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Force Characterization and Optimization of the
Bottom-Driven Type and Side-Driven Type
Rotary Motion Electrostatic Actuator using

FEM

P Mariam Md Ghazaly, Yuen Piaw Chin

Abstract— Three types of rotary motion electrostatic actuator
were designed and analyzed using Finite Element Method (FEM)
analysis. This paper will discuss the comparisons and detailed
thrust force analysis of three types of the electrostatic actuator
designs which are side-driven rotary electrostatic actuators,
bottom-driven rotary electrostatic actuator (linear), and bottom-
driven rotary electrostatic actuator (skewed). There are several
similar parameters will be constant for the three types of rotary
motion electrostatic actuator such as the number of pole of
electrodes of rotor and stator, thickness of the rotor and stator,
and air gap between the rotor and stator. The three designs that
designed by the Ansys Maxwell 3D and analyze the force
generated by the designs. There are several parameters that are
varying: (I) the actuator thickness ;(ii) air gap between rotor and
stator. In this paper, three types of designs for the rotary
electrostatic actuator are discussed; i.e. (a) Bottom-driven (linear
type), (b) bottom-driven (skewed type); and (c) Side-driven. From
this research it was concluded that the bottom-driven (skewed
type) actuator will produce the largest force compared to other
actuator which is 5.95808mN.

Keywords: Electrostatic actuator, FEM analysis, force
optimization, rotary actuator.
I. INTRODUCTION
Development of Micro Electro Mechanical System

(MEMS) is increasing rapidly throughout this year. MEMS
consists of 3 main components which are microstructure,
microsensor, and microactuator [1] or so called micromotor
which can employ in microassembly, micropropulsion and
microactuation [2]-[4]. Microactuator is the only one of the
subset of the MEMS that converts energy to create motion
such as rotary or linear motion. The microactuator can be
applied in many fields such as the robotics, electronics,
medicine, medical, biotechnology, communications and
inertial sensing [5]-[8]. Furthermore, microactuator which
the motion is rotary can be used in the platform for
developing micropump such as fuel-delivery, drug-delivery,
cooling, and vacuum application [9]-[12]. There are few
types of microactuator which are electrostatic,
electromagnetic and piezoelectric. The disadvantage of the
electromagnetic is it will generate high heat [13], [14]
whereas electrostatic type will produce low heat. Besides,
piezoelectric type is a complex structure of actuator but
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electrostatic type is a simple design and easy to maintain
[15].

In the robotic field, the microactutor is needed due to the
weight of the actuator must be as light as possible. The main
challenges in the insect robots is related to the actuator used
which must have the criteria such as providing the sufficient
power for autonomous flight with wide variations in driving
voltages and currents [5]. In additions, the microactuator can
be utilized in the electronic field such as improving the
performance of the hard-disk drives (HDD). This
microactuator will act as the secondary drives in HDD by
reducing the skew angle during the disk operation [6].
Furthermore, the microactuator also can be used in the
surgery in medical field [16]. The microactuator is using in
the micro-mirror devices of the laser phononicrosurgery
which acts as the manipulator of the laser source. It allows
the micro-mirror operate in a high precision and low power
consumption condition [7]. These factors have contributed
to the interest in understanding the microactuator would be
start of it.

I METHODOLOGY

A Basic Electrostatic Actuator

Electrostatic actuator is a device that converts energy to
create motion which is based on the attractive and repulsive
force of electric charge. Basically electrostatic actuator has
two types of motion which are linear motion and rotary
motion. For rotary motion there are two types method to
drive the actuator such as side-driven and bottom-driven
whereas the linear motion which has comb-driven. As in
shown Fig. 1, the side-driven’s rotor is mounted inside the
stator whereas the bottom-driven’s rotor is above the stator.
Besides, the comb-drive linear electrostatic actuator’s rotor
or so called mover is in and out of the stator [17].
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Fig. 1.Chart about the sub-element of electrostatic
actuator [6], [18], [19].
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B Basic Principle

From Fig. 2, the mover is allocated above the stator,
where the stator is grounded. The mover is fixed with a
distance, d from the stator as shown in (1). When voltage is
applied to the mover, the mover will align with the stator,
thus motion is generated.

mover

w

d{

- stator
Fig. 2.Basic linear electrostatic microactuator.

In (1) shows the equation that is related to the
electrostatic force. The equation shows all the parameter that
will affect the performance of force of the microactuator (F)
such as the number of electrodes activate per phase (n),
permittivity of material (), width of electrode(w), distance
between the stator and rotor(d), and the voltage supply (V).
The force of the microactuator is given in (1).

— W .. 3
F =n ?[

£
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C Working Principle of Rotary Electrostatic Actuator

The applied voltage to the rotary electrostatic
microactuator is a 3-phase system. Fig. 3 shows the
principle of motion when the 1st phase of voltage activated
at one pair of poles of the stator and it will produce a voltage
different with the grounded rotor. Therefore, the voltage
difference will produce the electrostatic force and this force
will make the pole of the rotor rotate to align with the pole
of the stator. The same operation will apply to the 2nd and
3rd phase of the volt?ge activation.

Electrostatic
force{1" phase)

== Electrostatic
force(2™ phase)

== Electrostatic
force(3* phase)

(a)Voltage is applied to electrostatic actuator

Electrostatic

force(1* phase)

== Electrostatic
force(2™* phase)

motion -

= Electrostatic
force(3™ phase)

Fig. 3.Working principle of the rotary electrostatic
actuator

D Initial Condition for the Three Designs

The parameters for designing of the 3 types of the
electrostatic actuators are from (1) and different values of
parameters may give different results if as shown in Table I.

Table- I: The initial condition for the three designs of

electrostatic actuator

Parameter
Thickn | Size Air No. of No. of Angle
ess (mm Gap Pole Pole Skewed
(mm) ) (mm (Rotor) (Stator)
)

Design 1 50 700 2 16 12 0

Design 2 100 700 2 16 12 0

Design 3 100 700 2 16 12 0.9

- Rotor .
D Stator Cahesessar
(b)The rotor aligns with the stator pair with voltage

activation
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E Initial Design of Electrostatic Actuator Using Ansys
Maxwell 3D

In this research, 3 types of rotary electrostatic actuator
were designed which are (a) side-driven electrostatic
actuator, (b) bottom-driven electrostatic actuator (linear),
and (c) bottom-driven electrostatic actuator (skewed). Fig.
4-6 show the 3 types of the designs, there are 16 electrodes
of rotors and 12 electrodes of stators. Besides, the air gap
between the rotor and the stator is 2 pum. The size of the
actuators is 700 pum in radius and the thickness for the rotor
and stator are 50um in the Fig. 4, but 1200um for the design
of Fig. 5 and 6. The zoom view in the Fig. 6 shows the
skewed angle, 8 equal to 0.9° [20].

z .

=2um
=700um
Thicknesst =50um
Electrode ratio =16:12
Angle, 6 =0°

‘| Airgap, g
Radius, r

Fig. 4.3D view of the Design 1 (Side-Driven) with
initial dimension using Ansys Maxwell 3D.
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Width, w = 500pm
Airgap,g =2um
Radius, r  =700pm

Thickness, t = 50um
Electrode ratio =16:12
Angle =0°

Fig. 5.3D view of the Design 2 (Bottom-Driven
(Linear)) with initial dimension using Ansys Maxwell
3D.
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Width, w = S500pum
Alr gap, g = 2um
Radius, r “700pm

Thickness, t =50pm
Electrode ratio =16:12

Angle “0.9°

Fig. 6.3D view of the Design 3 (Bottom-Driven
(Skewed)) with initial dimension using Ansys Maxwell
3D.

F Comparison between Design 2 and Design 3

Fig. 7 and 8 are the zoom view for both bottom-driven
(linear) and bottom-driven (skewed) respectively. The
dotted circles in the Fig. 7 and 8 show the different that very
difficult to notice it which is the angle skewed of the
bottom-driven (linear) is 0 whereas the angle skewed is 0.9

Fig. 7.Zoom view of the Design 2(Bottom-Driven
(Linear)) electrostatic actuator.
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Fig. 8.Zoom view of the Design 3( Bottom-Driven
(Skewed)) electrostatic actuator, 0=0.9.

111 RESULTS AND DISCUSSION

The type of the analysis used in this research is Finite
Element Analysis (FEA) or Finite Element Method (FEM).
The Finite Element Method is a numerical method for
solving problems of engineering and mathematical physics
and this analysis method is very useful for problem with
complicated geometries, loadings, and material properties.
The Finite Element Method was used to analysis and
optimizes the rotary electrostatic designed parameters. Two
types of parameters were varied which were the thickness
and the air gap of the electrostatic actuators for the three
types of designs.

A Effect of Varying Electrode Thickness

In this section, the thickness of actuator was varied from
10mm to 50mm with the interval of 10mm whereas other
parameters are constant in such a way 700 mm of size, 2mm
of air gap, and teeth ratio of 16:12. Fig. 9 was the drawing
which done by using Ansys Maxwell 3D which one the
example for the method to varying the thickness of the
actuator.

B Design 1 (Side-Driven)

As shown in Fig. 10, the analysis was done with varying
the thickness of the electrostatic actuator with 10mm,
20mm, 30mm, 40mm and 50mm against with 0V to 100V
with the interval of 10V. The side-driven electrostatic
actuator with the thickness of 50 mm created the highest
force which was 23.05942mN compared to others.
However, there were different between the data collected as
shown in Table Il and Fig. 10. According to the Maxwell
theory, the thicker the actuator, the greater the force will be
created. This is because area of intersection is big due to the

| increase in the thickness of the actuator. In the other words,

the actuator with the thickness of 40mm should create
higher force than the actuator with 30 mm but the data
collected shows in another way. The reason that this
situation happened was due to the passes of the 40 mm of
voltage 100V has 5 passes or iteration or the energy error
was 3.147% whereas for the actuator with thickness 30 mm
was 4 passes and 3.3545 % energy error. All thickness of
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actuator has 5 passes except 20 mm and 30 mm thickness  the equation of Maxwell, only the activation surface will
as shown in the Table Il. The energy error (%) was set affect the force created and the highest force created from

maximum 5 % in Ansys Maxwell 3D. Design 2 actuator was 5.1108mN.
Z G i g ;| 14 I L\l ] Ll v ] ] S I Ll 1 I
b Thickness=40 —=—10um
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—&— 30um
ik v 40um
< 50um
3

Force(mN)
N
>

Voltage (V)

Fig. 11.Graph of the data collected by varying the
thickness of the bottom-driven (linear) electrostatic
actuator.

D Design 3 (Bottom-Driven (Skewed))

From Fig. 12, the data show that by varying the thickness
of the bottom-driven (skewed) electrostatic actuator, there is
Fig. 9.Varying of the thickness of the Design 1(Side- nothing big changes in the force produced. This is because

Driven) actuator. that the thickness increase does not help in increase of the
Table- 11: Comparison of the passes and energy error  intersection of surface area. As explained of the equation of
for different thickness Maxwell, only the activation surface affects the force
Thickness  (mm) Pas Energy Error produced. This is alike with the bottom-driven (linear)
for 100V ses (%) electrostatic actuator as shown before. The highest force
10 5 4.0922 created is 5.95808mN.
20 4 29021 7 [ T T R - T LA | | P A T | ]
30 4 3.3545 3 Bl ;g»m; '
X |
40 5 3.147 ol /_ .
50 5 4.7528 5F |—v—40pm & ST
< 50um & ]
= 4t / 4
2a [ T T T T T T T T T | P ] g /!,
S < /
2L [—=—10um . 8 3L 7 -
2oL —%—20um 4 & / ﬁ:‘
g & :33:2 G ] =i .
8 < 50um 1
= e — « ] 14 1
=z A
512—- « 728 e (R e et i o (e ) Bt it Pt s [ Coat] W St |
g or "" 7 % 1o 20 30 40 50 60 70 8 0 100
“ sl < ‘/_,-‘ 1 Voltage (V)
f 1 A 4 Fig. 12.Graph of the data collected by varying the
2L 3 /:,f—"" == o thickness of the bottom-driven (skewed) electrostatic
o=t 31 r: ] actuator.
B e RN R R E Effect of Varying Air Gap between Stator and Rotor
Voltage (V)

In this section, the gap of the actuator was varied from
2um to 5um with the interval of lum whereas other
parameters were constant in such a way of 50um of
thickness, 700um of size, and teeth ratio of 16:12. Fig. 13

C Design 2 (Bottom-Driven (Linear)) was the drawing done by using Ansys Maxwell 3D which

From Fig. 11, the data shows that by varying the ©One the example for the method to varying the air gap of the
thickness of the bottom-driven (linear) electrostatic actuator, ~ actuator.
there is nothing significant changes in the force produced.

This is because that the thickness increase does not help in
increase of the intersection of surface area. As explained of

Fig. 10.Graph of the data collected by varying the
thickness of the Design 1(Side-Driven) electrostatic
actuator.
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Gap=2um

Gap=3pm

Fig. 13.Varying of the gap of the Design 1 actuator.

F Design 1 (Side-Driven)

The gap between rotor and the stator according to the
equation of Maxwell affects the force produced by the
electrostatic actuator. As the gap between stator and rotor
decreases, the force created is greater as shown in Fig. 14.
From Fig. 14, the electrostatic actuator with 2mm gap
between stator and rotor produced the highest force
compared to 3mm, 4mm, and 5mm. This is because as the
gap become smaller, the attractive force from the stator is
bigger when the voltage is applied. On the other hand, as the
gap between the stator and rotor become bigger, the
attractive force will become weaker and this make the
electrode at rotor rotates slower to align with the electrode
of the stator compared to the electrostatic actuator with

smaller gap.
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Fig. 14.Graph of the data collected by varying the gap
between stator and rotor of the side-driven electrostatic
actuator.

G Design 2 (Bottom-Driven (Linear))

Fig. 15 shows the FEM analysis on Design 2 by varying
the gap between the stator and rotor of the electrostatic
actuator from 2mm to 5mm with the interval of 1mm. In
addition, Fig. 15 shows the smaller the gap, the higher the
force is created which is 5.11082mN. In other words, the
force produced by bottom-driven (linear) electrostatic
actuator with the gap of 2mm is the highest compared to the
other electrostatic actuator with the gap of 3mm to 5mm.
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Fig. 15.Graph of the data collected by varying the gap
between stator and rotor of the bottom-driven (linear)
electrostatic actuator.

H Design 3 (Bottom-Driven (Skewed))

Fig. 16 shows the FEM analysis in this section by varying
the gap between the stator and rotor of the bottom-driven
(skewed) electrostatic actuator from 2mm to 5mm with the
interval of Imm. The results show that the smaller the gap,
the higher the force is created which is 5.95808mN. In other
words, the force produced by bottom-driven (skewed)
electrostatic actuator with the gap of 2mm is the highest
compared to the other electrostatic actuator with the gap of
3mm to 5mm.
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Fig. 16.Graph of the data collected by varying the gap
between stator and rotor of the bottom-driven (skewed)
electrostatic actuator.

IV CONCLUSION

In conclusion, Table 11l shows the overall highest force
produced is the bottom-driven (skewed) with 5.95808mN.
Then, follow by the bottom-driven (linear) with 5.1108mN
and the lowest force product actuator is the side-driven with
23.05942mN. These is due to the overlap surface of the
bottom-driven (skewed) is larger than other 2 designs.
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Bottom-driven (skewed) with the dimensions of 50mm
thickness, 2mm gap, teeth ratio of 16:12 and 700mm of size
produced the highest force which is 5.95808mN according
to FEM analysis.

Table- 111: Comparison of the passes and energy error
for different thickness

Parameter Designs

1 2 3
Thickness 50 500 500

(mm)
Size(mm) 700 700 700
Gap(mm) 2 2 2
R:S 16:12 16:12 16:12
Force(N) 23.05942m | 5.43046m | 5.95808m
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