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Effect of Elastic Element on Self-excited Electrostatic Actuator

Hiroyuki Nabae, Koichi Ikeda

Department of Mechanical Engineering, School of Engineering, Tokyo Institute of Technology, 2-12-1 Ookayama, Megro-ku, Tokyo 152-8550, Japan

Abstract

Self-excited electrostatic actuators, which are also called Franklin bells or Gordon bells, are one of the simplest oscillators among

various types of actuators. The actuators oscillate with DC voltage and simple structures mainly composed of only two electrodes

and a conductive armature. These features seem suitable for micro mechatronic devices, including micro robots; however, these

actuators only have small number of practical applications. The high voltage for actuation, damage by electrical discharge, and

mechanical loss with collisions between the armature and electrodes keep the actuators away from practical usages. This research

focuses on the mechanical loss with collisions between the armature and electrodes and proposes a method for decreasing this loss

by energy recovery with elastic elements. This study first conducts a model-based analysis of the behavior of the proposed system

that combines the electrostatic self-excitation and the elastic elements. The results are then compared with the experimental results

of a prototype actuator. The simple analysis predicted the increase of the oscillating frequency with the elastic elements, limiting

the condition of the self-excitation caused by the energy loss of the damping factor. The results of the experimental verification

showed the same tendency as the analytical predictions: increase of the oscillating frequency and existence of a critical value

for the oscillation limit. Although comparatively large errors were confirmed between the simulation and the experiment under a

lower applied voltage, experimentally obtained frequencies have errors less than 6.4% compared with the analytical result under

the applied voltage of over 1.3 kV.

Keywords: Self-excitation, Electrostatic actuator, Energy recovery, Elastic element

1. Introduction

Actuation and its related systems are some of the most im-

portant key technologies in industrial, rescue, medical, and

many other fields. Actuators require various characteristics

depending on their diversified applications[1]. These are also

acceptable for miniaturized robots and micro mechatronic de-

vices, which are widely studied and developed these days[2].

High energy density and simple structures are urgently re-

quired for these usages; hence, appropriate actuators are stud-

ied and developed to satisfy the following requirements: shape

memory alloy[3, 4, 5, 6], piezo electric elements[7, 8, 9, 10],

magnetostrictive elements[11, 12, 13, 14], and high polymer

gel[15, 16, 17, 18], among others. Most of these are operated

by controlling the voltage (or current) applied to the actuators,

which has challenges in some cases like wireless operation,

drive in high magnetic field etc.

Actuators using the self-excitation phenomenon represent

one of the potential solutions for miniaturized devices because

the driving equipment can be miniaturized not to employ con-

verters or other elements. Self-excited actuation brings higher

robustness and efficiency to oscillatory motions, especially for

micro robots and mechatronic devices[19]. Self-excited elec-

trostatic actuators, which are also known as Franklin bell or

Gordon bell, are one of the simplest self-excited oscillators.
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The actuators oscillate with the DC voltage and the simple

structures that are mainly composed of only two electrodes and

a conductive armature.

The electrostatic force has high applicability to micro mecha-

tronic devices, as can be seen from the fact that electrostatic

actuators are mainly used in under submillimeter scales such

as micro electro mechanical systems (MEMS)[20]. This is

because the electrostatic force has a higher force density in a

smaller scale with consideration of the scale effect.

These features of self-excited electrostatic actuators seem

suitable for micro mechatronic devices, including miniatur-

ized robots. Akio et al. developed an impact drive mecha-

nism for one-way precise motion using the electrostatic self-

excitation[21]. Inagaki et al. applied these actuators to a few

types of robots and succeeded in drive of a walking robot and in

the flapping motion of a flying robot[22]. Shmulevich et al. de-

veloped a self-excited electrostatic actuator thru a MEMS pro-

cess [23]. Some studies were conducted as mentioned earlier,

but these actuators only have small number of applications even

in the research phase. Some challenges must be solved for more

use of the self-excited electrostatic actuators. The high volt-

age required for actuation, damage by electrical discharge, and

mechanical loss owing to collisions between the armature and

electrodes are the main challenges keeping them from practical

usage of self-excited electrostatic actuators. Regarding high

voltage, application of smaller size is also convenient for ac-

tuators using electrostatic force as well as in the view of the

Preprint submitted to Sensors and Actuators A: Physical May 28, 2018



++ −− ++ −−++

++ −−−− ++ −−++++ −−−−

++ −−++

Oscillator

Electrodes (a)(a) (b)

(c) (d) (e)

Figure 1: General principle of the self-excited electrostatic actuator. (a)

The armature has the same charge as the electrode (positive charge in the

figure) by contacting one of the electrodes. (b) A repulsive force and an

attractive force are generated between the armature and the positive and

negative electrodes, respectively; hence, the armature moves to the nega-

tive electrode. (c) The armature contacts the negative electrode and has

negative charge. (d) A repulsive force and an attractive force are gener-

ated between the armature and the negative and positive electrodes, re-

spectively; hence, the armature moves to the positive electrode. (e) The

armature contacts the positive electrode and has positive charge (return to

(a)).

scale effect because the same electric field can be generated

by lower applied voltage.

This research focuses on the mechanical loss with collisions

between the armature and electrodes and proposes a method

for decreasing this loss by combining a self-excited electro-

static actuator and elastic elements. This study first conducts

a model-based analysis for investigating the effect of the pro-

posed method that combines electrostatic self-excitation and

pure elastic elements. The damping effect is then considered

through a simulation-based analysis. Moreover, the limitation

of the proposed method is shown. After the analysis, the results

are compared with those of an experiment conducted using a

prototype device to evaluate the proposed method.

2. Concept of proposed method

Fig. 1 shows the general principle of the self-excited electro-

static actuator. The actuator mainly consisted of two electrodes

and a conductive armature.

(a) By contacting one of the electrodes, the armature is found

to have the same charge as the electrode (positive charge

in the figure).

(b) A repulsive force and an attractive force are generated be-

tween the armature and the positive and negative elec-

trodes, respectively; hence, the armature moves to the neg-

ative electrode.

(c) The armature contacts the negative electrode and charges

negative.

(d) A repulsive force and an attractive force are generated be-

tween the armature and the negative and positive elec-

trodes, respectively; hence, the armature moves to the pos-

itive electrode.

++ −− ++ −−++

Energy storage Energy release

−−

Figure 2: Concept of the proposed actuator that combines the self-excited elec-

trostatic actuator and the elastic elements.

(e) The armature contacts the positive electrode and charges

positive (return to (a)).

The armature had collisions with the electrodes in (c) and (e) of

Fig. 1. The collision is one of the main causes for the energy

loss of the self-excited electrostatic actuators[24]. We proposed

the addition of elastic elements to the actuator (Fig. 2) to de-

crease the energy loss. The kinematic energy was stored in the

elastic elements as elastic energy when the armature moved to

one of the electrodes. By storing the energy in the elastic ele-

ments, the loss energy by the collision was decreased because

the velocity became small. The stored energy was recovered

to the armature as kinematic energy when the armature moved

away from the electrode. Most studies on self-excited electro-

static actuators support the armature by low resistant material

or mechanisms like strings. This might come from the image

that the electrostatic force is so low in a macro scale. The os-

cillator developed by Shmulevich et al. [23] supported the ar-

mature by elastic hinges. However, they did not mention about

the effect of the elastic hinges. Furthermore, no analysis on the

relationship between the oscillation characteristic and an elastic

coefficient was conducted. The proposed method would not be

only useful for practical usages of self-excited electrostatic ac-

tuators, but also purely interesting as a unique physical system.

3. Model-based analysis of the self-excited electrostatic ac-

tuator with the elastic element

This section analytically discusses the effect of an elastic el-

ement on electrostatic self-excitation. In the first step, a simple

dynamic model of the proposed system was constructed consid-

ering a pure elastic effect. The effect of a damping factor was

then discussed by a simulation.

Effect of the elastic element on the electrostatic self-excitation

Fig. 3 shows an analytical model with elastic elements. The

armature was a conductive plate supported by an elastic ele-

ment. In this model, the thickness of the armature and

hinge are assumed to be small enough to be ignored. The

DC voltage of Vc was applied between two electrodes. When

the armature contacted one of the electrodes, the armature was

charged with the same charge as the contacted electrode and

experienced a repulsive force from the electrode and an attrac-

tive force from the other electrode. The armature then finally

contacted the electrode of the opposite side, and the armature
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Figure 3: —Analytical model for self-excited electrostatic actuator with

pure elasticity. k means the elastic coefficient for the rotating motion of

the armature.

charged the same charge as the electrode. The DC voltage can

generate an oscillating motion by repeating this process.

Various types of modeling approaches have been proposed

for self-excited electrostatic actuators[21, 23, 25, 26]. This

study employed a method based on the capacitance between the

plates of the armature and electrodes, which were used in pre-

vious studies using plate-shaped armatures[21, 23]. Note that

this study modeled a rotational case because of the easy prepa-

ration for an experimental evaluation. However, the system was

essentially the same as a linear type with parallelly arranged

electrodes. It also brought the same conclusion.

First, the capacitances between the electrodes and the arma-

ture of the minute area at a distance l from the center of rotation

were calculated. The capacitances in the minute area dC1 and

dC2 were in positive and negative sides, respectively. These

values were obtained using a minute length dl as below:































dC1(l) =
ε0b

lθ
dl,

dC2(l) =
ε0b

l(θ0 − θ)
dl.

(1)

When the rotating angle of the armature θ changes as 0 → θ0,

θ0 → 0, the armature has the charge dQ0→θ0 , dQθ0→0:































dQ0→θ0 =
ε0bV0

lθ0
dl (θ : 0→ θ0),

dQθ0→0 = −
ε0bV0

lθ0
dl (θ : θ0 → 0).

(2)

The charge dQ0→θ0 and dQθ0→0 were constant during θ: 0→ θ0
or θ0 → 0, respectively; hence, dQ can be expressed as follows

using dC1 and dC2:

dQ = −(V0 − V)dC1(l) + VdC2(l). (3)

By substituting Eq. 1 to Eq. 3, the voltage between the armature

and the ground V can be calculated as:

V =



































θ2
0
− θ2

θ2
0

V0 (θ : 0→ θ0),

(θ0 − θ)2

θ2
0

V0 (θ : θ0 → 0).

(4)

If the equation of the parallel capacitance is substituted

instead of Eq. 1, a parallel type model can be calculated.

From Eqs. 3 and 4, the force dF working on the minute area of

the armature was obtained by the equations below:

dF =



































ε0bV2
0

l2θ2
0

(2θ

θ0
+ 1

)

dl (θ : 0→ θ0),

ε0bV2
0

l2θ2
0

(2θ

θ0
− 3

)

dl (θ : θ0 → 0).

(5)

The rotation moment by dF was calculated from Eq. 5 as:

dM = ldF,

=



































ε0bV2
0

lθ2
0

(2θ

θ0
+ 1

)

dl (θ : 0→ θ0),

ε0bV2
0

lθ2
0

(2θ

θ0
− 3

)

dl (θ : θ0 → 0).

(6)

Integrating dM from l2 to l2 + L, the rotation moment acting on

the armature was obtained as:

M =



































ε0bV2
0

θ2
0

log

(

1 +
L

l2

)(2θ

θ0
+ 1

)

(θ : 0→ θ0),

ε0bV2
0

θ2
0

log

(

1 +
L

l2

)(2θ

θ0
− 3

)

(θ : θ0 → 0).

(7)

An equation of motion in this system can be expressed as fol-

lows by adding the rotation moment of the elastic element

k(θ − θ0/2) to Eq. 7:

Iθ̈ =



























































{2ε0bV2
0

θ3
0

log

(

1 +
L

l2

)

− k

}

θ +

{ε0bV2
0

θ2
0

log

(

1 +
L

l2

)

+
kθ0

2

}

(θ : 0→ θ0),
{2ε0bV2

0

θ3
0

log

(

1 +
L

l2

)

− k

}

θ +

{

−
3ε0bV2

0

θ2
0

log

(

1 +
L

l2

)

−
kθ0

2

}

(θ : θ0 → 0).

(8)

where I is the moment of inertia of the armature and k

means the elastic coefficient for the rotating motion of the

armature.

The effect of elasticity was then discussed by considering the

oscillating frequency f based on the obtained equation of mo-

tion Eq. 8. The variables A and B are defined as follows when

the moment of inertia of the armature is expressed as I = ml2
1
/3:



































A =
3

ml2
1

{2ε0bV2
0

θ3
0

log

(

1 +
L

l2

)

− k

}

,

B =
3

ml2
1

{ε0bV2
0

θ2
0

log

(

1 +
L

l2

)

+
kθ0

2

}

.

(9)
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Eq. 8 can be simplified to the following using Eq. 9:

θ̈ = Aθ + B. (10)

θ and θ̇ can be calculated as follows by focusing on the motion

during θ : 0→ θ0 with initial velocity v0:

θ =



















































B + v0

√
A

2A
exp
(√

At
)

+
B − v0

√
A

2A
exp
(

−
√

At
)

−
B

A
(A > 0),

B

2
t2 + v0t (A = 0),

B

A
cos
(√
−At
)

−
v0

√
−A

A
sin
(√
−At
)

−
B

A
(A < 0).

(11)

θ̇ =











































B
√

A + v0A

2A
exp
(√

At
)

−
B
√

A − v0A

2A
exp
(

−
√

At
)

(A > 0),

Bt + v0 (A = 0),

B
√
−A

sin
(√
−At
)

+ v0 cos
(√
−At
)

(A < 0).

(12)

The elapsed time t1 for travelling from θ = 0 to θ0 is obtained

as follows from those equations:

t1 =







































































































































log

























B + Aθ0 +

√

2ABθ0 + A2θ2
0
+ Av2

0

B + v0

√
A

























√
A

(A > 0),

− v0 +

√

2Bθ0 + v2
0

B
(A = 0),

cos−1

























− B2 − ABθ0 −
√

2A2Bθ0v2
0
+ A3θ2

0
v2

0
+ A2v4

0

−B2 + Av2
0

























√
−A

(A < 0).

(13)

The velocity at contacting (θ = θ0) v1 is indicated as:

v1 =

√

2Bθ0 + Aθ2
0
+ v2

0
. (14)

v0 in the steady state is presented as follows because of v0 = ev1

in the steady state:

v0 = e

√

2Bθ0 + Aθ2
0

1 − e2
. (15)

Substituting Eq. 15 to Eq. 13, the oscillating frequency is ob-

Elastic coefficient [mNm/rad]
0

F
re

q
u
en

cy
 [

H
z]

Figure 4: Typical relationship between the elasticity and the oscillating fre-

quency of the self-excited electrostatic actuator with pure elasticity. The oscil-

lating frequency increases as the elastic coefficient becomes larger.

tained from the relationship f = 1/t1.

f =











































































































√
A

2 log
(B + Aθ0)

√
1 − e2 +

√
Aθ0(2B + Aθ0)

e
√

Aθ0(2B + Aθ0) + B
√

1 − e2

(A > 0),

B

2
√

2(1 − e)

√

Bθ0

1 − e2

(A = 0),

√
−A

2 cos−1
(B2 + ABθ0)(1 − e2) − Aθ0(2B + Aθ0)e

B2 − (B + Aθ0)2e2

(A < 0).

(16)

The oscillating frequency f can be obtained as a function of

k by substituting A, B to Eq. 16. Fig. 4 shows the typical re-

lationship between the elasticity and the oscillating frequency

obtained from Eq. 16. The oscillating frequency increased ac-

cording to the increase of k in Fig. 4. However, the actuator

was not able to continue oscillating under a large elasticity k

because of the losses caused by the air resistance, mechanical

damping, etc. The effect of the damping factor was discussed

herein based on the simulation in this section.

3.1. Damping factor effect

This subsection discussed the effect of the damping factor on

the self-excited electrostatic actuator with an elastic element.

The equation of motion is expressed as follows by adding the

damping factor to Eq. 8, which is written as cθ̇ using damping

coefficient c and angular velocity θ̇. This study uses a damping

factor, whose resistance is proportional to the squared value of

the velocity because of the estimation that the oscillating mo-

tion is fast enough.

Iθ̈ =



























(A − k)θ − cθ̇
∣

∣

∣θ̇
∣

∣

∣ −
(k − A)θ0

2
+ Aθ0 (θ : 0→ θ0),

(A − k)θ − cθ̇
∣

∣

∣θ̇
∣

∣

∣ −
(k − A)θ0

2
− Aθ0 (θ : θ0 → 0).

(17)
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c

Figure 5: Spring and damper model for the analysis.

where

A =
2ε0bV2

0

θ3
0

log

(

1 +
L

l2

)

. (18)

The model is expressed by Eq. 17 and the restitution condi-

tion in the collision of the armature with the electrodes. As

an analytical approach has difficulty owing to discontinuity

in the collisions, a numerical approach is conducted in this

paper. A numerical simulator that calculates the motion of the

prototype actuator was programmed based on Eq. 3 by using

Simulink (MathWorks). In an actual operation, this simulation

is conducted using a fourth-order Runge–Kutta method, which

is most commonly used because of its appropriate accuracy and

simplicity, using commercial software (Simulink, MathWorks,

Inc.). Table 1 lists the main parameters for the simulations. The

damping coefficient for the simulation was experimentally de-

termined by averaging the experimental values obtained from

the displacement waveform of the armature of each width in

the free oscillation using the prototype device with no applied

voltage. The elastic coefficient values were also obtained by

the displacement profile of the free oscillation. Table 2 lists

the natural frequency fn [Hz], elastic coefficient k [Nm/rad],

and damping coefficient c [Nm(rad/s)−2]of the armature in each

hinge width of a.

The damping coefficients were almost constant in Table 2.

This tendency indicated that the air resistance of the armature

was dominant compared to the internal damping of the CFRP

hinges.

Fig.6 shows the relationship between the elasticity and the

oscillating frequency with the damping factor. The damping

factor set to be constant (c=7.2 × 10−7 [Nm(rad/s)−2]) because

of the assumption that the main damping factor comes from the

air resistance of the armature. The increase of the oscillating

frequency can also be observed when the elasticity becomes

larger, as seen in the analysis without the damping factor. How-

ever, the result differed in that the self-excited oscillation did

not occur with very large elastic coefficients. The critical point

was expressed by a cross mark. Considering an oscillation pe-

riod, the energy loss caused by the damping factor increased ac-

Table 1: Parameters for simulation and experiment.

Parameter Symbol Value

Width of the hinge a
2.0, 4.0, 6.0, 8.0,

10.0 ×10−3 [m]

Width of the armature b 10.0 × 10−3 [m]

Angle between the electrodes θ0 3.6 × 10−2 [rad]

Mass of inertia m 8.4 × 10−5 [kg]

Permittivity of vacuum ε0 8.85 × 10−12 [F/m]

Coefficient of restitution e 0.0 [-]

Moment of inertia I 2.5 × 10−8[Kgm2]

Applied voltage V0

0.9, 1.0, 1.1,

1.2, 1.3, 1.4,

1.5 ×103 [V]

Length of the armature l1 30.0 × 103 [m]
Distance between the

electrode and the rota-

tion center

l2 15.0 × 10−3 [m]

Length of the hinge l3 1.5 × 10−3 [m]

Thickness of the armature h 0.2 × 10−3 [m]

Length of the electrode L 10.0 × 10−3 [m]

Table 2: Natural frequency fn [Hz], elastic coefficient k [Nm/rad], and damping

coefficient c [Nm(rad/s)−2] of the armature in each hinge width of a.

a [m] fn [Hz] k [Nm/rad] c [Nm(rad/s)−2]

2.0 × 10−3 70.5 4.9 × 10−1 8.8 × 10−7

4.0 × 10−3 97.0 9.4 × 10−1 7.9 × 10−7

6.0 × 10−3 109.6 1.2 × 10−2 4.4 × 10−7

8.0 × 10−3 116.8 1.4 × 10−2 6.3 × 10−7

10.0 × 10−3 124.3 1.5 × 10−2 8.9 × 10−7

cording to the larger velocity (frequency), while the work done

by the electrostatic force on the armature was the same. Note

that the work done by the elastic element on the armature is ide-

ally zero. The energy loss of the armature exceeded the work by

the electrostatic force at the steady-state frequency over some

values of the elastic coefficient. In addition, the oscillating fre-

quency slightly decreased just before the point, where the self-

excited oscillation stopped. In this manner, the elastic coeffi-

cient should be appropriately selected according to the damping

characteristics of a system subjected to be applied.

4. Experimental evaluation and discussions

This section confirmed the results of the previous section by

an experiment. A prototype oscillator was designed to test the

oscillation characteristic with various values of the elastic coef-

ficient.

4.1. Experimental setup

Fig. 7 shows a schematic figure of a prototype oscillator used

to evaluate the proposed method. Fig. 8 also presents a photo
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Figure 6: Typical relationship between the elasticity and the oscillating fre-

quency of the self-excited electrostatic actuator with elasticity considering the

damping factor. The oscillating frequency increases as the elastic coefficient be-

comes larger. The oscillation stops in a critical value. The point of the critical

value is indicated by a cross mark.

of the prototype device. The prototype oscillator was mainly

composed of an armature made of carbon fiber-reinforced plas-

tic (CFRP), electrodes made of thin aluminum membrane, and

a body made of polyacetal. Elasticity was installed as a bend-

ing modulus of a 0.2 mm-thick CFRP plate and controlled by

changing the hinge width a in Fig. 7. Fig. 9 shows a simple

measurement system prepared for the basic evaluation of the

prototype oscillator motion. The input voltage was applied to

the oscillator by a high-voltage amplifier (MODEL 2210, Trek).

The displacement of the oscillator was obtained by a laser dis-

placement sensor (LK-G32, LK-G3000V, Keyence Corpora-

tion). The current value was obtained using a current probe

(TCPA300, Tectronix). The data of the voltage, current, and

displacement were recorded and processed by a digital signal

processor (DS1104, DSpace).

4.2. Evaluation results and discussions

This subsection described the experimental evaluation using

the experimental setup mentioned earlier. In the experiment, the

oscillator was applied with a voltage from 900 V to 1500 V by

100 V steps each. The elastic coefficients were 0.49, 0.94, 1.2,

1.4, and 1.5 ×10−2 Nm/rad, which corresponded to a = 2.0, 4.0,

6.0, 8.0, and 10.0 ×10−3 [m], respectively. The displacement

was measured by five times at each voltage and elastic coeffi-

cient. Fig. 10 represents the typical displacement profile results

of the simulation (Fig. 10(a)) and the experiment (Fig. 10(b)).

The operating voltage was 1300 V, and the elastic coefficient

was 1.2 ×10−2 Nm/rad. The displacement profile in the experi-

mental results exhibited a particular waveform, which was like

a triangle wave, but consisted of curve lines. The featured pro-

file was successfully expressed by the simulation, which may be

caused by the acceleration and the sudden change of the driv-

ing direction at the electrodes. The oscillation frequency was

calculated from the abovementioned displacement data. The

experimental results were then compared with the simulation

Top view

Side view

3

b

Figure 7: Schematic figure of the prototype for measurement. The elastic coef-

ficient can be controlled by changing the width of the hinge a.

ArmatureArmature

ElectrodesElectrodes

Figure 8: Photo of the prototype device.

results. The experimental frequency was obtained by the mean

values of the experimental values by five times. The standard

deviation was also calculated. The value of the fifth to tenth

period of oscillation was used to identify the simulation value

of the frequency. Fig. 11 shows the results of the comparison

of the experimental and simulation frequencies. The simulation

and experimental values were expressed by solid lines and open

symbol plots, respectively. The critical values obtained by the

simulation were expressed by the cross marks at the end of the

lines. First, the increase of the oscillating frequency was suc-

cessfully observed in the experiment. The simulation predicted

the oscillation frequency and the limiting elastic coefficients in-

dicated as cross marks.

Regarding the frequency values, the results had large differ-

ences between the simulation and the experiment under low

voltages and elastic coefficients. The difference decreased

according to the increase of the voltage and the elastic co-

efficient. The error values with the elastic coefficient of

0.49×10−2 [Nm/rad] under 0.9, 1.0, 1.1, and 1.2 kV were 35.6,

26.0, 20.0, and 16.8%, respectively. The error values with the

6



 

 

Laser displacement
 sensor

Armature

Electrodes
Resistance

DC High 

voltage source

Data acquision

Figure 9: System configuration for the experiments of the displacement mea-

surement.

elastic coefficients of 0.49, 0.94 [Nm/rad] under 0.9 kV were

35.6, 4.1%, respectively. Meanwhile, the errors became small

under high voltages. The average value of the error was 6.4%

over 1.3 kV. These errors would be caused by the dimensional

errors of the prototype. Therefore, the error became small as the

thrust force (torque) was increased by the high applied voltage

and the large elastic coefficient.

The critical value shifted to the higher side of the elastic co-

efficients with a larger applied voltage in the simulation. The

work on the armature by the electrostatic force was increased

by the larger charges on the electrodes and the armature caused

by the higher applied voltage. Accordingly, it can consume the

energy by the air resistance in the oscillatory motion with a

higher frequency. This tendency can be observed in the ex-

perimental results. The actuator can drive only with k = 0.49

and 0.94 ×10−2 [Nm/rad] when the applied voltage was 0.9 kV.

Meanwhile, the actuator oscillated with k = 1.2×10−2 [Nm/rad]

when the voltage was set to be 1.0, 1.1, and 1.2 kV. When

increasing the applied voltage further (1.3, 1.4, and 1.5 kV),

the actuator generated self-excitation with higher elastic coef-

ficients (k = 1.4, 1.5 ×10−2 [Nm/rad]). Although the exper-

imental and simulation results showed the same tendency as

mentioned earlier, some differences were observed between the

simulation and the experiment. When the voltage values were

1.0, 1.1, and 1.2 kV, the self-excited oscillation did not occur

with k=1.4, 1.5 ×10−2 [Nm/rad] in spite of far smaller elastic

coefficients than the critical values obtained by the simulation.

This difference may come from the complicated air flow gener-

ated by the oscillating motion of the plate in the small gap. In

other words, the air flow affected the physical system of the os-

cillator to drop the critical values of the elastic coefficient. The

fringing effect[27, 28] of the electric field also could be one

of the reasons for the errors in the frequencies and critical

values.
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(a) Simulation
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(b) Experiment

Figure 10: Typical response of the displacement during the oscillation. The

operating voltage is 1300 V, and the elastic coefficient is 1.2 ×10−2 Nm/rad.

5. Conclusions

This study focused on the self-excited electrostatic actuators,

which are one of the simplest oscillators among various types

of actuators. The actuators oscillated with the DC voltage and

the simple structures mainly composed of only two electrodes

and a conductive armature. These features seemed suitable for

micro mechatronic devices, including micro robots. However,

some challenges remained, keeping the high voltage for actua-

tion, damage by electrical discharge, and mechanical loss with

collisions between the armature and the electrodes away from

practical usages. This research focused on the mechanical loss

with collisions between the armature and the electrodes and

proposed a method for decreasing this loss by energy restoring

with elastic elements. This study first conducted a model-based

analysis of the behavior of the proposed system that combined

electrostatic self-excitation and elastic elements. The analysis

predicted that the oscillating frequency of the actuator becomes

higher by increasing the elastic coefficient. The effect of the

damping factor was then numerically analyzed. The simulation

with the damping factor revealed the critical value, where the

actuator stopped the self-excitation according to the increase

of the elastic coefficient. This phenomenon was considered to

come from the excess of loss energy by the damping factor over

the work by the electrostatic force. The following point was

considered to verify the simulation results: increase of the os-
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Figure 11: Comparison of the frequencies between the experimental and sim-

ulation results. Both results of the relationship between the elastic coefficient

and the oscillating frequency show positive correlations.

cillation frequency by elasticity and the critical value existence.

We prepared a prototype of a self-excited electrostatic actuator

that can change the value of the elastic coefficient. The exper-

imental results successfully showed the same tendency as the

aforementioned prediction obtained by the numerical analysis.

From a quantitative point of view, the experimentally obtained

frequency values had large errors under low voltage and elastic

coefficients. These errors are caused by the low force or torque

compared to any disturbance. At over 1.3 kV of the applied

voltage, the results of the experimental verification matched

the analytical results, and the experimentally obtained frequen-

cies had errors less than 6.4% compared with the analytical

result. The results succeeded in demonstrating the efficiency

of the proposed method. Meanwhile, there are some open

challenges for actual applications: discharge between the

armature and electrodes, driving characteristic with com-

plex outer loads, etc. We believe that this proposal could be

the foundation for further development of micro mechatronic

devices and miniaturized locomotive robots in the future.
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