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Mechanically Modulated Nonlinear Digital Microactuators for
Purified Digital Stroke and Nano-Precision Actuation
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Abstract

This paper presents a nonlinearly modulated digital actuator (NMDA) for producing nano-precision digital stroke.
The NMDA, composed of a digital microactuator and a nonlinear micromechanical modulator, purifies the stroke of the
digital actuator in order to generate the high-precision displacement output required for nano-positioning devices. The
function and concept of the nonlinear micromechanical modulator are equivalent to those of the nonlinear electrical
limiters. The linear and nonlinear modulators, having an identical input and output strokes of 15.2um and 5.4pum, are
designed, fabricated and tested, respectively. The linear and nonlinear modulators are linked to identical digital
actuators in order to compare the characteristics of the linearly modulated microactuator (LMDA) and NMDA. In
addition, an identical linear modulator is attached to the output ports of LMDA and NMDA. The NMDA shows the
repeatability of 12.3+2.9nm, superior to that of 27.842.9nm achieved by LMDA. When the identical linear modulator
is connected to LMDA and NMDA, the final modulated output from NMDA shows the repeatability of 10.3+7.2nm,
superior to that of 15.7+7.7nm from LMDA. We experimentally verify the displacement purifying capability of the
nonlinear mechanical modulator, applicable to nano-precision positioning devices and systems.
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Fig.1 Configuration of the nonlinearly modulated
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Table 1 Geometry of the fabricated device
Components or parts Dimension
Structure thickness t 40 pm
Beam width w 2.4 pm
Length of beam 1 L, 500 pm
Length of Linear (L), 416 pm
beam 2 Nonlinear (L) 500 um
Length of beam 3 L; 500 pm
Length of beam 4 L, 500 um
Digital input displacement Xint 15.2 um
Proof mass 1 m; 13.5 ug
Proof mass 2 m; 2.53 pug
Stiffness of spring 1 k; 1.11 N/m
Stiffness of Linear (k). 1.93 N/m
spring 2 Nonlinear (k) | 1.11~4.16N/m
Stiffness of spring 3 ks 0.555 N/m
Stiffness of spring 4 kq 0.555 N/m
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Fig.2 Model of the micromechanical modulator,
composed of two springs, k| and k,
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Fig. 3 Displacement modulation curves, x;,-x,,, of the
micromechanical modulators, where x;,;, Xous,
6Xin1, and  Sx,,,; are digital input displacement,
digital output displacement, repeatability of
digital input displacement, and repeatability of
digital output displacement, respectively: (a)
linear modulator; (b) nonlinear modulator
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Fig. 4 Schematic view of the mechanically modulated

digital microactuators using two different
modulators: (a) linear modulator; (b) nonlinear
modulator
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Fig. 5 Schematic view of the linear modulator attached
to two different mechanically modulated digital
microactuators: (a) linearly modulated digital
microactuator (LMDA); (b) nonlinear modulated
digital microactuator (NMDA)
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Fig. 6 Displacement modulation curves of the linear
and nonlinear micromechanical modulators: (a)
overall curves; (b) nonlinear modulation curves
depending on the microfabrication error of £
0.05um
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Fig. 10 SEM photographs of the linear modulator
attached to linearly modulated digital
microactuator (L-LMDA): (a) overall structure;
(b) an enlarged view of the Section A in (a)

Fig. 8 SEM photographs of the linearly modulated
digital microactuator (LMDA): (a) overall
structure; (b) an enlarged view of the Section A
in (a)
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Fig. 9 SEM photographs of the nonlinearly modulated
digital microactuator (NMDA): (a) overall
structure; (b) an enlarged view of the Section A
in (a)

microactuator (L-NMDA): (a) overall structure;
(b) an enlarged view of the Section A in (a)
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Table 2 Experimental and theoretical values of the
repeatability in the modulated displacement

outputs of the linearly and nonlinearly
modulated digital actuators (LMDA and
NMDA)
. Repeatability
Prototype | Device # Experimental | Theoretical
1 25.242.9 nm
LMDA 2 32.6+2.9 nm 25.8 nm
3 25.612.9 nm
1 11.6+2.9 nm
2 11.0+2.9 nm
NMDA 3 [13029m | 4™
4 13.442.9 nm

Table 3 Experimental and theoretical values of the
repeatability in the linearly modulated strokes
from the output strokes of LMDA and NMDA

Repeatability

Prot:

rototype Experimental Theoretical
L-LMDA 15.7£7.7 nm 11.8 nm
L-NMDA 10.3+7.2 nm 7.3 nm

ggo2E FF5 AR HHE Y8, A
LMDA ¢ NMDA 9 % Z¥H(F U 546t
0.10pm BY ol Ud)e 4z 7 3 utEdo=
235 Table 20 EAE WE%e AR =
2" 7528 EFAAY 29Q0)E A
©2 LMDA 7} 27.8+29mm ¢ ++% ut
ol o], NMDA © IxT 53
29nm 2] FE WHESE Bola vt Table
=3, NMDA 7} Z3¢] LMDA 2o} Aag
S HAE FEE 298 € F U =,
3 A3 Wx717 22d LMDA 9 NMDA 2 A4
T HrtolA, Ay Wzr7 £&¥ LMDA Ut
57+7.mm ¢ FF WHESS I gtdo, A
Wx7)7} 22g NMDA £ 103+7.2mm 9
HESS wolm o, Boh AU FEFE
£93l9t}.  Fig. 14, Table 2 2 3 & %3}
NMDA 7} 28 ¢ LMDA 9] u|sle] FTE &8 9
B52 FAAge 2 e Addez

A3t

—

Je
off
0 o pob

(

L)
a2 off mu H ko ¢

olft gz ™

2 £ o

[

£/}

5. 2 E

B =RiME 7|AA ulddE Wz &
A" Aol E{(NMDAYS A|¢Hst, NMDA
=g Fxe gAY FES 48 F A
22 AgAHozg AFEGT. oE Hd, dA
g dFoolEe] RPN F FH HARIN(HF

- R9E - 293

Hzr)el njAdy HzIHE 2 75 48352y
me 5¢ %5 £YGE4qm)eE HEIAL AA,
AZsA T EF, LMDA $ NMDA o $¢

g WAzxr)7r 2ad 3 29 ARS 2A
RN AgARoz ZAG 4y L v
ZFdo] o]2X9 #F AXFTL IAAsF o
5 WE59 A¥gx wing Fsled NMDA
LMDA ¢ 3% AXE #lm Hrslgd. &
NMDA ¢ F% 4235123+ 29n0m)°] LMDA 2|
F%5 98 5278+29mm) Bt} 58S #5%
ERh A Wyl Bag 7 9= NMDA
o] F% ¥rE%5(10.3+72nm)°] LMDA ¢ 5 w
(15.7£7.7mm) 2ot +58€E A9t o
E =FoA Aote v Ay WR7|E ol &d
gAYy AFdolele] FTF HEFS FA4AY
AgdAcz FHsiglod, olgt

z4
A= FEA S0l st

o
x

A

=

rx S oo aft
ot R
e do ok

ol

ofr

A

SO )

> ¥
dr o
"

NMD

7|

o

R LA O CELESEATE
Qe PARAINEE $4F DAL= TFET)
%o TR BE A7 HAe Aoz Fa5
S &U

)
e

P2

(1) Cho, Y.-H., 1999, “Wireless Distributed Systems for
Microenergy Information,” Proc. 5th World Micromachine
Summit, Glasgow, UK.

(2) Viktorovitch, P, Leckercq, J.L., Spisser, A., Daleiden, J.,
Chitica, N., Strassner, M., Rondi, D., Goutain, E., Peerlings
J,, Pfeiffer, J., Riemenschneiger, R., Hjort, K., Greek, S.,
Benyattou, T. and Ledantec, R., 1999, “MOEMS
Applications for Telecommunications,” Proc. 3rd Int. Conf.
on Micro Opto Electro Mechanical Systems (MOEMS '99),
Mainz, Germany, pp. 35~38.

(3) Herzig, H.P. and Manzardo, O., 1999, “Miniaturized
Fourier Transform Spectrometer,” Proc. 3rd Int. Conf.
on Micro Opto Electro Mechanical Systems (MOEMS
'99), Mainz, Germany, pp. 157~164.

(4) Hosaka, S., 1996, “SPM Based Storage,” JEEE
Transaction on  Magnetics, Vol.32, No.3,
pp.1873~1877.

(5) Toshiyoshi, H., Kobayashi, D., Mita, M., Hashiguchi,
G., Fujita, H., Endo, J. and Wada, Y., 1999, “Micro
Electro Mechanical Digital-to-Analog Converter,”
Proc. 10th Int. Conf. Solid-State Sensors and Actuators
(Transducers '99), Sendai, Japan, pp. 994~997.

(6) Yeh, R., Conant, R.A. and Pister, K.S., 1999,
“Mechanical Digital-to Analog Converters,” Proc. 10th
Int.  Conf. Solid-State Sensors and Actuators
(Transducers '99), Sendai, Japan, pp. 998~1001.



