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The present paper describes the characteristic switching of a multilayer thin electrostatic actuator sup-
ported by only lubricating oil and its application in the control of an ultra-precision fine stage. Friction
forces often deteriorate the response and positioning accuracy of a control system. However, they gen-
erate a large holding force, which is needed to precisely maintain the stage position in fine stages. When
the lightweight electrode layers in the electrostatic actuator are supported by only lubricating oil, the
contact condition between the electrode layers can be changed by the attractive forces resulting from

Keywords: . the driving signal, which consequently influences the frictional effect. Thus, suitable driving signals have
Electrostatic actuator . . e . . . N
Multilayer the potential to adjust the frictional effect for fine motion with a large holding force and a wide and fast

motion. In this paper, suitable driving signals for switching between two frictional conditions (i.e., low
friction for the wide and fast motion and high friction for the fine motion with a large holding force)
are examined and clarified. First, the relationship between the driving signals and the working range of
the actuator is explained. Then, the holding force characteristics and the driving signals for switching
between the frictional conditions are discussed. Finally, the actuator control system is designed based
on the findings. The control system includes a PID compensator and a driving signal unit that generates
two driving signals. One driving signal provides a driving mode with a holding force for a working range
smaller than 250 nm. The other driving signal provides a wide driving mode for a working range wider
than 250 nm under low-friction conditions. The driving signal is determined so as to quickly change the
frictional effect. A combination of these modes (referred to as the dual driving mode) is implemented in
the actual multilayer electrostatic actuator, and its effectiveness is validated experimentally. The actuator
exhibits a positioning error of less than 14 nm with a continuous holding force of 0.205 N.
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1. Introduction

Precise point-to-point (PTP) positioning is crucial in a fine-
motion stage. In microscope systems [1-9], optical systems
[10-17], and semiconductor manufacturing systems [18-21], high
response and high positioning accuracy are critical. In microscope
systems [1,9-16], samples need to be finely positioned and pre-
cisely held. In optical systems, mirrors and optical fibers must
be aligned, tilted, and held with precision [2-8,22]. In semicon-
ductor manufacturing systems [17-20], substrates are precisely
positioned and held using fine stages. As a rule, the fine stages
are required to have high positioning accuracy, a short positioning
time, a sufficient working range, a simple structure, the ability to
generate sufficient force, and low heat. In addition, a holding force
for precisely maintaining the position of the object is also required.
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To satisfy this requirement, the stages often have mechanisms that
generate the holding force [22-27]. In [23], a self-locking mech-
anism with a piezoelectric actuator produces the frictional effect
needed to hold the object. In [10,22,24-27], additional holding
mechanisms have been implemented to maintain precise position-
ing. These holding mechanisms (with the aid of holding signals)
enable the fine stages to hold and precisely position objects.

To date, numerous types of fine stages have been designed and
used. In these fine stages, piezoelectric actuators [22-25], elec-
tromagnetic actuators [26-30], and electrostatic actuators [31-36]
have been implemented. Although electromagnetic actuators are
the most widely used, electrostatic actuators have some advan-
tages in terms of their heat production and material availability
compared with electromagnetic actuators. In addition, unlike
piezoelectric actuators, electrostatic actuators are able to trans-
mit power without mechanical contact and do not require hinges,
which make the systems complex. Previously, various types of
electrostatic actuators have been designed which show good per-
formances. Variable-capacitance motors [31-34] and induction
motor type electrostatic actuators [35] have been proposed, which
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enable a longer working range of motion that exceeds 200 pm.
In these actuators [31,32,35], Higuchi et al. implemented precise
beads as rolling elements of a ball guide in order to reduce the fric-
tion between electrode layers without groves to guide the beads,
and Ghodssi et al. [33,34] used microball bearings with a 3D guide
structure fabricated on the mover and stator layers to support
the mover. These supporting methods are effective at increasing
the advantages of electrostatic actuators. However, they require
complex fabrication processes for the guide structure and the
mechanism that retains the numerous beads between the mover
and stator layers used to maintain the gap.

As a solution, an electrostatic actuator supported by only lubri-
cating oil has been proposed [36]. Its mover has a simpler structure
and is cost effective. The electrode layers of the actuator are
lightweight enough to maintain the gap and reduce the frictional
force between the layers without applying voltage. In the actuator,
the motion characteristics depend on the driving signal since the
frictional condition is changed by the driving signal. In [36], it is
shown that a suitable pulse driving signal provides low friction, a
long working range, and high positioning accuracy. However, the
pulse driving signal is not suitable for continuously producing the
holding force, and it is desired to satisfy both the wide range of
motion and the fine and precise motion with a continuous holding
force.

Therefore, in this paper, the focus will be on the characteristic
switching of the electrostatic actuator supported by only lubricat-
ing oil and its application in the control of an ultra-precision fine
stage to obtain both a wide range of motion and a fine and precise
motion with a continuous holding force. For this, the frictional force
exhibited by the electrostatic actuator is used to continuously gen-
erate the holding force. A suitable signal for switching the frictional
condition is examined, and the effectiveness of the control method
with the signal is experimentally validated.

In Section 2, the structure, working principles, and experimen-
tal setup of the electrostatic actuator are described. In Section 3,
the relationships between the driving signals, the working ranges,
and the frictional effect due to the holding signal are discussed to
determine a suitable driving signal. In Section 4, a suitable control
system is designed based on the driving signals of the actuator, and
the control performance is demonstrated. Finally, the conclusions
are presented in Section 5.

2. Structure and working principle of the multilayer
electrostatic actuator

The electrostatic actuator presented in this paper is a variable-
capacitance motor type actuator that has two mover layers [36].
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Fig. 1. Schematic diagram of an experimental two-layer electrostatic actuator [36].

between gap)

Fig. 1 shows a schematic diagram of the experimental two-layer
electrostatic actuator. The actuator consists of electrode layers
that are alternately stacked together and supported by lubricating
oil. The electrodes are covered with ethylene thetrafluoroethylene
(ETFE) isolation film to reduce the friction between the electrode
layers. To realize bidirectional motion, voltages V; and V, are
applied to Stator A and Stator B, whilst voltage V3 is set to zero
and applied to the mover shown in Fig. 2. Stator A is located so
that the electrode beams of Stator A do not face those of Stator B in
the z-direction. The working range is equal to the length between
the beam centers of Stators A and B in the x-direction. The working
range of the experimental actuator is 500 pm. Voltages V; and V,
are out of phase by 7. In the range, the applied voltage patterns
of Fig. 2(a) and (b) generate the thrust force to the left and the
right, respectively. The thrust force is proportional to the square
of the applied voltage [36]. Only lubricating oil is used to reduce
the friction between the electrode layers (without precise beads)
for easy fabrication and maintenance. Silicone oil with a viscosity
of 10 mPas and a dielectric constant of 2.65 is used as the lubri-
cating oil. Fig. 3 shows an overall view of the experimental setup
for examining the motion characteristics. The setup includes a dig-
ital signal processing system, two high-voltage power amplifiers,
and a capacitance displacement sensor. The measurement range
of the sensor is 50 wm, and the evaluation range of the actuator is
less than 50 wm. Thus, in the present study, the full working range-
of-motion characteristics are examined within a range of 40 pm.
Table 1 shows the specifications of the electrostatic actuator.

3. Effect of driving signal on actuator characteristics

When the lightweight electrode layers are supported by only
lubricating oil, the attractive forces resulting from the driving sig-
nal influence the contact condition between the electrode layers
(i.e., the frictional effect). Therefore, a suitable driving signal has
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Fig. 2. Driving procedure for the bi-directional motion of the electrostatic actuator [36].
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Fig. 3. Overview of the displacement measurement setup [36].

the potential to adjust the frictional effect for fine motion with a
large holding force and a wide and fast motion. In the following
section, the driving signal profiles for adjusting the frictional effect
are discussed.

3.1. Effect of signal profile on displacement characteristics

The applied voltage between the electrode layers provides the
charge to the electrode layers and the attractive force between
them. The attractive force reduces the gap between the elec-
trode layers and causes the mechanical contact between them.
This behavior increases the frictional force. Typical control signals
include direct current (DC) signals or component frequencies lower
than the control bandwidth. In this paper, these signals are referred
to as the normal signals. The normal signals generally apply voltage
between the electrode layers long enough to gradually reduce the
working range, as introduced in [36]. However, the normal signals
do not make the working range zero. Fig. 4 shows the open-loop
displacement characteristics for a periodic rectangular input signal
after applying a constant voltage of 1 kV for 0.5 s. The displacement
amplitude is much smaller than that without the applied voltage
shown in [36]. The displacement amplitude gradually decreases.
The experimental result suggests that the applied voltage generates
the electric-charge leading to the mechanical contact and results
in a large frictional force between the electrode layers. The large
frictional force is useful as a holding force. On the other hand, the
actuator produces displacement amplitude larger than 0.25 pm for
0.04 s after 0.5 s for a constant applied voltage of 1 kV. The change in
the input signal quickly changes the displacement, which suggests
that the working range is larger than the displacement amplitude.
Hence, the normal signal is useful for adjusting fine motion with a
large holding force, although the working range is limited. In this
paper, the limited working range is referred to as the fine working
range.

Table 1

Specifications of the electrostatic actuator.
Parameters Value
Electrode width and length (mm) 50 x 50
Beam pitch (mm) 1.5
Spacer (mm) 50 x 6.5
Electrode thickness (mm) 0.1
Spacer thickness (mm) 0.4
ETFE film thickness (mm) 0.014
Electrode + ETFE film thickness (mm) 0.128
Thickness of assembled mover (mm) 0.656
Thickness of assembled stator (mm) 1.184
Gap between electrodes (mm) 0.244
Estimated silicon oil thickness (mm) 0.244
Mover mass (g) 5.22
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Fig.4. Displacement response of the actuator to a normal signal with a 1 kV holding
voltage using 10 mPas silicone oil.

In order to benefit from the large frictional force, the normal
signal with a continuous constant voltage (referred to as the hold-
ing signal) is applied to the actuator. The aim of the holding signal
is to assist in keeping the mover in the controlled position with
added precision. In this paper, the combination of the normal sig-
nal and the holding signal is referred to as the fine driving mode
signal, which is useful for the fine working range. Fig. 5 shows the
relationship between the applied holding signals and the holding
forces of the electrostatic actuator. The relationship was measured
with a load cell. The symbols refer to the average data of three sim-
ilar experiments. The curve represents the average approximate
line calculated using the least-squares method based on Eq. (1).
From this figure, it can be concluded that the increase in the holding
voltage will affect the friction between the electrode layers due to
the increased attractive forces between the electrode layers, which
consequently generate a large holding force. It also can be seen
that for a 1kV holding signal, the actuator has a holding force of
0.205N. Ata 1kV applied voltage, the estimated thrust force, which
is calculated from the open-loop step displacement response based
on the impulse signal as the wide driving signal [36], is 0.1896 N.
Although this is lower than the measured holding force, the differ-
ence between the forces is not significant. The significant difference
is that the use of the impulse signal shortens the period for gener-
ating the force. Additionally, the holding force is expected to be
higher than the thrust force shown in [36] when the applied volt-
age is higher than 1.5 kV. In summary, the holding signal can adjust
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Fig. 5. Relationship between the applied holding signal and the holding force.
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Fig. 6. Open-loop displacement characteristics using the impulse signal with a duty
cycle of 1/5, a period of 0.5 ms and the 10 mPa:s silicone oil.

the frictional effect of the large holding force. In this study, 1kV is
selected as the evaluated holding signal.

Foutputted = k(Vin2 - Vminz) (1)

where Foypureq, Outputted force by the actuator; k, force gain;
Vin, applied voltage; Vi, minimum voltage to move the mover.

In order to avoid an increase in the frictional effect and also to
ensure the full working range of the actuator, an impulse signal with
a duty cycle of 1/5 has been proposed, as introduced in [36]. Fig. 6
shows the open-loop response of the mover to the impulse signal
with a duty cycle of 1/5 using the 10 mPa s silicone oil. The impulse
signal has a period of 0.5 ms. In this paper, the full working range is
referred to as the wide working range. The impulse signal is used
as the wide driving mode signal to ensure the full working range of
the actuator [36]. The peak height for the wide driving mode signal
is approximately 10 wmp_p. As shown in Fig. 6, the displacement
is shifted upward. The reason for this is considered to be that the
frictional effect depends on the motion direction of the actuator.
This signifies that the impulse signal does not reduce the working
range and is useful for the wide working range.

3.2. Effect of holding signal

Fig. 7 shows the open-loop displacement characteristics using
the fine driving mode signal comprising a square wave of 700V
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and a holding signal of 1kV. In Fig. 7(a), the actuator produces
a displacement larger than 1.8 wm just after a period of 0.5s for
the holding voltage. After that, the amplitude of the reciprocat-
ing motion is kept at 0.15 wm for 0.6s. And then the amplitude
decreases again, but is kept at 0.07 wm after 6s, as shown in
Fig. 7(b). This suggests that the working range in the fine driving
mode depends on the history of the input voltage, and the condition
for switching between the two modes should be determined based
on the desired motion. Similar to Fig. 6, it can be seen that the dis-
placement is shifted upward. This also suggests that the frictional
effect depends on the motion direction of the actuator. The fine
motion with the holding force may cause the deformation of the
insulation film which induces the displacement error in open-loop.
However the error can be eliminated by feedback control.

As mentioned in Section 3.1, the applied voltage between the
electrode layers increases the frictional force. This is because the
attractive electrostatic force by the applied voltage causes the gap
reduction between the electrode layers and makes the mechanical
contact. For measuring the gap reduction between the electrode
layers, the experimental setup shown in Fig. 8 was used. Fig. 9
shows the measured gap reduction between the electrode layers
with respect to the holding signal. As shown in Fig. 8, the mea-
sured point was set roughly in the center of the actuator. The gap
change tends to be influenced by the liquid. It can be seen thata 1 kV
holding signal exhibits a gap reduction of 24 pm for a 0.5 s applied
voltage period, and the waveform of the gap resembles first-order
lag behavior. This is considered to result from the presence of the
lubricating oil. The gap reduction indicates an increase in the fric-
tional force, which acts as a large holding force. This lag behavior
explains why the mover response for the fine driving mode sig-
nal in the traveling direction has a large amplitude that gradually
decreases.

3.3. Improved signal for the full working range with a 1kV
holding signal

The electrostatic actuator supported by only lubricating oil can
provide two driving modes, such as the fine and wide driving
modes. In order to benefit from the two modes, rapid switching
between the modes is desired. The active driving mode of the
actuator influences the charge effect between the electrode lay-
ers generated by the driving signals. In the fine driving mode, a
large charge effect plays an important role. The fine driving mode
signal charges the insulation film and causes the mechanical con-
tact, whichis expected to increase the damping effect caused by the
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Fig. 7. Displacement characteristics under the fine driving mode signal.
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frictional force and decrease the residual vibration. In contrast, the
charge effect generally can deteriorate the actuator characteristics
in the wide driving mode.

Fig. 10 shows the displacement characteristics using the con-
ventional wide driving mode signal shown in [36] after applying a
1kV holding signal. It can be seen that the actuator does not show
any significant displacement. This is because the large charge will
remain in the electrode layers due to the 1kV holding signal, and a
large frictional force will be generated. Hence, a new wide driving
mode signal that is less sensitive to the residual charge between
the electrode layers after applying the 1kV holding signal needs to
be established.

Due to the insensitivity of the wide driving mode signal to the
residual charge between the electrode layers from the 1 kV holding
signal, an improved wide driving mode signal comprising a nega-
tive impulse signal is introduced. Fig. 11 shows the displacement
characteristic using the improved wide driving mode signal after
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Fig. 9. Reduction in gap between electrodes from the 1KkV holding signal.
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Fig. 10. Dual-motion displacement characteristics under the impulse signal after
applying a 1kV holding signal for 0.5 s with a 1.8 kV applied voltage.

applying the 1kV holding signal. The peak height and period of
the signal are 1.8 kV and 0.5 ms, respectively. It can be seen that
the motions are kept at 10 wmy_p. This indicates that the improved
wide driving mode signal is less sensitive to the residual charge,
hence enabling the actuator for a full working range of motion after
applying the 1 kV holding signal. In the wide driving mode, the time
for the applied voltage of 0V is four times longer than the time for
the high applied voltage. The time for 0V is considered to work for
the elimination of the residual charge caused by the high applied
voltage. Fig. 12 summarizes the relationship between the ampli-
tude of the applied negative impulse signal voltages with the 1kV
holding signal and the displacement characteristics. The symbols in
Fig. 12 refer to the first amplitude of the displacement based on the
negative impulse signals with different applied voltages. The time
for the holding signal is fixed at 0.5s. It can be seen that larger
amplitudes of the negative impulse signal give larger displace-
ments for both unidirectional motion and reciprocating motion.
In addition, Fig. 12 shows that the displacement amplitudes for
the unidirectional and reciprocating motions are somewhat simi-
lar under the same applied voltage. This indicates that the motion
direction does not affect the displacement amplitude of the mover.
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Fig. 11. Dual-motion displacement characteristics under the negative impulse sig-
nal after applying a 1kV holding signal for 0.5 s with a 1.8 kV applied voltage.
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4. Control performance
4.1. Control system

In order to demonstrate the effectiveness of the characteristic
switching function in a precision motion stage, a control system
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Fig. 14. Applied negative impulse signal to the displacement of the actuator with a
1kV holding signal.

was designed based on a PID controller. Fig. 13 shows a block dia-
gram of the control system. The control system includes the PID
controller, a linearizer, and a driving signal unit. The linearizer is
used to cancel the nonlinear characteristics between the input volt-
age and the thrust force. Fig. 14 shows the relationship between the
applied negative impulse signal amplitude and the displacement
from the signal. The output function of the linearizer is deter-
mined from the displacement characteristics shown in Fig. 14. The
square symbols indicate the measured values. The solid line rep-
resents the approximate curve calculated from the data in Fig. 14
using the least-squares method. The driving signal unit is added
to control the driving modes for characteristic switching based on
the positioning error of the actuator. The control period is 0.5 ms,
and the tuned PID controller parameters are K, =25, K;=7.5, and
Ky=15.
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Fig. 15. Positioning performance using a 1 wm step input under the dual driving mode.
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Fig. 16. Positioning performance using a 10 wm step input under the dual driving mode.

4.2. Experimental positioning and adjustment using the dual
driving mode

To achieve the benefits of both the fine driving mode signal and
the wide driving mode signal, a control method is devised. The com-
bination of the wide driving mode and the fine driving mode is
referred to as the dual driving mode. In the dual driving mode, the
characteristic switching between the wide driving mode and the
fine driving mode is carried out based on the positioning error of
the actuator. As mentioned in Section 3.2, the working range of
the fine driving mode is influenced by the input voltage history,
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> 2000
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and the condition for switching between the two modes should be
determined based on the desired motion. In this section, the control
system with the actuator is designed for PTP positioning, in which
the two modes will be selected alternately. In this paper, the posi-
tioning error for switching between the two modes is determined to
be 250 nm, which is smaller than the displacement amplitude just
after the 0.5 s period for a holding voltage of 1 kV. The wide driving
mode signal is comprised of a negative impulse signal with a 0.5 ms
control period. When the positioning error is larger than 250 nm,
the wide driving mode signal is applied for a small charge effect.
Then, when the positioning error is smaller than or equal to 250 nm,
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Fig. 17. Positioning performance using a 1 wm step input under the wide driving mode.
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the fine driving mode signal is applied. The fine driving mode signal
comprises a normal signal and a 1kV holding signal. The attractive
force generated by the holding signal makes the contact between
the electrode layers and provides a large frictional force. The large
frictional force in the fine driving mode is expected to improve
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the damping characteristic and helps to reduce the overshoot and
residual vibration.

The positioning performance based on the characteristic switch-
ing between the wide driving mode and the fine driving mode is
evaluated experimentally. As discussed in Section 3, the motion
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Fig. 19. Positioning performance using a mixed input reference (step, stepwise, and sinusoidal input) under the dual driving mode.
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characteristics of the actuator are greatly influenced by the pro-
file of the input signal due to the friction between the electrode
layers. Figs. 15 and 16 show the positioning results of the dual driv-
ing mode using step inputs of 1 wm and 10 pm, respectively. The
negative impulse signal is applied in a short period for the wide
driving mode (the B period in Figs. 15 and 16). And then the nor-
mal signal and the holding signal is applied for the fine driving
mode (the A period). The positioning errors are smaller than 14 nm
and those under the wide driving mode shown in Figs. 17 and 18.
Also, it can be seen that the average percent overshoot for a step
height of 1 wm using the dual driving mode is reduced to 3.55%
compared with 57.70% for the wide driving mode (based on 10
identical experiments). For a step height of 10 m, the percentage
overshoot is reduced to 13.74% compared with 31.58% for the wide
driving mode. The reduction of the steady state positioning error
and the overshoot shows the usefulness of the improved damping
characteristics caused by the frictional force.

The dual driving mode used in Figs. 15 and 16 exhibits a longer
rise time for both step heights compared with the wide driving
mode used in Figs. 17 and 18; this suggests that the gap is still
not restored enough which gives a small damping effect. However,
the mover is positioned precisely and the residual vibrations in
the dual driving mode are lower than those in the wide driving
mode. In total, the dual driving mode exhibits a better transient
response in terms of the residual vibration and the percentage
overshoot. This feature looks like control systems with a high dif-
ferential gain element. However the advantage of the dual driving
mode is to provide a continuous holding force without a feedback
element.

Fig. 19 demonstrates the combination of wide step responses
and fine motion adjustments in the dual driving mode. The input
signal consists of a step height input of 10 wm, a 0.1 wm stepwise
input with a 0.15 s interval time, and a 0.1 wm sinusoidal input. The
positioning error in the fine driving mode is smaller than 14 nm.
This result demonstrates the high positioning performance and
high adjustment performance near the reference position under
the dual driving mode.

5. Conclusions

In summary, this paper focused on the characteristic switching
of a multilayer thin electrostatic actuator supported by only lubri-
cating oil, which enables a large holding force. Its characteristics,
such as the working range and the frictional force (which is useful as
a holding force between electrode layers), are significantly affected
by the applied driving signal. The characteristic switching is useful
for the control of a precision positioning stage. Thus, the relation-
ships between the characteristics and the driving signals have been
examined in detail. The open-loop experimental results show that
the two driving modes (i.e., the fine driving mode for fine motion
with a continuous holding force and the wide driving mode for the
full working range of motion) can be derived and switched using
suitable driving signals. Then, a control system with a multilayer
electrostatic actuator was designed using the dual driving mode,
which integrates the wide and fine driving modes. The positioning
performance was then evaluated. It was proven that the control
system using the dual driving mode has a positioning error smaller
than 14 nm and provides a continuous holding force, although the
rise time was elongated. The positioning errors and the overshoots
for the dual driving mode were also smaller than those for just the
wide driving mode. Furthermore, the combinations of PTP position-
ing and ultra-precision position adjustment with a large holding
force near the reference position were demonstrated. These prove
the usefulness of characteristic switching of the multilayer electro-
static actuator supported by only lubricating oil.
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