged these omissions and aimed to address them. The findings of
this study can provide valuable insights into the design parameters that significantly affect the electroadhesive
force in bilayer protective structures.

Effect of design parameters on the force to object

Figure 4a,b show results of the electrostatic forces with respect to the permittivity of the bilayer. They indicate
that the general electrostatic forces strengthen as bilayer permittivity increases. The permittivity of the inner
layer was kept constant at 2.5, 3.5, and 4.5, whereas that of the outer layer was varied. Figure 4c indicates that
the electrostatic forces reached their maximum values at the specific permittivity levels of the outer layer. These
findings demonstrate the influence of the bilayer permittivity on the behavior of the electrostatic forces in a
material. When the dielectric constant of the internal layer was set to 2.5, it was observed that the highest elec-
troadhesive force of 4505 N/m?* was obtained by using an outer layer permittivity of 3.8. However, it is important
to note that the electroadhesive force may vary by up to 15.7%, resulting in a difference of 702.49 N/m? from the
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Figure 3. (a) Force per unit area applied to the object according to the permittivity difference in the monolayer
structure. (b) Predicted electrostatic force values obtained using an ML algorithm (random forest (RF)). (c)
Sensitivity analysis of the design parameters of RE. The intensity values of the sensitivity analysis are depicted
using arbitrary units.
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Figure 4. Calculation of electrostatic force according to the permittivities of the bilayer protective layers. (a)
3D representation of the effects of inner and outer layer thicknesses on the adhesive force. (b) Contour map
illustrating the optimal layer thickness for specific electrostatic forces. (c) Line graph indicating the effects of
outer layer permittivity on electrostatic force and changes in inner layer thickness on this relationship.

minimum value. As a result, it is advisable to optimize the dielectric constant when developing the bilayer. It is
worth mentioning that this trend is more evident when the permittivity of the inner layer is increased. When
the permittivity of 3.5 and 4.5 for the inner layer, the differences between the maximum and minimum forces
reach 811.83 N/m? and 882.33 N/m? with permittivity of 4.4 and 4.8, respectively. This finding contradicts the
previous assumption that a higher permittivity of the outer protective layer results in greater electrostatic forces.

Figure 5 shows that the electrostatic forces vary with the fixed bilayer protective layers as a function of the
geometry of the interdigit electrode and the voltage applied to the electrode. In Fig. 5a, as the applied voltage
increases, the adhesive force increases exponentially, which implies that the lifting force can be enhanced if the
inner protective layer can sustain the applied voltage. Furthermore, decreasing the thickness of the protective
layers and reducing the air gap between the objects and the outer protective layer can increase the attractive
forces generated by applying a higher voltage, as shown in Fig. 5b,c. These results agree well with those reported
by Liu et al., Mao et al,, Guo et al., and Cao et al.'»!*>>*_ As reported by Guo et al., to increase the electrostatic
force, the spacing between the gap and the thick layers should be minimized'. However, a slightly different trend
can be observed in the interdigit electrode width and spacing compared with the previous results, indicating
that the spacing change between the electrodes generates the maximum attraction force. Figure 5d,e show that
an optimum electrode width of 220 um results in the maximum attraction force per unit area when the pad is
attached to non-conductive substrates, wherein the space between the electrodes is fixed at 70 um (optimum
width/space ratio of 3.14).

Figure 6a,b illustrate the correlation between the geometry of the electrode and the electrostatic force. The
electroadhesive force is calculated by considering the thickness of the protective layer and the distance between
the electrodes (spacing), while the width of the electrode varies from 75 to 1000 pum. Specifically, the change in
electrode width occurs simultaneously from both sides while moving in the out-plane direction of the electrode
while maintaining the electrode spacing. The results indicate that the electrostatic force increases with electrode
width up to a certain point, which indicates the optimal width at which the force is maximized. For thinner
protective layers, such as 25 pm thickness, a more pronounced peak force is observed with an electrode width
of 100 um, while the maximum force is observed at 420 um with the 500 um thickness of protective layer. This
result means that the optimum electrode width is dependent on the protective layer thickness. This suggests that
a smaller distance between the electrode and the object enhances the electroadhesion efficiency. Moreover, the
proximity of the electrodes also plays a crucial role. At a spacing of 50 um, the most substantial force is induced
with an electrode width of 225 um. However, this force wanes when the spacing exceeds a certain threshold. This
decline could be attributed to fringing effects or the dilution of the electric field over a larger area, which reduces
the effective adhesive contact. The curve levels off as the electrode spacing increases, reflecting a substantial
decrease in the effectiveness of the electrostatic force due to the diminished electric field intensity between the
electrodes. This finding emphasizes the need for optimizing electrode width and spacing to maximize the elec-
troadhesion force. Therefore, while designing electroadhesive systems, the physical dimensions of the electrode
and air gap as well as the electrostatic principles governing adhesion must be carefully considered. Although
material permittivity is a critical parameter, the geometric configuration is equally important.

Conclusions

This study comprehensively analyzed the impact of electrode design parameters on the performance of bilayer
electroadhesion actuators through electrostatic simulations. The findings underscored the significance of elec-
trode geometry, specifically electrode width and spacing, and the permittivity of the protective bilayers for opti-
mizing the electroadhesive forces. The electroadhesive force increased with the electrode width up to a certain
point, suggesting an optimal width for maximum adhesion efficiency. The peak electrostatic force occurred with a
narrow thin protective layer, indicating that the reduced distance between the electrode and the object enhanced
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Figure 5. Electrostatic force calculations with various geometry design variables: (a) applied voltage, (b) air

gap between the outer protective layer and the object, (c) protective layer thickness, (d) electrode width, and (e)
electrode spacing.
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Figure 6. Varying the electrostatic force as a function of electrode width according to the (a) protective layer
thickness (b) the gap between two electrodes (spacing).

electroadhesion. An optimal spacing of 50 um between the electrodes substantially increased the induced force,
demonstrating the importance of electrode geometry. Additionally, a larger electrode spacing diminished the
electric field intensity and reduced the effectiveness of the force, emphasizing the need for careful geometric
optimization. These insights can enhance the understanding of the physical principles governing electroadhesion
and provide valuable guidance for designing more efficient and robust electroadhesive systems. Furthermore,
the integration of ML algorithms enhanced the robustness of the analysis, offering predictive insights to guide
the optimization of electroadhesive actuator behavior. Although the permittivity of materials is imperative, the
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synergy between the material properties and geometric configuration of the actuator is critical to achieve peak
performance. With carefully selected permittivity ratios, the bilayer design is a strategic approach for enhancing
the electroadhesive force and ensuring that the operational voltage thresholds are met. Thus, the bilayer protective
layer is a critical component, and its permittivity plays a decisive role in the modulation of electrostatic forces.
This study established that, although the permittivity of each layer contributes to the overall performance, the
relative permittivity between the layers can amplify or diminish the adhesion force. This nuanced understanding
of the bilayer permittivity underscores its importance in the design and optimization of electroadhesive systems.
Thus, by delving deeper into the effects of important design factors and work environments on the electroadhe-
sion behavior, this study not only serves as a tool to clarify the basic principles of electroadhesion but also pro-
poses prospective methods to enhance the design of electroadhesive devices for various engineering applications.

Data availability
All data generated or analyzed during this study are included in this published article and supplementary infor-
mation S1.
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