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Micro-actuator
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Micro-actuator

Thermal force
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Prezoelectric force

Port: 2

Piezo-bimorph
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Port: 1 Port: 2 \
Pump chamber

Piezo-electric actuators

Diaphragm type Cantilever type

X 2-4. EBERE 7 7 F 21— 05754 A

Associate Prof. M. Shikida

COE for Education and Research of Micro-Nano Mechatronics, Nagoya University



Micro-actuator

Comparison of various force applied in Micro-actuator

Force Response Power consumption Integration
Electrostatic force + +++ +++ 444
Magnetic force +++ +++ + 4+
Thermal force +++ + + 4+
Piezo electric force (Stack type) + + +++ + + +
Piezo electric force (Film type) + + 4+ + +++ + 4+ +
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Electrostatic actuator

The reason why electrostatic force is applied In
micro-sized actuator

v'Scale effect

v'Simple structure

v Compatible with MEMS fabrication process
v'Integration with IC and micro-sensor
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Generative force

Comparison between electrostatic and magnetic forces
(Force per unit area)

e

U E —_- Ez,
2

U v = H H 2’ ¢: Dielectric constant, E: Electrical field
? u. Permeability, H: Magnetic field

E =3x10%(V /m)
,, B =1(T)

A
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Generative force

Scale effect

e . . : :
U = EZ, ¢: Dielectric constant, E: Electrical field

2
"

FE — i kEZS, k: Constant, S: Surface area

\)
F.c I (@E:const)
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Generative force

Scale effect

U v = E H 2, u. Permeability, H: Magnetic field

2~3
— F, <L

(In the case of permanent magnet)

3~4
— F, L

(In the case of electric magnet)
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Electrostatic force

Electrostatic energy

U = %QV — EQZ _1 CV 2 C: Capacitance, Q: Charge,

>oCc 2 ! V: Potential

Electrostatic force

oU
F, = —( - j <j In the case of Q=constant

Q=const

F — ( oUg W <j n the f:ase of V=constant

\ OX N\ _const Energy is supplied by electrical power
source
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Electrostatic force

Parallel plate type yt

y Normal force | Y m——

[
»

Lateral force
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Electrostatic force

Normal component force
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I
y C= S—b
A y
/ U, = y Q2 = @Vz
Vz 2¢elb 2y
b / . Force
0 | [Q = const.]
oU Q2
V1 i ~ 2l
ay Q=const &
g [V = const.]
y | E———————
- =(aqu __glbV?
y 2
O_—I_'X ay V =const 2y
Force Is inverse square function of distance
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Electrostatic force

Lateral componentforce

y Cos (I — x)b
g
/ - g Q2_8(|—X)bvz
/42 28(| — X)b Zg
b 7 Force
0 | [Q = const.]
(oU ) g
; =25 =- 2
y " \ OX Q=const 28(' — X)Zb ?
gl | —— [\/ = ConSt]
(oU; ) eb
) F, = L E J =——V?
5 ._.I X GX V =const 2g

Force does not depend on distance
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Electrostatic force

Comb-drive actuator
Lateral movement

Fixed electrode

Movable electrode

A




Electrostatic force

Comb-drive actuator

Lateral movement
Fixed electrode C= 48(' _ X)b
Movable electrode g-—nh
y UE=28(I—X)bv2
\
1 FX Fy FX=(6UE _ _ 28b V2
27 4_ OX JV =const g-— h
_ |:y
OTXF—' X h: thickness of electrode
|

«Electrostatic force i1s independent of distance.
</t Is proportional of number of electrodes.
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Electrostatic force

Comb-drive actuator _ Vertical movement type

C=8YZ, U, = sszz |:=(6UE) _EY
62 V =const

g 29 Z 29
Rotational type

Rotational type (Wobble motor)
1 8C(0),,, R —T,

T, oc Vo n=

2n 00 R

Torsion bar type

c(0)= _[ng xeC(@)——Iog(L), UE(E)):lﬂlog(L)w

h—ho
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Electrostatic force

Pull-in phenomenon

Electrostatic force
Y1 F(y)=k(g—y)--A2y?
%Fk (y)=k(g-y) ™
g

<

1 Spring force
LT ()=o)
" 1

0 Pull-in voltage

1
. ( 8kg® 2 2
V pull=in _L275|bJ ’ Y puli-in —gg
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Comb-drive-actuator

Cell hand/ing based on comb drive actuator

||| Hl

L Specimen support

‘Water-shedding wall for separating
between gas and liquid

(a) Schematic view of gas-liquid separated resonator

Water-shedding wall

Area for biochemical substance
| Specimen support (Liquid phase)

— M / Cells are trapped in th
/

S
Driving W W "~ 4 Vibration

clectods MR | P dcion
Lo

Parallel blade-spring detective electrode

Area for resonator (Gas-phase)

i

Specimen support Water-shedding wall

Over view of fabricated gas-liquid separated resonator

(b) Detailed view of gas-liquid separated resonator

H. Hida, et al., Tech. Dig. of IEEE MEMS, 2009, 912-915.
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S-shaped film actuator

Upper electrode Electrostatic force

Conductive film

(a) Voltage applied between upper electrode
and conductive film.

_ Lower electrode
Electrostatic force

(b) Voltage applied between lower electrode
and conductive film.
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S-shaped film actuator

Characteristics In air

Power supply

switch: ON  Insulation layer

circuit

Spacer
Electrodes P

Film

+ Film: stainless steel
thickness: 10 wm, width: 12 mm

- Electrode: Si wafer
thickness: 390 um

* Insulation layer: S102
thickness: 1.9 um

- Spacer: glass plate
thickness: 2.0 mm

K2 FEERICHWTZFarz—%ET74V20D
& Bl 3 B 11 %€ ] % (X

Fig. 2. Measurement scheme of film movement.

Capacitance detection

Output voltage: Vo (capacitance)

A

Acceleration period: 1}
: Constant speed region: |

Film travel distance

Time

Film
13

(a) Gas pressure: 10~ Pa.

Output voltage: Vo (capacitance)
A

Film travel distance

: Time

1|ii,“,,.“u.,,,i:..um
Film
movement :

(b) Gas pressure: 10'2 Pa.

B4 740 L0BE)CE DL BEFREL R

D h RO EL

Fig. 4. Measured capacitance change between film
and lower electrode (applied voltage: 140 V).

M. Shikida., T. IEE Japan, 116-E, 1996, 395-401
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S-shaped film actuator

Characteristics In ailr

102 = e s 102 o ;
— PfeSSUFeS(Pa) Voltage: 120 V[
— .| ® 10 -
G .| x 103 2
E = 10! o E
%101 = © 102 == =101
2 VoA 3 S
(] —_— N
> 7 » 2 I
7 E
E 100 £ 100 \’1
F fl E-?—i) \\\
/
/e
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Voltage (V)

Gas pressure (Pa)

B7 74V ADKmERK L BREIEE & DK
B8 BEHGRENDT 4 v 2 DRI R AT T
Fig. 7. Relationship between terminal velocity . _ ,
of the S-bend and applied voltage. Fig. 8. Experimental results showing gas
pressure dependence of terminal velocity.

M. Shikida., T. IEE Japan, 116-E, 1996, 395-401
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S-shaped film actuator

Film

Voltage (v)

; - - ; , 3
Characteristics in liquid ’
g Viscocity | 1|
Insulation layer Capacitance detection circuit E 102 13cSt ]
Power supply Silicone oil o g A1
switch: ON A % Jo & J-0cStTTT]
N % ol '
eV E ==
e & .
5 10010 1 10 2 10 3

Electrodes
(b) Viscosity influence
+ Film: stainless steel (thickness: 10-20 pm, width: 12 mm)
+ Electrode: Si wafer (thickness: 390 pm)
* Insulation layer: SiO2 (thickness: 1.9 pm)

Fig. 4. Relationship between terminal velocity of the
S-bend and applied voltage.

- Spacer: glass plate (thickness: 2.0 mm) 102
EE X
s NN
;: NI
2 0l AN L] il
o 10 EDriving voltage +H
E 180V
E‘ 160V
8 140 V
100
100 101 102
Viscosity (cSt)

Fig. 5. Relationship between terminal velocity of the
S-bend and viscosity.

Fig. 3. Measured capacitance change between film M. Shikida., T. IEE Japan, 117-E, 1997, 227-231
and lower electrode (applied voltage: 180V). ’ ’ ’ ’
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S-shaped film actuator

Gas valve application \ e
Insulation Z Si lower plate

layers Conductive film  Ejectrodes A \ Fe-Ni alloy film

Spacer A \ i
A= ————Ft A

~ Outlet

Electrical
Port 1 rr contact area
A

Direction of motion

: 20 mm
: e EE - 25 mm
)
Gas Silicone resin
Si02 insulation layers / F‘;—E:nallll_l?gkﬁ)lm
Fig. 1. Confi ' f 1 ically-dri ‘\‘ / |
lg. .Lon 1gurat10n oI an electrostatica y- riven / 0.4 mm

two-port valve.
0.5 mm

[ ¥ \[/
/| |\ | 4 mm
/ bri}ice size: \\

Port2 45 _480um Sielectrodes

A-A' cross-section

Fig. 3. Schematic top view and cross-section of
an experimental model.

Fig. 2. Photograph of an experimental model. M. Shikida., T. IEE Japan, 116-F, 1996, 219-223
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S-shaped film actuator

- - 1 03 i Opened-
as valve application | e
‘w
& Voltage
L
5 215V
—Opening operation 2 225V
=
Static pressure 5 175V
=
© 100 V Closed-
- reference
102 al M L 1 s sl
10° 10* 10° 10°
. Inlet re (Pa
Electrostatic force uletprossure (Fa)
) Fig. 7. Relationship between the referential values
and outlet pressure (edge length of square orifice:
: 275 pm).
1 . .
Gas Closing operation 106 e
Closed-state Fluid Electrostatic Open-state - C /
pressure force % 5'
| \ E 10 E Edge length of
[ . A
& [ square orifice
4 - o 45um
2104 e 70um E
2 E 0 175um 3
o
£ m 275 um
- A 480 um
103 —_ -
Fig. 5. Relationship between the electrostatic force and fluid pressure during valve operation. 10! 102 10°

Voltage (V)

Fig. 8. Valve operating ranges (pressure difference vs.
dc voltage) for various orifice sizes.

M. Shikida., T. IEE Japan, 116-E, 1996, 219-223
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Tulip-shaped actuator for haptic display

Operation principle

Arrayed micro-scale elements

Haptic display

Small Projections

Small Projections

Frame )

Mesa of diaphragm [\H |
.'I \K

Quter frame

Clutch mechanism  Block
Small-sized actuator

Display
Clutch produced by micro-actuator
Stepping motor o

(¢)
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Tulip-shaped actuator for haptic display

Tulip-shaped actuator for clutch

Cantilever Base (fixed part)

Driving electrodes AA

Clutch mechanism  Block

C C ¥_‘V\—/ Small-sized actuator

Transmitter
| |

Cross-section

| Substrate/

Block (ﬁovable part)

Driving electrode

\B A OFF ON
T

+V
I_j ___|=_ GND ©
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Tulip-shaped actuator for haptic display

Tulip-shaped actuator for clutch _ analysis

Driving electrode S(X) — 6(5) 2
|‘ L

“' , w(x) = cx*(6L° — 4Lx + X?)

w(x) Beam

g,hV ?

sty =—— I dx
d
—+5(x)—w(x)+ g,
Cantilever Base (fixed part) ) 2
Driving electrodes AA 1 L d W(X)
U,==[ El{=—=21 dx
A 2790 dx
I] BB
(9% C cC L 2
| Substrate/ D El 1I El [d WEX)]ZdX
/ ; 0
Block (movable part) Cross-section U — Ub + Ue| — O —)V — ‘o 2 dX
80h j 1 dx
Driving electrode \ d A A
\Bﬁ OFF ON 0 —+8(X)—W(X)+ g,
€
+V !
1 GND

H. Sasaki, et al., J. Micromech. Microeng., 16, 2006, 2673-2683.
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Tulip-shaped actuator for haptic display

Tulip-shaped actuator for clutch _ analysis

Driving electrode
i

y :‘
; - :
K] w(x) Beam
i
dx I ¢
160
,E, (V] 250
3140 2970 um
- L=500 um
E 120 - h=20 um 0
= | t=3.1um .
; 100 5=50 um ;f 150
g 80 [ ¢lum s
5 _ = 100
= go=1.4 um 5
g 60 £=8.85x10"
o er=4 30
= 40 r _
a E1=3.46 x10" ! Pull-in
N ] 0
20 Voltage 0 02 0.4 0.6 0.8 ! 12 14 1.6
0 : . | Thickness of dioxide film (um]
0 50 100 150 200 250

Drivng Voltage [ V]
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Tulip-shaped actuator for haptic display

Tulip-shaped actuator for clutch _ fabrication

Device layer Burried oxide layer (Unit . um)
h 100
@ SOl +1(1 100
\

e o UHEe
andle substrate +

— I
Nl

(b) PR mask patterning 5 1

970

(c) Tullip-shape formation by DRIE

500

Cantilever releasing S 2 0
d
@ by sacrificial etching 50 e 4] -4 ¥ ¢
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Tulip-shaped actuator for haptic display

Tulip-shaped actuator for clutch _ operation

(a)

160
V=50V Deflection=0 pm
140 - 32970 l.l,m | | ]
L=500 um f: l| Experimental result
3120 - h=60 um | | —A—g=1.12
= t=3.28 um | e g=2.12
2 100 [ 8=50 um ' : !
b 9 d=0.6 um I . Theoretical result
i £ 80 [ o
o £,=8.85 x10" [ ! g,=1.12
A 60 &4 I ) g=2.12
o El=3.46 x10" N I !
| = 40 [ ;0 b
V=140V Deflection=32 um !
20 [ =i
0 - A70 200 .
0 50 100 150 200 250
Driving Voltage [V]
(©)
V=200V Deflection=138 um H. Sasaki, et al., J. Micromech. Microeng., 16, 2006, 2673-2683.
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Tulip-shaped actuator for haptic display

Assembled haptic display

(b) Arraved end effecter element

(a) Packaged Mechanical Powgr
Transmission System

Driving Stroke Interference part

(c) Tulip-shaped electrostatic clutch device

Driving|electrode and moving stage

Cantilever

Small-sized actuator

Image of a packaged element

Displacement :20-60 ugm
Generative force: 600 mN e

Size: 30 mm x 30 mm x 40 mm
H. Sasaki, et al., J. Micromech. Microeng., 16, 2006, 2673-2683.

Basic 5 Micro-actuator - Electrostatic actuator - Associate Prof. M. Shikida

gl COE for Education and Research of Micro-Nano Mechatronics, Nagoya University



Tulip-shaped actuator for haptic display

Demonstration of haptic display
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Summary

v’ Overview of Micro-actuator
v Electrostatic force
v Generative force
v'Comb-drive actuator
v'Pull-in phenomenon
v'S-shaped film actuator for gas valve application
v Tulip-shaped actuator for haptic display
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