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Abstract

Two approaches were taken to increase the obtainable electroadhesive (EA) forces from EA electrode devices
using finite element analysis (FEA): (i) optimising electrode widths and spacings using 2D parametric
simulations; and (ii) optimising electrode geometries using 3D simulations. The Maxwell stress distributions
generated by the simulated EA pads are reported; and illustrate how electrode geometries influence the EA
forces generated. The FEA analyses were carried out using ANSYS MAXWELL with an automatic adaptive
mesh refinement (AMR) technique which accelerates convergence and decreases the number of elements
needed for study of mesh independency. The 2D parametric FEA shows optimum electrode widths of 2.6mm
and optimum spacing between electrodes of 0.2mm for an effective surface of EA pads. 3D FEA shows that
from the studied EA pads with a constant effective area, sine-wave shaped electrodes can generate substantially
enhanced EA forces compared to other electrode geometries. This is attributed to maximising the electric field
gradient and could benefit multiple applications. The simulation procedure is also validated by real-world
problems.

Keywords: Electroadhesion, Finite element analysis, Maxwell stress tensor, Shape optimization, Mesh
independency study

1. Introduction

Electroadhesion has received historical and recent attention due to its efficient performance in a variety of
applications such as wall climbing robots [1, 2], and handling delicate materials [3-5]. It is also highly adaptable
and capable of operating in many different environmental conditions, such as in space, air, and can generate
attraction force on a wide range of materials including semiconductors and insulators [2]. Electroadhesion is
considered to be an ultra-low energy consumption technology, with power consumptions ranging from uW to
mW [6, 7]. The components of an electroadhesion system are not complex (compared to some other adhesion
mechanisms) and typically include a high voltage DC power supply; an EA pad; and a substrate (the material
being adhered, such as a wall for wall climbing robots; or the object being picked up when EA pads are used as
grippers). The structure of EA pads are very simple and usually consist of three layers: a backing material;
electrodes; and a dielectric layer. Due to advances in electronic circuit fabrication processes, it is now possible
to easily produce, even at lab-scale, rigid, semi-flexible, flexible and stretchable EA pads using cost-efficient
methods [7-11].

Investigations have shown that the applied voltage, electrical properties and pattern/geometry of electrodes,
electrical properties of the dielectric layer and substrate, as well as the thickness of the dielectric layer, are all
important parameters affecting the obtainable EA force [12-14]. Investigations have therefore been carried out
using different criteria to optimise EA pad performance: Guo et al. [9] have used total capacitance of system as
a criterion to find optimised relationships between electrode width and spacing (width/space=1.8) to maximising
normal force. Ruffatto et al. [12] used a gradient descent algorithm and the average electric field as a method of
optimisation to maximise shear forces. In the present study, the effects of the variation of electrode geometry on
Maxwell stress (EA force generated locally) were investigated with the aim of maximising the EA force, which
builds upon and augments the above earlier work.



An EA force in a non-conductive material is produced through alignment of dipoles in the direction of an
applied external electric field (polarisation) and is given by [15]:

P= soxeﬁ (D)

Where € is the permittivity of vacuum and equals to 8.85x10?> F.m™; X. is polarizability of substance. In
reality, X is a tensor, but for simplification here it is considered as a scalar quantity; and E is the applied electric
field in volts per meter (V/m).

Considering Z coordinate is perpendicular to the surface of an EA pad in the Cartesian system, the EA force is
given by:
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As in electrostatics an E-field is conservative Eq. (2) becomes:
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By using the Divergence Theorem, the relationship between force and Maxwell stress tensor will be given by
[16, 17]:

JIf Fav = 4p T.nds 4)

where V is the volume of interest; T is the Maxwell stress tensor; and S is the boundary of the volume and n is a
normal outward-facing  vector.

The Maxwell stress tensor can be written as follows [18]:

~(E’ - E’~E*) eE E,E, eEEE,
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The Maxwell stress generated on a substrate in the z-direction is shown in Figure 1; therefore the EA force is
given by:

F,=4pT.ids = [[, hda+ [[, Toda+ [[, Tiida—[f, TS+ ffAyTyLZZdA - ffAyTyosz (6)
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Figure 1. Maxwell stress on plans of a substrate in z direction

Where T, is Maxwell stress in z-direction in the surface slightly above a substrate, T, is Maxwell stress in z-
direction at the bottom surface of a substrate, T, Maxwell stress in z direction at the front surface of a

substrate , .0, Maxwell stress in z direction at the rear surface of a substrate , TyLZ2 Maxwell stress in z direction
at the left surface of a substrate T)), Maxwell stress in z direction at the right surface of a substrate and because

these surfaces are far away, the Maxwell stress can be neglected in all the surfaces (see figure(2).

Therefore:
F=Jf, 1%da @)

According to the Eq. (2) the obtainable EA force can be increased by: (1) increasing intensity of the E-field
which means increasing the applied DC voltage or by optimising the widths of electrodes and the spacing
between adjacent electrodes; (2) maximising the gradient of the E-field by optimising the shape of the
electrodes; and (3) improving electrical properties of the dielectric layer including increasing relative
permittivity and dielectric strength.

2. Methodology

2.1. Finite element method

The finite element method (FEM) is a well-known numerical procedure to solve complicated partial differential
equations (PDE) which cannot be solved using classical analytical methods due to the complexity of either PDE
or geometry of interest. The FEM can be used to approximate the solutions to a wide variety of physical
problems including solids, fluids, porous media or electromagnetic environments. Commercial and open-source
software have now been developed that can simulate weakly- or strongly-coupled physical problems such as
acoustic-structure interactions [19], fluid-structure interactions [20] and saturated porous media. The procedure
for FEM analysis is to divide the geometry of interest into very small elements using different meshing
techniques and to solve PDEs approximately within each element. Those PDEs that need to be solved in
electrostatic field analysis are the Laplace and Poisson equations [21]. Researchers have shown that FEM is an
effective method for electrostatic field analysis in two-dimensional (2D), axisymmetric and three-dimensional
(3D) regions of interest with multiple dielectric media [14, 17and 22].

In this study, numerical analyses were performed by considering the following assumptions:

(1) Electrodes are perfect electrical conductors;



(2) Dielectric materials are linear, isotropic and homogenous (LIH). Linear dielectric materials are materials for
which there is a linear relationship between their polarisation and the intensity of the electric field. Isotropic, in
this context, means that their relative permittivities are not dependent upon direction:

Ex=Ey=¢&z
(3) The power supply is a dual-polarity DC voltage;

(4) In 2D simulations, the electric field is constant in the y-direction, neglecting the marginal part of the EA pad
(thus representing the central part of the electrode);

(5) Dielectrics do not have free charge density;

(6) EA pads are considered to be fully charged and the generated force is not time-dependent. We note that
Bamber et al. [6] measured the electric potential distribution of an interdigitated EA pad with 230 mm x 190
mm effective area and their results showed that it took roughly 30 minutes for that pad to become fully charged.

(7) To simplify simulations and achieve mesh independent results, the effect of the backing plate is neglected
and we assumed that electrodes are embedded exactly in the middle of a dielectric layer.

2.2. Simulation procedure in ANSYS Maxwell

ANSYS MAXWELL has been used to simulate electrostatic problems before [23, 24 and 25] .The simulation
procedure includes three main steps: pre-processing, processing and post-processing. In the pre-processing step,
first, the domain of interest is created including the electrode pattern, dielectric layer, air layer and substrate, and
then the electrical properties of each material are added (electrodes are pure copper with perfect electrical
conductivity, relative permittivity of dielectric, air and substrate) and finally, boundary conditions (B.C) are
specified as follows:

(i) Potential difference for electrodes (Dirichlet boundary condition).

(ii) Interfacial boundary conditions between two layers with different relative permittivity (see Figure 2):
electric potential and tangential orientation of the electric field is equal at the interface see Eq. (8, 9) and normal
orientation of the electric field is varying according to Eqg. (10).
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Figure 2. Definition of boundary conditions in Cartesian coordinates



Table 1. Types of B.C used for 2D and 3D simulation

2D B.C 3DB.C
¢, (x, 2) = (%, 2) ¢, (x,y,2) = ¢, (x,y,2) AZ=z | (g
6(]51(96, y; Z) _ 0¢2(x, }’; Z)
0x B 0x
6(]51(96, Z) _ 6(,‘[)2(9(, Z) at Z=z; (9)
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Where ¢ is electric potential and €; and €; are the relative permittivities of two different layers. In the processing
step the region of interest is discretised to triangular elements for 2D simulations and tetrahedral elements for
3D simulations and it is assumed that electric potential is varying linearly within each element and also electric
field in all directions are constant within each element (see Table 2).

Table 2. Types of elements available in ANSYS Maxwell, discretisation methods and calculation of
potential energy

;?;;f shape of element Pme:::ﬁ:??:g:m? e Electric field in element Potential energy in element
¢
¢, e= - = —a g
[ ax A > 5
2D | Triangular 3 ;= oy + Cx; + 03z, 5 U =3 go5, V(ax* + az?)
E.=——=—
?s % az s
) a
J E,=— % = —a,
¢ b = oy + ax 3
i = 0y T A2X; ___¢__ _l 2 2 2
3D | Tetrahedral ¢ +agy; + aaz; Ey= ay a3 U, = 3 o5 V(aa? + az? + ay?)
3
e
i _E = Ty
2]

2.3. Hardware specifications for simulations

Electroadhesion simulations using ANSYS MAXWELL are memory-bound which means the time needed to
complete a simulation is mostly dependent upon the amount of memory required to hold data, so needs a “fat
node” setup. Therefore, all simulations were performed on an 8-core Intel(r) Xeon(r) CPU E5-1620 v4 @
3.50GHz workstation with 256 GB RAM. The simulation time for 2D parametric simulations with a particular
electrode width and spacing was approximately 80 minutes and for a 3D simulation was approximately 50

hours.




2.4 Validation of the numerical method

In order to validate the numerical model and procedure, we compare our numerical model results with
experimental data published by Dadkhah et al [8].

Dadkah et al[8] Present electroadhesive pressures for uni-layer electrode systems using a variety of building
materials including drywall, alder, poplar, adobe, painted aluminium and sandstone.

The numerical validation model consists of similar electrode patterns (0.4mm electrode width and 0.2mm
electrodes spacing) as in the experimental setup (see figure5) with an effective area of 5.8 mm by 6.8 mm.
Therefore the number of elements needed for mesh independency of the numerical results with thin layers of
dielectric and a thin air gap between the EA pad and a substrate is achievable before meeting hardware
limitations. The relative permittivity of the substrates was not given by Dadkah et al., but typical values for
similar materials range from 2 to 5.5 (Paper 2.3, Concrete 5.0, Wood, Dry 2-6 [26]).

The experimental results showed that the pressure generated by the uni-layer electrode varies between 0.2 and
1.2 kPa depending on the substrate. Figure 6 shows that the numerical model predicts electroadhesive pressures
from 0.38 to 1.37 kPa matching the trend seen in the experimental results, while the numerical predictions are
consistently slightly higher than the measured values. Considering the uncertainty in the published experimental
data, in particular the lack of exact relative permittivity, the numerical model shows good agreement with the
experimental results. The contour of Maxwell stress is presented in figure 7.
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Figure 5. Geometry of EA pad used in validation case (all dimensions are in mm)
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Figure 6. Modelled EA force versus relative permittivity of substrate for validation case
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Figure7. Maxwell stress distribution of EA pad with substrate permittivity of 5.5

3. Results

3.1. 2D simulations

The 2D interdigitated EA pad simulations were carried out using ANSYS Maxwell software. The parametric
geometry of interest was designed (see Figure 8) and in order to investigate the effects of electrode widths and
spacings on the Maxwell stress tensor distribution and obtainable EA force, other parameters were kept constant
and only the electrode widths and space between electrodes allowed to vary. Table 3 shows details of the
parameters used for the 2D simulations. Figure 9 shows the Maxwell stress distribution on the line slightly
above the interface of the air and substrate layers. According to the Maxwell stress equation Eq. (2), the
maximum Maxwell stress is expected to occur where the cross-product of electric field and electric field
gradient reaches its maximum. Results show (see Figure 9) that by increasing the width of electrodes the
intensity of the Maxwell distribution decreases but the peaks become wider and also as we kept the effective
area constant the number of peaks decreased. Therefore there is an optimum electrode width needed to
maximise the total attractive force generated for a specified effective area of an EA pad (see Figure 10). As can
be seen from Figure 9 the smaller the spacing between electrodes, the higher the EA forces generated, although
in reality this will be limited by practical considerations such as the fabrication process, and for each particular
spacing between electrodes, there is an optimum electrode width. Also on a practical basis, electrode spacing
will have a minimum safe value in order to avoid arcing during use and the minimum safe spacing will thus
depend on the applied voltage, amongst other factors. Therefore the dielectric breakdown voltages of constituent
materials also need to be considered when designing and building an EA pad. Dadkhah et al. [8] suggested a bi-
layer electrode design in order to avoid dielectric breakdown for smaller electrode spacings. It must thus be
noted that these values depend on the effective area, the dielectric thickness, the thickness of the air gap and the
relative permittivity of the substrate which we considered constant here. Dadkhah et al [8] showed that the
higher the thickness of the air gap, the wider electrode width is needed to optimise EA pads design. Also it is
worth noting that we can consider an EA pad as a co-planar capacitor with complex geometry and thus to
maximise the total capacitance of an EA pad, minimising the space between electrodes is required, within
constraints of dielectric breakdown limitations and thus safe operation. Following [23, 27] the total capacitance
of a co-planar capacitor can be calculated using a conformal mapping (CM) technique. To prove this, the
potential distribution of a 2D EA system with 16 electrodes was simulated (Figure 11). As can be seen, in the
middle of the system there are vertical equipotential lines with a value of zero between electrodes. Therefore,
ignoring marginal effects, the total capacitance of the system can be approximated with acceptable accuracy



using a conformal mapping technique. The capacitance of a periodical section (see Figure 12) of a dielectric
layer and a substrate of an EA system are then given by:

K(kr)

k() )

Cp = &€ L

where & is relative permittivity of the dielectric layer or the substrate; L is length of electrodes; K is elliptic
integral of the first kind; and k; is given by:

w 3w ) ,T(KH)
, Ly ; 2 71'( 2 +s e 2 2
sinh (E sinh 2hy sinh oh
3
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where w is width of electrodes; s is space between electrodes; h is thickness of dielectric layer or substrate; and
K'r is given by:

k. = /1 —k,? (13)

Finally, total capacitance of the system is given by:

Ctotal = (N - 1)Cp(Dielectric layer) + (N - 1)Cp(substrate) (14)

As shown in Figure 13, the smaller the spacing between electrodes and the smaller the width of the electrodes,
the higher the total capacitance of the system. These results are in agreement with findings reported by Huang et
al. [28].
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Figure 8.Schematic of 2D geometry of an interdigitated EA device

Table 3. Parameters for 2D interdigitated electroadhesive pad simulation

Voltage Dual polarity +1kV

Electrodes Copper (perfect conductor) | Electrical Resistivity (p ohm x m) =0




Electrodes width Varied 0.2 mmto 2 mm
Electrodes thickness 0.5mm
Space between electrodes Varied 1 mmto4 mm
Dielectric €=1000
Dielectric thickness 1 mm
Layer between dielectric and substrate | Air &=1
Thickness of air layer 0.5mm
Substrate Glass &€=4.6
Substrate thickness 30 mm
Effective pad surface area 36.2 mm x 1 (dimensionless constant)
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Figure 9. 2D Numerical investigation of the relationship between electrode parameters (width and spacing) and
Maxwell stress distribution on nonconductive substrates.
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Figure 10. 2D Numerical investigation of the relationship between optimum electrode width and spacing to
maximize obtainable EA force on non-conductive substrates
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Figure 12. Schematic of coplanar capacitance showing simulated area and parameters
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Figure 13. Relationship between capacitance of coplanar capacitor and electrode width and spacing



3.2. 3D simulations

Shape optimisation of EA pads has been carried out by designing seven different shapes while other parameters
including effective area, electrode width, spacing between electrodes, and relative permittivities of both the
dielectric layer and the substrate were kept constant(see table 4). First, two representative EA pads, (i)
interdigitated and (ii) concentric circles were simulated to understand the relationship between electrode
geometries and the generated EA forces. Simulation of the interdigitated electrode showed that the maximum
EA pressure occurs at the corners of electrodes, which is due to maximisation of electric field and also electric
field gradient in those areas. Therefore, at the next step, it was attempted to increase the EA force by increasing
the number of electrode corners. The results show that although the number of maximum local pressures
increases the total EA force for the whole interdigitated EA pad decreases. This means that electrode corners
increase local pressures but have negative effects on the area nearby, and the net effect on the whole EA pad is
deleterious. Simulation of electrodes in concentric circles reveals that the curved shape of the electrodes results
in homogeneous pressure distribution and increased electric field gradient, resulting in higher EA force
generation compared with simple interdigitated EA pads, which is in agreement with previous findings [12]. The
next step was to decrease the sharpness of corners and use a half-hexagonal electrode shape. This was simulated
and results show an improvement in the obtainable EA force. Finally, to combine both features, a sinusoidal
electrode shape was designed and simulated. This provided the best performance between all designs studied
here. Table 5 compares the obtainable attractive force and total capacity for different electrode structures; and
Table 6 shows the effect of electrode shape on the electric field, electric field gradient and the Maxwell stress
generated. It is noteworthy that 3D simulations of electroadhesion and particularly contour of electric field
indicate those parts of EA pads in which dielectric breakdown occurs first. As an example in an interdigitated
EA pad dielectric breakdown occurs in the right angles of electrodes. Capacitances of the new electrode designs
are also calculated and results show that capacitance associated with sinusoidal and half- hexagonal shapes are
higher than with other electrode geometries. A grid independency study for all of the simulations was carried
out by applying 50% mesh refinement for each iteration to make sure that EA forces computed are independent
of the number of elements. Table 7 shows statistical information of the last iteration of the 3D simulated
interdigitated pad and figure 14 show convergence criteria (Energy error and delta energy) and also force
computed and the number of elements for iterations.

Table 4. Parameters for 3D interdigitated electroadhesive pad simulation

Voltage Dual polarity +1kV
Electrodes width 1 mm

Electrodes thickness 0.5 mm

Space between electrodes 1 mm

Dielectric €=1000

Dielectric thickness 1 mm

Layer between dielectric and substrate | ;. £=1
Thickness of air layer 0.5 mm

Substrate Glass £=4.6
Substrate thickness 30 mm

Effective pad surface area 357 cm?




Table 5. The effect of electrodes design on obtainable attractive forces

Total area of Total EA | Total capacity
Pattern name |Shape of electrodes electrodes(cm2) | force (mN) ©F) Maxwell stress
Interdigitated - 146 14.483 962.69
Interdigitated
with teeth (1) . 143 10.189 755.13
Interdigitated
with teeth (2) - 146 11.381 835.57
Interdigitated
with teeth (3) . 143 9.5595 712.43
i . 142.17 15.031 1009
circles
Half hexagonal - 146 17.847 1279.7
Ssolial - 134 21.222 1700.8
shape




Table 6. The effect of electrode shapes on generated electric field and Maxwell stress distribution

Electrodes shape Magnitude of E- filed Gradl?;;:‘ciidd - Maxwell stress

| —




Table 7. Statistical information of the grids generated for the last iteration of 3D modelled of the interdigitated

pad
3D Mesh Statistics
Geometry Name Number of Min edge length Max edge length Mean elements
elements (mm) (mm) volume(mm?)

Positive electrodes 1167164 0.00366118 0.174809 3.38E-06
Negative electrodes 1149252 0.00309745 0.161847 2.91E-06
Dielectric layer 14186716 0.00242048 0.148935 2.00E-06
Air 6409107 0.00682014 0.14254 2.79E-06
Substrate 3469347 0.0149766 0.677267 1.03E-04
Total number 26381586

i Convergence criteria
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Figurel4. a) Energy error and delta energy b) mesh independency of interdigitated EA pad simulation

4. Conclusions

We have carried out numerical simulations of electroadhesive (EA) electrode systems using FEA modelling to
optimise electrode widths and spacings for a certain effective area, using the Maxwell stress criterion and based



on mathematical relationships between the generated EA forces and shapes of electrodes. New electrode shapes
were designed and simulated. Simulations indicate that by decreasing the spacing between electrodes, higher EA
forces are achievable and that for any particular spacing there is an optimum electrode width. New designed
electrode shapes are promising for enhancing the obtainable EA forces and thus improving EA pad
performance, with sinusoidal and half- hexagonal electrode designs giving considerable improvements
compared with more established straight-interdigitated or concentric-circle electrode designs. The Maxwell
stress contours presented in this work reveal the local Maxwell stress generated by different shapes of electrodes
and can be used to support the design and optimisation of new EA device for future applications. Conformal
mapping was used to find the relationship between electrode width and spacing in order to maximise total
capacitance of the EA pad system.
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