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 A B S T R A C T

Liquid-amplified electrostatic actuators can generate greater forces than conventional ones which use air as 
the dielectric between two electrodes. Dielectric droplet amplified electrostatic actuators, a major type of 
liquid amplified electrostatic actuator, can be used to provide powerful, fast, energy-efficient, and lightweight 
actuations. However, the mechanical response of droplet amplified electrostatic actuator and the liquid 
amplification mechanism remain unexplored in a comprehensive way. Here we present a quasi-static model 
for droplet amplified electrostatic actuators considering dielectric barrier discharge and capillary force. The 
Galerkin method and the Newton method were used to numerically solve the model. A customized pull-
in voltage measurement setup was established to verify the numerical results and the main influencing 
parameters were studied. The experimentally validated model can be used to accurately predict the quasi-
static response and pull-in voltage of droplet amplified electrostatic actuators. This work highlights that the 
liquid amplification comes mainly from higher permittivity than air, dielectric barrier discharge elimination, 
and capillary force, due to the use of liquid dielectrics instead of air. The results in this work may provide 
useful insights into droplet amplified electrostatic actuator structural optimization, control, and application.
. Introduction

Electrostatic actuators employ attractive or repulsive Coulomb
orces between two conducting electrodes when there is a poten-
ial difference between them [1–9], and they usually feature low 
nergy consumption, fast response, lightweight, and can be easily 
ontrolled [1–9], compared to other alternative controllable actua-
ors [10–27]. There exists an air gap between two insulated electrodes 
or conventional electrostatic actuators [1–3] and this results relatively 
mall displacements and forces, significantly limiting their uses.
Hydraulically amplified electrostatic actuators employ dielectric 

iquids that have larger dielectric permittivity and greater breakdown 
trength than air, thus producing greater electrostatic forces [28]. A 
ypical example is the hydraulically amplified self-healing electrostatic 
HASEL) actuator [28] that has been used for robotic gripping [29,30], 
earable haptics [31,32], mobile robots [33–35], shape display [36], 
mong others. Another example is the dielectrophoretic liquid zipping 
DLZ) actuator [37] which only uses a droplet of dielectric liquid, 
esulting lighter and easier-to-make structures that can be used for 
obotic gripping [37–39], mobile robots [37], flexible pumps [40,41], 
rtificial muscle [42], etc. Previous results and models, including the 
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E-mail address: guojianglong@hit.edu.cn (J. Guo).

electromechanical model of electro-ribbon actuators [43], all simply 
suggest that the liquid amplification mainly comes from the use of 
liquid dielectric who has higher permittivity than air [37,38,43–45].

A recent application of DLZ actuators is the liquid-amplified zipping 
actuator (LAZA) for flying robots [45,46] which do not require any 
transmission system. A typical LAZA actuator prototype can be shown 
in Fig.  1(a) (fabrication materials and process can be seen in the Ap-
pendix  A) and the schematic diagram of the actuator structure is shown 
in Fig.  1(a), mainly consisting of a rigid insulated curved electrode, a 
deformable electrode, and a dielectric droplet. Like other electrostatic 
actuators [47–56], LAZA based direct drives may also suffer from pull-
in instability that will significantly affect their actuating or flapping 
performance [47–49,51,55,56]. There is, however, a lack of investiga-
tion into pull-in instability of dielectric droplet amplified electrostatic 
actuators (DAEA).

As shown in Fig.  1(a), high-voltage (in the range of kV [40]) 
induced dielectric discharge may occur in DAEAs [57] and dielectric 
barrier discharge (dielectric discharge after dielectric breakdown) [58–
67] may easily happen because of the dielectric insulator. There is 
lack of accurate analytical descriptions of dielectric barrier discharge 
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Fig. 1. DAEA components and model. (a) Schematic diagram of the DAEA with 
geometric parameters. (b) Deformed electrode subjected to distributed forces.

due to the complex physical mechanism [58–69]. Current traditional 
parallel-plate electrostatic force models usually ignore high-voltage 
induced dielectric barrier discharge. Pull-in voltage model that neglects 
dielectric barrier discharge may bring inaccurate predictions.

In response, based on the LAZA structure as shown in Fig.  1(a), 
we firstly present a DAEA model, based on a macro-scale phenomeno-
logical parallel-plate electrostatic force model, considering dielectric 
barrier discharge and capillary force. We then calculate the DAEA 
pull-in voltage numerically and establish a pull-in instability character-
ization rig to experimentally validate the numerical results. After this, 
we present discussions on both experimental and theoretical results. 
Specifically, Section 2 introduces the model, the boundary conditions, 
and numerical solution method of DAEAs. Section 3 details the exper-
imental methods, platform, and electrostatic force results that can be 
used to build the dielectric barrier discharge considered parallel-plate 
electrostatic force model which can be applied to calculate the pull-in 
voltage and quasi-static response of the actuator. Section 4 sums up the 
main findings of this work.

2. The DAEA model

As shown in Fig.  1(a), the DAEA consists of a rigid insulated 
electrode, a deformable electrode and a drop of liquid dielectric. When 
there is a potential difference between the rigid insulated electrode and 
the deformable electrode, the deformable electrode is pulled towards 
the rigid electrode due to electrostatic forces. The rigid electrode con-
sists of a rigid base, an electrode and an insulator, and the deformable 
electrode consists of a deformable base and an electrode. The length, 
width and thickness of the deformable electrode are 𝓁, 𝑏 and ℎ, respec-
tively. The deflection of the deformable electrode is 𝑤(𝑥). The curve 
function of the rigid electrode is 𝑠(𝑥) and the length along the 𝑧-axis 
direction is 𝓁0. The thickness of the insulator is 𝑑1. The contact angle 
between the droplet and the insulator is 𝜃1 and between the droplet 
and the deformable electrode is 𝜃2. The boundary between the droplet 
and air is 𝜁 .
2 
2.1. Governing equation and boundary conditions

We consider the deformation of the deformable electrode as a 
cantilever due to distributed forces (see Fig.  1(b)). It is assumed that 
the non-stretchable electrode is a linear elastic geometrically nonlinear 
Euler–Bernoulli beam, so the transverse shear deformation and the vari-
ation of cross-sectional dimensions are neglected, and the deformation 
satisfies the Kirchhoff assumption [70], then the governing equation 
can be written as (detailed derivation is given in Appendix  B): 
𝐸𝐼

(

(1 +𝑤′2)𝑤′′′′ + 4𝑤′𝑤′′𝑤′′′ +𝑤′′3) + 𝜌𝑔𝑏ℎ = 𝑓 (1)

where 𝐸 is the Young’s modulus of the deformable electrode, 𝐼 is 
the second moment of area of the deformable electrode (the material 
parameters of the deformable electrode equal approximately to the ma-
terials of the deformable base as shown in Appendix  A), 𝜌 is the density 
of the deformable electrode, and 𝑔 is the gravitational acceleration. 
The second moment of area of deformable electrode can be written as 
𝐼 = 1∕12 bh3. The distributed force 𝑓 , combining electrostatic forces 𝑞1
(the dielectric is liquid dielectric) and 𝑞2 (the dielectric is air), capillary 
adhesion forces 𝑞𝑐𝑎𝑝 [71–74], and the gravity of the dielectric droplet 
𝑓𝑔 , can be written as: 

𝑓 =

⎧

⎪

⎨

⎪

⎩

𝑞1 + 𝑞𝑐𝑎𝑝 − 𝑓𝑔 , 𝑥 < 𝜁
𝑞2, 𝜁 ≤ 𝑥 < 𝓁0
0,𝓁0 ≤ 𝑥 < 𝓁

(2)

where 𝑞𝑐𝑎𝑝 = 𝛾𝑏(cos 𝜃1 + cos 𝜃2)∕(𝑠(𝑥) − 𝑤(𝑥)), 𝑓𝑔 = 𝜌0𝑔𝑏(𝑠(𝑥) − 𝑤(𝑥)), 𝛾
is the surface tension coefficient and 𝜌0 is the density of the dielectric 
liquid. The surface tension of the droplet is so small that the contact 
angle between the droplet and the insulator 𝜃1 and the contact angle 
between the droplet and the deformable electrode 𝜃2 can be set to zero. 
Then capillary force can then be written as 𝑞𝑐𝑎𝑝 = 2𝛾𝑏∕(𝑠(𝑥) −𝑤(𝑥)).

The boundary conditions for the deformable electrode are: 
𝑤(0) = 0, 𝑤′(0) = 0, 𝑤′′(𝓁) = 0, 𝑤′′′(𝓁) = 0 (3)

There is a dynamic boundary condition between the dielectric 
droplet and air: 

𝛺0 = ∫

𝜁

0
(𝑠(𝑥) −𝑤(𝑥)) 𝑏𝑑𝑥 (4)

where 𝛺0 is the droplet volume.

2.2. Numerical solution

Given that the electrostatic force is related to the applied voltage 𝑉 , 
the distributed force can be expressed as 𝑓 = 𝑓 (𝑤, 𝑥, 𝑉 , 𝜁 ), Eq.  (1) can 
then be written as: 
𝐸𝐼[(1 +𝑤′2)𝑤′′′′ + 4𝑤′𝑤′′𝑤′′′ +𝑤′′3] + 𝜌𝑔𝑏ℎ = 𝑓 (𝑤, 𝑥, 𝑉 , 𝜁 ) (5)

We firstly expand the deflection function by a series: 

𝑤(𝑥) =
𝑛
∑

𝑖=1
𝑐𝑖𝜑𝑖(𝑥) (6)

where 𝜑𝑖(𝑥) is a set of basic functions that satisfy the boundary condi-
tions (Eq.  (3)) and 𝑐1 are the ratios. We then used the Galerkin method 
to solve the Eq.  (5):

∫

𝓁

0
𝜑1(𝑥)(𝐸𝐼[(1 +𝑤′2)𝑤′′′′ + 4𝑤′𝑤′′𝑤′′′ +𝑤′′3] + 𝜌𝑔𝑏ℎ)𝑑𝑥 =

∫

𝓁

0
𝜑1(𝑥)𝑓 (𝑤, 𝑥, 𝑉 , 𝜁 )𝑑𝑥

∫

𝓁

0
𝜑2(𝑥)(𝐸𝐼[(1 +𝑤′2)𝑤′′′′ + 4𝑤′𝑤′′𝑤′′′ +𝑤′′3] + 𝜌𝑔𝑏ℎ)𝑑𝑥 =

∫

𝓁

0
𝜑2(𝑥)𝑓 (𝑤, 𝑥, 𝑉 , 𝜁 )𝑑𝑥

⋮
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∫

𝓁

0
𝜑𝑛(𝑥)(𝐸𝐼[(1 +𝑤′2)𝑤′′′′ + 4𝑤′𝑤′′𝑤′′′ +𝑤′′3] + 𝜌𝑔𝑏ℎ)𝑑𝑥 =

∫

𝓁

0
𝜑𝑛(𝑥)𝑓 (𝑤, 𝑥, 𝑉 , 𝜁 )𝑑𝑥 (7)

where: 

𝑤′(𝑥) =
𝑛
∑

𝑖=1
𝑐𝑖𝜑

′
𝑖(𝑥)

𝑤′′(𝓁) =
𝑛
∑

𝑖=1
𝑐𝑖𝜑

′′
𝑖 (𝓁)

𝑤′′′(𝓁) =
𝑛
∑

𝑖=1
𝑐𝑖𝜑

′′′
𝑖 (𝓁)

𝑤′′′′(𝓁) =
𝑛
∑

𝑖=1
𝑐𝑖𝜑

′′′′
𝑖 (𝓁)

(8)

There are 𝑛 + 2 unknown numbers in Eq.  (7), 𝑐1, 𝑐2...𝑐𝑛, 𝜁 and 𝑉 . The 
endpoint deflection of the deformable electrode is: 

𝑤(𝓁) =
𝑛
∑

𝑖=1
𝑐𝑖𝜑𝑖(𝓁) (9)

By combining the Eqs.  (4), (7) and (9) and solving them iteratively 
using the Newton method, we can obtain the relationship between 
the applied voltage 𝑉  and the endpoint deflection of the deformable 
electrode 𝑤(𝓁) at equilibrium.

3. Results and discussions

In this section, we analyze the effect of dielectric barrier dis-
charge on macro-scale parallel-plate electrostatic forces and build a 
phenomenological parallel-plate electrostatic force model considering 
dielectric barrier discharge. Then we use both theoretical and experi-
mental methods to analyze the pull-in instability of the actuator and 
explain the amplification mechanism of dielectric droplet in detail. 
Finally, we analyze the influence of different physical parameters of 
DAEA on the pull-in voltage.

3.1. Parallel-plate electrostatic force model considering dielectric barrier 
discharge

It is relatively difficult to compute the dynamic electrostatic force 
because of the continuous geometrical variation along the 𝑥-axis within 
the DAEA as shown in Fig.  1. To simplify the calculation of electro-
static force, we use piece-wise parallel-plate elements and the classi-
cal parallel-plate electrostatic force between piece-wise parallel-plate 
elements can be described as: 

𝑞 =
𝜀0𝜀𝑟2𝐴𝑉 2

2(𝑑1
𝜀𝑟2
𝜀𝑟1

+ 𝑑2)2
(10)

where 𝜀0 is the vacuum permittivity, 𝑑1 is the thickness of the insulator, 
𝜀𝑟1 is the permittivity of the insulator, 𝑑2 is the thickness of the 
dielectric (air or liquid), 𝜀𝑟2 is the permittivity of dielectric, and 𝐴 is 
the area of electrode. Please be noted that the dielectrics are assumed 
to be linear, uniform, and homogeneous materials.

Classical parallel-plate electrostatic force model usually does not 
take dielectric discharge into account. Centimetre scale electrostatic 
actuators, however, usually require kilovolts to drive them, and this 
may bring potential dielectric discharges. As for the actuator structure 
shown in Fig.  1, dielectric barrier discharge (DBD) [58] will occur 
due to the existence of the insulator. Currently, there is a lack of 
parallel-plate electrostatic force model considering dielectric discharge 
for macro-scale electrostatic actuators. Since the dielectric discharge 
mechanism is complex and it is challenging to directly integrate di-
electric discharge theories into Eq.  (10), we establish a phenomeno-
logical parallel-plate electrostatic force model that considers dielectric 
discharge by using experimental data and the Eq.  (10).
3 
3.1.1. Experimental setup and results
In order to analyze the influence of dielectric discharge on elec-

trostatic force, we established a customized parallel-plate electrostatic 
force measurement setup (as shown in Fig.  2(a)) to measure elec-
trostatic forces when the dielectric is air or liquid. We used a high 
voltage power supply (AMPS-20B20, Matsusada Precision, Japan) to 
provide high voltages to the electrodes that induce electrostatic forces 
measured by a load cell (Series no. 55900, Richmond Industries, UK). A 
data acquisition (DAQ) device (USB-6001, National Instruments, USA) 
was used to record the force data and control the voltage output of 
the high voltage power supply. A laser displacement sensor (LK-500, 
Keyence, Japan and LK-H150, Keyence, Japan) was used to test the 
thickness of dielectric. A direct current power supply (DP832A, RIGOL 
Technologies, China) was used to power the load cell.

The parallel-plate electrostatic force test structure consists two plate 
electrodes. One is the insulated plate electrode which consists of a base, 
an electrode and an insulator. The other is no insulated plate electrode 
which only consists of an electrode and a base. The size of the plate 
electrode is 100mm × 100mm. The insulated plate electrode was made 
of a 3D printed base, made of polylactic acid (PLA), bonded with a 
stretchable electrode (ARcare 90366, Adhesives Research, USA) that 
was covered with a polyvinyl chloride (PVC) tape (No.223S, Nitto, 
Japan) with permittivity of 5.21 and thickness of 0.19mm. The test 
structure was placed in the tank where air and a silicone oil (PMX 200, 
Xiameter, USA) were used. The permittivity of silicone oil was 2.7 and 
the permittivity of air was 1.

The voltage applied to the test structure was linearly increasing. 
We compared different voltage increase rates (as shown in Fig.  2(b)), 
including 10V∕s, 100V∕s and 1000V∕s, and found that the electro-
static force increase followed almost the same trend, so we adopted 
100V∕s for the parallel-plate electrostatic force measurement. Because 
the dielectric discharge was related to the thickness of dielectric (𝑑2), 
we tested electrostatic force at different thicknesses. The thickness was 
measured by the laser displacement sensor. The measurement setup is 
shown in Appendix  C. We conducted the tests when the temperature 
was 22.3 ± 0.4 ◦C and relative humidity was 68 ± 2%.

We compared the theoretical results calculated by Eq.  (10) and 
experimental results of electrostatic force when the dielectric was 
air/liquid (silicone oil), as shown in Fig.  2(c). It can be easily found 
that when the dielectric was liquid the theoretical results were very 
close to experimental results, so the classical parallel-plate electrostatic 
force model was still applicable. However, when the dielectric was air, 
the theoretical results and experimental results gradually changed from 
close to not close with the increase of applied voltage, so the classical 
parallel-plate electrostatic force model was not applicable.

3.1.2. Macro-scale phenomenological parallel-plate electrostatic force
model

Due to the classical parallel plate electrostatic force model is appli-
cable when the dielectric is liquid, we only considered the influence of 
air discharge in the electrostatic force. It is shown in Fig.  2(c), when 
the dielectric is air and the applied voltage is small, the experimental 
results are very close to the theoretical results. When the applied 
voltage is large enough, the rate of increase in the experimental results 
gradually decreases compared to the theoretical results. The reason is 
that the surface charge accumulated in the insulator surface from air 
discharge generated a reverse electric field opposite to the direction of 
the applied electric field [58–67]. We established an empirical model 
by considering the surface charge accumulated in the insulator surface.

Here we assume that: (1) the dielectrics are assumed to be linear, 
uniform, and homogeneous materials; (2) the density of surface charges 
accumulated in the dielectric surface is assumed to be homogeneous; 
and (3) the influence of the edge effect of electric fields and free 
electrons in air are neglected.
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Fig. 2. Parallel-plate electrostatic force measurement considering dielectric barrier discharge. (a) Schematic diagram of the parallel-plate electrostatic force measurement setup. 
(b) Relationship between parallel-plate electrostatic force and voltage increasing rate. (c) Comparison of classical parallel-plate electrostatic force model and experimental results 
when the dielectrics are air and silicone oil.
The parallel-plate test structure (as shown in Fig.  2) can be modeled 
as two capacitors connected in series. Consequently, the total applied 
voltage is: 
𝑉 = 𝐸1𝑑1 + 𝐸2𝑑2 (11)

where 𝐸1 and 𝐸2 are the electric field in insulator and dielectric. 
According to the normal component of the electric displacement field: 
𝜀0𝜀𝑟1𝐸1 − 𝜀0𝜀𝑟2𝐸2 = 𝜎𝑠 (12)

where 𝜎𝑠 is the surface free charge density on the insulator surface. 
Solve Eqs.  (11) and (12), the electric field in dielectric layer can be 
written as: 

𝐸2 =
𝑉 − 𝜎𝑠

𝑑1
𝜀0𝜀𝑟1

𝑑2 + 𝜀𝑟2
𝑑1
𝜀𝑟1

(13)

According to the Maxwell stress tensor, the parallel plate electrostatic 
force can be calculated as: 

𝐹 = 1
2
𝜀0𝜀𝑟2𝐴𝐸

2
2 = 1

2
𝜀0𝜀𝑟2𝐴

⎛

⎜

⎜

⎝

𝑉 − 𝜎𝑠
𝑑1

𝜀0𝜀𝑟1

𝑑2 + 𝜀𝑟2
𝑑1
𝜀𝑟1

⎞

⎟

⎟

⎠

2

(14)

There is no analytical model to calculate the relationship between 
the insulator surface free charge and the applied voltage. Some studies 
have shown that the free-charge density initially follows a power-
law increase with the applied voltage [75], but at sufficiently high 
voltages the insulator surface free-charge density transitions to a linear 
dependence [68]. This is consistent with our electrostatic force mea-
surements: once the applied voltage exceeds the critical breakdown 
voltage of the dielectric, a barrier discharge occurs and the accumulated 
4 
surface free charges produce a reverse electric field, which slows the 
growth of the electrostatic force. At very high voltages, this force 
ultimately levels off and remains essentially constant. In order to 
describe the relationship between the charge density and the applied 
voltage, we established a new fitted model (here we called it as the 
variable–exponent power (VEP) model): 

𝜎𝑠(𝑉 ) =

⎧

⎪

⎨

⎪

⎩

0, 𝑉 < 𝑉𝑏𝑘

𝐾(𝑉 − 𝑉𝑏𝑘)
( 𝑉 −𝑉𝑏𝑘
𝑉 −𝑉𝑏𝑘+𝛼

)

, 𝑉 ≥ 𝑉𝑏𝑘
(15)

where 𝐸𝑏𝑘 is the critical breakdown voltage of dielectric, 𝐾 and 𝛼
are the parameters to be fitted, 𝐾 is the gain of charge density linear 
growth and 𝛼 is used to control the transition of charge density growth 
from nonlinear to linear. The critical breakdown voltage of dielectric 
can be written as: 

𝑉𝑏𝑘 = 𝐸𝑏𝑘

(

𝑑2 + 𝑑1
𝜀𝑟2
𝜀𝑟1

)

(16)

where 𝐸𝑏𝑘 is the breakdown electric field of dielectric.
There are various forms of models that satisfy the variation law of 

insulator surface free change density, so we comprehensively consider 
the complexity of the model and the fitting effect, and select the VEP 
model shown in Eq.  (15). Comparison of fitting effects of different 
forms of models is shown in Appendix  D. Fig.  3 shows the comparison 
between the theoretical and experimental results. Table  D.1 shows the 
goodness-of-fit of the empirical model. The coefficient of determination 
(𝑅2) and the coefficient of variation of RMSE (RMSE-CV) show that 
the empirical model has good predictive ability. Root mean squared 
error (RMSE) and mean absolute error (MAE) are on the order of 10−2, 
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Fig. 3. Comparison of theoretical and experimental results of parallel-plate electrostatic 
force considering dielectric barrier discharge.

indicating that the error level of the empirical model is very low. Table 
D.2 shows the fitted parameters of the empirical model.

3.2. DAEA quasi-static response and pull-in voltage

3.2.1. Experimental setup
As shown in Fig.  4(a), we established a customized setup to measure 

the response and pull-in voltage of the DAEA actuator. We used a 
high voltage power supply (AMPS-20B20, Matsusada Precision, Japan) 
to provide high voltages to the actuator. A high speed camera, con-
sisting of an industrial camera (VC-12MX-M180E0-DIN(FM), Vieworks, 
Korea), a camera mount (DH-ADFM-19, IMAVISION, China), a camera 
connector (DH-UNIFOC34A, IMAVISION, China), and a camera lens 
(DH-LS8056A, IMAVISION, China), was used to capture the actuator 
motions. An image acquisition card (RAP4G4C6, Matrox, Canada) was 
used to record the image data from the high speed camera. A data 
acquisition (DAQ) device (USB-6001, National Instruments, USA) was 
used to record the voltage feedback data and control the voltage output 
of the high voltage power supply and high speed camera. A direct 
current power supply (DP832A, RIGOL Technologies, China) was used 
to power the high speed camera. A LED light (DH-P-RL-100-90-W, 
IMAVISION, China) and its controller were used to light up the image 
shooting.

Here we adopted 500 V/s for the quasi-static response and pull-in 
voltage tests, and the tests were conducted when the temperature was 
22.3 ± 0.4 ◦C and relative humidity was 68 ± 2%. We used digital 
image processing techniques to obtain the relationship between end-
point deflection and time. Also, we obtained the relationship between 
voltage and time. Then, through the interpolation method, we achieved 
the relationship between endpoint deflection and voltage. We then 
obtained the pull-in voltage when there was a rapid step change (see 
Fig.  4(c)) in the endpoint deflection. As the applied voltage increases, 
the endpoint deflection increases until the deformable electrode fully 
was adhered to the rigid electrode (see Fig.  4(b) and (c)). It is shown 
in Fig.  4(c) that when the voltage increases in a critical value, the 
endpoint deflection will increase sharply. This phenomena is called 
pull-in instability and the critical voltage is called pull-in voltage.
5 
3.2.2. Experimental results and their comparisons with theoretical results
In order to determine the distributed forces 𝑓 (𝑤, 𝑥, 𝑉 , 𝜁 ), we need 

to determine the electrostatic force 𝑞1 and 𝑞2 as shown in Eq.  (2). From 
Section 3.1, the electrostatic force (when the dielectric is droplet 𝑞1) 
can be written as: 

𝑞1(𝑤, 𝑥, 𝑉 ) =
𝜀0𝜀𝑟2𝑏𝑉 2

2
(

𝑑1
𝜀𝑟2
𝜀𝑟1

+ 𝑠(𝑥) −𝑤(𝑥)
)2

(17)

The electrostatic force (when the dielectric is air 𝑞2) can be written as: 

𝑞2(𝑤, 𝑥, 𝑉 ) = 1
2
𝜀0𝜀𝑟2𝐴

⎛

⎜

⎜

⎝

𝑉 − 𝜎𝑠
𝑑1

𝜀0𝜀𝑟1

𝑠(𝑥) −𝑤(𝑥) + 𝜀𝑟2
𝑑1
𝜀𝑟1

⎞

⎟

⎟

⎠

2

(18)

We then use the Newton method to solve Eqs. (4), (7) and (9). To 
simplify the analysis, we make 𝑤∗

𝓁 = 𝑤(𝓁)∕𝑠(𝓁0) and 𝑉 ∗ = 𝑉 ∕𝑉𝑚𝑎𝑥
as the dimensionless endpoint deflection and dimensionless voltage 
respectively. Here we take 𝑉𝑚𝑎𝑥 = 10 kV. The relationship between the 
dimensionless endpoint deflection of the deformable electrode and di-
mensionless voltage is shown in Fig.  5(a). The voltage required to keep 
the deformable electrode in the equilibrium state increases first and 
then decreases as the endpoint deflection increases, and the maximum 
value is the pull-in voltage. The deformable electrode will adsorb onto 
the rigid electrode when the applied voltage is larger than the pull-in 
voltage. The material and physical parameters used to calculation are 
detailed in Table  1.

In order to validate that the maximum value is the critical point 
between stability and instability, we used three different applied volt-
ages, 𝑉 = 1500V, 𝑉 = 2000V and 𝑉 = 2500V, and found the 
relationship between the dimensionless endpoint deflection and the 
dimensionless total potential energy, as shown in Fig.  5(b), (c) and (d), 
where 𝑉 = 1500V and 𝑉 = 2000V were less than the pull-in voltage 
𝑉𝑝𝑢𝑙𝑙−𝑖𝑛, and 𝑉 = 2500V was greater than the pull-in voltage 𝑉𝑝𝑢𝑙𝑙−𝑖𝑛. The 
derivation of total potential energy 𝛱 is shown in Appendix  B and the 
dimensionless total potential energy is 𝛱∕𝐸h3. There exists a minimal 
value of the total potential energy when the applied voltage was less 
than the pull-in voltage as shown in Fig.  5(b) and (c). The horizontal 
coordinate of the minimal value is the equilibrium endpoint deflection 
of the deformable electrode at the applied voltage. When the applied 
voltage was greater than the pull-in voltage, there is no a minimal value 
of the total potential energy as shown in Fig.  5(d). The deformable 
electrodes remain deformed until they are fully absorbed with the rigid 
electrodes at this voltage.

Fig.  5(e) shows the experimental and theoretical results of the quasi-
static response of DAEA and the electrostatic actuator without dielectric 
droplet. The dielectric droplet can be used reduce the DAEA pull-in 
voltage. There were four cases adopted to calculate the pull-in voltage, 
including: (1) the consideration of the influence of dielectric barrier 
discharge for actuators without dielectric droplet, (2) the neglection of 
the dielectric barrier discharge for actuators without dielectric droplet, 
(3) the neglection of the capillary force for DAEAs, (4) the consideration 
of the influence of the capillary force for DAEAs. It is obvious to see that 
the theoretical results for the first and fourth cases are more in line with 
the experimental results.

The comparison of the experimental and theoretical results in dif-
ferent cases reveals that the amplification mechanism of the dielectric 
droplet comprises three aspects. Firstly, dielectric droplets can be used 
to eliminate electrostatic force attenuation due to dielectric barrier dis-
charges. Secondly, dielectric liquid droplets have greater permittivity 
than air. Thirdly, the capillary force of the dielectric droplet contributes 
to the overall forces. It is shown in Fig.  5(e) that the first and the third 
have a greater effect than the second on the decrease of the pull-in 
voltage.
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Fig. 4. DAEA quasi-static response an pull-in voltage measurement. (a) Schematic diagram of the DAEA quasi-static response and pull-in instability experimental characterization 
platform. (b) Quasi-static response of deformable electrode at 0V, 2000V and 3000V (c) Relationship between voltage and endpoint deflection.
Fig. 5. DAEA quasi-static response and pull-in voltage theoretical and experimental results. (a) Relationship between dimensionless voltage and dimensionless endpoint deflection. 
(b) Total potential energy when the applied voltage was 1500V. (c) Total potential energy when the applied voltage was 2000V. (d) Total potential energy when the applied 
voltage was 2500V. (e) Theoretical and experimental results of the actuator with or without the dielectric droplet.
Table 1
Physical parameters of the pull-in voltage calculation.
 Parameter Unit Value  
 𝐺 GPa 3.4  
 𝑏 mm 20  
 ℎ mm 0.1  
 𝓁 mm 45  
 𝓁0 mm 40  
 𝑑1 mm 0.19  
 𝜌 kg∕m3 1900  
 𝜌0 kg∕m3 764  
 𝛾 mN∕m 21  
 𝜀0 F∕m 8.85 × 10−12 
 𝜀𝑟1 1 5.21  
 𝜀𝑟2 1 2.7  
 𝛺0 μL 40  
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3.3. DAEA pull-in voltage influencing parameters

The pull-in instability is caused by the fact that the resistance to 
deformation of deformable electrode cannot balance the electrostatic 
force. The physical parameters, which influence the deformation of 
deformable electrode and electrostatic force, will influence the actuator 
pull-in voltage. Fig.  6 shows that the theoretical and experimental 
results of the influence of the volume of dielectric droplet and the 
thickness of deformable electrode to the pull-in voltage. The thickness 
of deformable electrode is changed by altering the thickness of the base.

As shown in Fig.  6(a), the pull-in voltage decreases as the volume 
of droplet increases. The decrease rate decreases as the volume of 
droplet increases. When the droplet volume is small, the capillary 
force and dielectric barrier discharge elimination dominate the force 
amplification, while when the volume is relatively large, the force 
amplification mainly comes from the permittivity. From Fig.  6(b), we 
can find that the variations of the pull-in voltage have a significant 
difference between the actuator with dielectric droplet and without 
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Fig. 6. Comparison of theoretical and experimental results of pull-in voltage. (a) Experimental validation of theoretical results with variable volume of droplet. (b) Experimental 
validation of theoretical results with variable thickness of deformable electrode.
Fig. 7. Theoretical results of pull-in voltage with variable physical parameters at different volumes of droplet. (a) Theoretical results of pull-in voltage with variable physical 
parameters of insulator 𝑑1∕𝜀𝑟1. (b) Theoretical results of pull-in voltage with variable permittivity of droplet 𝜀𝑟2.
dielectric droplet. The pull in-voltage increase with increasing the 
thickness of deformable electrode. But the increase rate of the actuator 
without dielectric droplet is larger than the actuator with droplet. 
As the thickness of the deformable electrode increases, it requires an 
higher applied voltage to produce the same deformation. This voltage 
elevation subsequently induces an expansion in the dielectric barrier 
discharge area. The enlarged discharge area in turn necessitates higher 
applied voltage to maintain a specific electrostatic force requirement. 
This is a positive feedback process. So the pull-in voltage increase 
rapidly for the actuator without dielectric droplet. But the droplet 
eliminates the positive feedback. The essential reason why thickness 
affects the pull-in voltage is the bending rigidity. The Young’s modulus 
𝐸 and thickness ℎ thus have similar effects on pull-in voltage.

As shown in Fig.  6, the pull-in voltage theoretical results agreed 
well with the experimental results. So we can use the model to analyze 
the influence of other physical parameters to the pull-in voltage. As 
shown in Fig.  7, we separately analyzed the influence of the physical 
parameters of insulator 𝑑1∕𝜀𝑟1 and permittivity of droplet 𝜀𝑟2 to the 
pull-in voltage.

The pull-in voltage increase with increasing 𝑑1∕𝜀𝑟1 and the increase 
speed decrease as shown in Fig.  7(a). The insulator and dielectric of 
DAEAs can be regarded as two capacitors connected in series, with 
equal stored charges under voltage applied. The capacitance of the in-
sulator decreases with increasing 𝑑1∕𝜀𝑟1, and the total capacitance also 
decreases with increasing 𝑑1∕𝜀𝑟1. While in other conditions unchanged, 
the amount of charge stored in the dielectric capacitor decreases, 
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resulting in a decrease in electrostatic force and an increase in pull-in 
voltage. The pull-in voltage firstly decreases and then increases with 
increasing the permittivity of the droplet as shown in Fig.  7(b). The 
electrostatic force reaches the maximum value when the permittivity 
takes 𝜀𝑟2 = 𝜀𝑟1(𝑠(𝑥)−𝑤(𝑥))∕𝑑1. While in other conditions unchanged, the 
increase of permittivity 𝜀𝑑2 will cause the decrease of electric field in 
dielectric. According to Maxwell stress tensor [76], as the permittivity 
𝜀𝑑2 increases, the electrostatic force will increase, and as the electric 
field 𝐸 decreases, the electrostatic force will decrease. The coupling 
between the two mechanisms resulted in the changing trend of the 
pull-in voltage as shown in Fig.  7(b). And the increase rate of the pull-
in voltage decreases as the increase of the volume of the droplet. The 
reason is that the capillary adhesion force increases with the increase 
of droplet volume, resulting in a decrease in pull-in voltage increase 
rate.

4. Conclusion

In this work, we have completed the first pull-in instability study of 
DAEAs. We integrated the first phenomenological parallel-plate elec-
trostatic force model considering dielectric barrier discharge into the 
DAEA quasi-static model. We used the Galerkin method and the Newton 
method to numerically solve the pull-in voltage. We also developed a 
customized DAEAs pull-in instability test rig to experimentally verify 
the theoretical results. The theoretical results agreed quite well with 
the experimental results. Key finding of this work includes:
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(1) When the dielectric is air, dielectric barrier discharge will de-
crease the increase rate of parallel-plate electrostatic forces, so the 
classical electrostatic force model is no longer applicable. The parallel-
plate electrostatic force model considering surface charge accumulated 
on the dielectric surface is applicable. The VEP model, used to fit the 
insulator surface free charge density, has similar goodness-of-fit with 
the fewest parameters compared to the PLS and PW models. When 
the dielectric is liquid, the liquid discharge has little effect on the 
electrostatic force and the classical parallel-plate electrostatic force 
model is applicable.

(2) Both theoretical and experimental results showed that the liquid 
amplification comes mainly from higher permittivity than air, dielectric 
barrier discharge elimination, and capillary force, due to the use of 
liquid dielectrics instead of air, and the later two contribute more on 
force amplification than the higher permittivity.

(3) The pull-in voltage is influenced by 𝑉 (𝐸, ℎ,𝛺0, 𝑑1, 𝜀𝑟1, 𝜀𝑟2). 
Increasing the electrode bending stiffness (𝐸𝐼) can increase the pull-in 
voltage. The width of deformable electrodes (𝑏) has little effect, but the 
Young’s modulus (𝐸) and thickness of deformable electrodes (ℎ) have a 
significant impact on the pull-in voltage. Increasing the droplet volume 
can decrease the pull-in voltage. Increasing 𝑑1∕𝜀𝑟1 can decrease the 
pull-in voltage. In addition, increasing the oil permittivity can firstly 
decrease and then increase the pull-in voltage.

Future work may include but is not limited to: (1) the investigation 
into many key performance parameters of DAEAs, such as output 
force, response time, and energy efficiency, (2) the investigation into 
the influence of the coupling of electric and fluid field, and (3) the 
investigation into the dynamic response and dynamic pull-in instability 
of DAEA.
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Appendix A. DAEA manufacturing

The DAEA as shown in Fig.  1(a) consists of a rigid insulated curved 
electrode, a deformable electrode, and a dielectric droplet. The insu-
lated curve-shaped electrode was made of a 3D printed rigid base, 
made of polylactic acid (PLA) with its shape function of 𝑠(𝑥) = 𝑥2∕2𝓁0
(where 𝓁0 = 40mm), bonded with a stretchable electrode (ARcare 
90366, Adhesives Research, USA) that was covered with a polyvinyl 
chloride (PVC) tape (No.223S, Nitto, Japan) with permittivity of 5.21 
and thickness of 0.19mm. The deformable electrode was made by laser 
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Fig. A.1. Cross-section of the deformable electrode. (a) Perpendicular to the 𝑦-axis 
cross-section. (b) Perpendicular to the 𝑥-axis cross-section.

cutting of a polyester (PET) film (ShengHong Petrochemical, China) 
bonded with the Arcare 90366 electrode. The stretchable electrode 
faced the insulating layer was de-adhesioned using talc powders (Tian-
jin Zhonglian Chemical Reagent Co. Ltd, China). The dielectric droplet 
was placed by a pipette filled with a silicone oil (PMX 200, Xiameter, 
USA) with permittivity of 2.7, density of 764 kg∕m3, and viscosity of 
10 cSt.

It should be noted that although the deformable electrode was a 
bilayer structure, the equivalent flexural rigidity can be approximated 
as the flexural rigidity of the polyester film. The bilayer structure is 
shown in Fig.  A.1. The thicknesses of the electrode and PET were 
ℎ1 and ℎ2, respectively. The widths of the electrode and PET were 
𝑏. The Young’s modulus of the electrode and PET were 𝐸1 and 𝐸2, 
respectively. The equivalent bending rigidity can be written as: 
𝐷𝑒𝑞 = 𝐸1𝐼1,𝑒𝑞 + 𝐸2𝐼2,𝑒𝑞 (A.1)

where 𝐷𝑒𝑞 is the equivalent bending rigidity, 𝐼1,𝑒𝑞 is the equivalent 
second moment of area of the electrode, and 𝐼2,𝑒𝑞 is the equivalent 
second moment of area of the PET.

The neutral axis of the bilayer structure is: 

𝑧𝑛𝑒𝑢 =
𝐸1𝑏1ℎ1(ℎ1 +

ℎ2
2 )

𝐸1𝑏1ℎ1 + 𝐸2𝑏2ℎ2
(A.2)

Rewrite the Eq.  (A.2) as: 

𝑧𝑛𝑒𝑢 =
(ℎ1 +

ℎ2
2 )

1 + 𝐸2ℎ2
𝐸1ℎ1

+
ℎ2
2

1 + 𝐸1ℎ1
𝐸2ℎ2

(A.3)

The Young’s modulus of PET is in the GPa range and the Young’s 
modulus of electrode is in the kPa range, so 𝐸1 ≪ 𝐸2. Also, the thickness 
of the electrode and PET are in the same range. The neutral axis can 
thus be written as: 

𝑧𝑛𝑒𝑢 ≈
𝑑2
2

(A.4)

The equivalent second moment of area of the electrode and PET are:

𝐼1,𝑒𝑞 =
1
12

𝑏ℎ31 + 𝑏ℎ1

(

𝑧𝑛𝑒𝑢 −
(

ℎ2 +
ℎ1
2

))2

𝐼2,𝑒𝑞 =
1
12

𝑏ℎ32 + 𝑏ℎ2

(

𝑧𝑛𝑒𝑢 −
ℎ2
2

)2
(A.5)

Due to 𝐸1 ≪ 𝐸2, the equivalent second moment of area can be 
written as: 
𝐷𝑒𝑞 ≈

1
12

𝐸2bh
3
2 (A.6)

In summary, the bending rigidity of the deformable electrode 𝐸𝐼
refers to the bending rigidity of PET film.

Appendix B. Derivation of the governing equation

The total potential energy of the deformable electrode can be de-
scribed as: 
𝛱 = 𝛱𝑠 + 𝐺 −𝑊 (B.1)

where 𝛱 is the total potential energy of the deformable electrode, 𝛱𝑠
is the strain energy of the deformable electrode, 𝐺 is the gravitational 
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potential of the deformable electrode, and 𝑊  is the work of the 
distributed force.

The strain energy of the deformable electrode can be written as: 

𝛱𝑠 = ∫𝛺
1
2
𝜎𝑖𝑗𝜖𝑖𝑗𝑑𝛺 (B.2)

where 𝜎𝑖𝑗 is the stress of the deformable electrode, 𝜖𝑖𝑗 is the strain of the 
deformable electrode and 𝛺 is the volume of the deformable electrode. 
We assume that the linear elastic non-stretchable electrode is a geo-
metrically nonlinear Euler–Bernoulli beam [70]; then the displacement-
strain relationship of the deformable electrode can be written as: 

𝜖𝑥𝑥 = −𝑧(𝑤′′ + 1
2
𝑤′2𝑤′′) (B.3)

where 𝑧 is the lateral coordinates of the deformable electrode, 𝑤 is the 
deflection of the deformable electrode, 𝑤′ is the first derivative of the 
deflection of the deformable electrode, and 𝑤′′ is the second derivative 
of the deflection of the deformable electrode. Submit Eqs. (B.3) into 
(B.2), the strain energy can be written as: 

𝛱𝑠 = ∫𝛺
1
2
𝐸[−𝑧(𝑤′′+ 1

2
𝑤′2𝑤′′)]2𝑑𝛺 = ∫

𝓁

0

1
2
𝐸𝐼(𝑤′′+ 1

2
𝑤′2𝑤′′)2𝑑𝑥 (B.4)

The gravitational potential of the deformable electrode is: 

𝐺 = ∫𝛺
𝜌𝑔𝑤𝑑𝛺 = ∫

𝓁

0
𝜌𝑔𝑏ℎ𝑤𝑑𝑥 (B.5)

The work of the distributed force can be written as: 

𝑊 = ∫

𝓁

0 ∫

𝑤(𝑥)

0
𝑓 (𝑤0)𝑑𝑤0𝑑𝑥 (B.6)

Submit Eqs.  (B.4)–(B.6) into Eq.  (B.1), we have: 

𝛱 = ∫

𝓁

0

(

1
2
𝐸𝐼(𝑤′′ + 1

2
𝑤′2𝑤′′)2 + 𝜌𝑔𝑏ℎ𝑤 − ∫

𝑤(𝑥)

0
𝑓 (𝑤0)𝑏𝑑𝑤0

)

𝑑𝑥

(B.7)

Based on the principle of minimum potential energy, we have: 

𝛿𝛱 = 𝛿𝛱𝑠 + 𝛿𝐺 − 𝛿𝑊 = 0 (B.8)

The variation of the strain energy is:

𝛿𝛱𝑠 =
𝜕𝛱𝑠
𝜕𝑤′ 𝛿𝑤

′ +
𝜕𝛱𝑠
𝜕𝑤′′ 𝛿𝑤

′′

= ∫

𝓁

0
𝐸𝐼

(

𝑤′′ + 1
2
𝑤′2𝑤′′

)(

𝑤′𝑤′′𝛿𝑤′ +
(

1 + 1
2
𝑤′2

)

𝛿𝑤′′
)

𝑑𝑥

= ∫

𝓁

0

1
4
𝐸𝐼((4 + 6𝑤′2)𝑤′′3 + 8𝑤′(2 +𝑤′2)𝑤′′𝑤′′′ + (2 +𝑤′2)2𝑤′′′′)

𝛿𝑤𝑑𝑥 (B.9)

The variation of the gravitational potential is: 

𝛿𝐺 = 𝜕𝐺
𝜕𝑤

𝛿𝑤 = ∫

𝓁

0
𝜌𝑔𝑏ℎ𝛿𝑤𝑑𝑥 (B.10)

The variation of the external potential energy is: 

𝛿𝑊 = 𝜕𝑊
𝜕𝑤

𝛿𝑤 = ∫

𝓁

0
𝑓𝛿𝑤𝑑𝑥 (B.11)

Substituting Eqs. (B.9)–(B.11) into Eq.  (B.8), we get: 
1
4
𝐸𝐼((4+6𝑤′2)𝑤′′3+8𝑤′(2+𝑤′2)𝑤′′𝑤′′′+(2+𝑤′2)2𝑤′′′′)+𝜌𝑔𝑏ℎ = 𝑓 (B.12)

Neglecting the high-order infinitesimal terms in Eq.  (B.12), we 
finally get the governing equation: 

𝐸𝐼((1 +𝑤′2)𝑤′′′′ + 4𝑤′𝑤′′𝑤′′′ +𝑤′′3) + 𝜌𝑔𝑏ℎ − 𝑓 = 0 (B.13)
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Fig. C.1. Measurement setup of the dielectric thickness.

Table D.1
Goodness-of-fit of different models.
 Model Params 𝑅2 RMSE MAE CV-RMSE 
 VEP model 2 0.9950 1.485 × 10−2 1.093 × 10−2 4.67%  
 PLS model 3 0.9949 1.554 × 10−2 1.105 × 10−2 4.72%  
 PW model 3 0.9955 1.470 × 10−2 1.085 × 10−2 4.46%  

Table D.2
Parameters of different models.
 Model K 𝛼 m 𝑉𝑡𝑟  
 VEP model 4.67 × 10−8 193.843  
 PLS model 1.942 × 10−11 8.575 × 10−5 2.256  
 PW model 1.225 × 10−8 1.309 4293.592 

Appendix C. Measurement setup of the dielectric thickness

Fig.  C.1 shows the measurement setup of the thickness of dielectric. 
First, we tested the distance between the lower pad and the sensor 
𝛥1. Then we determined the distance between the upper pad and the 
sensor 𝛥2. The thickness of the upper pad ℎ2 was tested by a micrometer 
(DL321025B, Deli, China). We chose four points at the same location 
in the two plates and 𝛥ℎ is the average value at the four points. The 
thickness of dielectric 𝑑2 can be calculated as 𝑑2 = 𝛥1 − 𝛥2 − 𝛥ℎ.

Appendix D. Comparison of the goodness-of-fit with different
models

There are different forms of the insulator surface free charge density 
model. Here we compare the goodness-of-fit of these models. The first 
model is the VEP model as shown in Eq.  (15). The second model is the 
power-law suppression (PLS) model: 

𝜎𝑠(𝑉 ) =

{

0, 𝑉 < 𝑉𝑏𝑘
𝐾(𝑉 −𝑉𝑏𝑘)𝑚

𝛼+(𝑉 −𝑉𝑏𝑘)𝑚−1
, 𝑉 ≥ 𝑉𝑏𝑘

(D.1)

where 𝐾, 𝑚 and 𝛼 are the parameters to be fitted, 𝐾 is the gain of charge 
density linear growth, 𝑚 is used to control the shape of the in charge 
density nonlinear growth curve, and 𝛼 is used to control the transition 
of charge density growth from nonlinear to linear. The piece-wise (PW) 
model can also be used to fit the charge density: 

𝜎𝑠(𝑉 ) =

⎧

⎪

⎨

⎪

0, 𝑉 < 𝑉𝑏𝑘
𝐾(𝑉 − 𝑉𝑏𝑘)𝑚, 𝑉𝑏𝑘 ≤ 𝑉 < 𝑉𝑡𝑟
𝜀0𝜀𝑟1 (𝑉 − 𝑉 + 𝑑1 𝐾(𝑉 − 𝑉 )𝑚), 𝑉 ≥ 𝑉

(D.2)
⎩ 𝑑1 𝑡𝑟 𝜀0𝜀𝑟1 𝑡𝑟 𝑏𝑘 𝑡𝑟
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Fig. D.1. (a) Comparison of experimental results and predicted results of electrostatic force with different models of the insulator surface free charge density. (b) Mean error of 
experimental results and predicted results of electrostatic force with different models of the insulator surface free charge density.
where 𝑉𝑡𝑟, 𝐾 and 𝑚 are the parameters to be fitted, 𝑉𝑡𝑟 is the critical 
voltage between the charge density nonlinear and linear growth, 𝐾 is 
the gain of charge density nonlinear growth, and 𝑚 is used to control 
the shape of the in charge density nonlinear growth curve.

Fig.  D.1(a) shows the 𝐹 − 𝑉  comparison of the aforesaid three 
different insulator surface free charge density models, and Fig.  D.1(b) 
shows the electrostatic force mean error of the models. Table  D.1 
shows the goodness-of-fit of different models. Table  D.2 shows the fitted 
parameters of different models. Fig.  D.1, Tables  D.1 and D.2 show that 
the fits of the three models are very close, but the VEP model has only 
10 
two parameters to be fitted. Considering the complexity of the model 
and the fitting effect, we choose the VEP model in this research.

Appendix E. Influence of dielectric liquid viscosity and electrode 
width

The influence of dielectric liquid viscosity should be neglected for 
quasi-static analysis. To verify this, we selected three different viscosi-
ties, i.e. 5, 10, and 20 cSt, and found that varying liquid viscosities had 
indeed relatively small effect on quasi-static pull-in voltages (see Fig. 
E.1(a)). We, therefore, used 10 cSt for all the DAEA pull-in instability 
Fig. E.1. (a) Relationship between pull-in voltage and silicone oil viscosity. (b) Relationship between pull-in voltage and electrode width.
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experimental tests. Based on the Eq.  (1), we can find that the electrode 
width 𝑏 can be neglected. To experimentally validate this, we also 
fabricated actuators with electrode widths of 10, 15, 20, 25, 30, 35, 
40, and 50 mm. We found that, as shown in Fig.  E.1(b), the influence 
of electrode width is relatively small, especially when the dielectric is 
oil.

Data availability

Data will be made available on request.
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