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Abstract

In this paper we present a simple and efficient robust optimal design formulation for MEMS structures and
its application to a resonant-type micro probe. The basic idea is to use the gradient index (GI) to improve
robustness of the objective and constraint functions. In the robust optimal design procedure, a deterministic
optimization for performance of MEMS structures is followed by design sensitivity analysis with respect to
uncertainties such as fabrication errors and change of operating conditions. During the process of
deterministic optimization and sensitivity analysis, dominant performance and uncertain variables are iden-
tified to define GI. The Gl is incorporated as a term of objective and constraint functions in the robust opti-
mal design formulation to make both performance and robustness improved. While most previous ap-
proaches for robust optimal design require statistical information on design variations, the proposed GI based
method needs no such information and therefore is cost-effective and easily applicable to early design stages.
For the micro probe example, robust optimums are obtained to satisfy the targets for the measurement sen-
sitivity and they are compared in terms of robustness and production yield with the deterministic optimums

through the Monte Carlo simulation.

This method, although shown for MEMS structures, may as well be

easily applied to conventional mechanical structures where information on uncertainties is lacking but robust-

ness is highly important.
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Table 1 Design variables and performances at deterministic and robust optimums
Design Initial M=4% M=8 %
variable design  Deterministic method Gl-based method!  Deterministic method Gl-based method |
X; pm 1000 1000.0 1000.0 1000.0 1000.0
X, pm 2000 1994.6 1999.7 1988.1 2013.3
X3 Mm 300 3104 2533 291.3 208.8
X4 pum 500 4983 489.7 496.1 468.3
X5 pm 20 35.1 80.0 494 79.9
Xs Mm 5 49 8.7 49 7.3
X7  Mm 50 272 49.1 36.0 36.4
Xg Mm 100 1122 146.0 118.1 200.0
Xg pm 20.5 25.0 25.0 24.8 25.0
A % 0.26 4.00 3.99 7.98 7.99
Gl %um' 0.2 224 1.09 4.16 2.62
fi Hz 10024 10000 17453 10000 14486
f, Hz 10011 9797 17100 9591 13894
f, Hz 10037 10197 17798 10390 15052
f; Hz 21036 19988 20151 20003 20182

¥ Feasibility robustness by ¥; with k;=2.0, k;=2.0, k=2.0

Maximize Af/f (%)
subjectto  f; >10000Hz
fry —f; £0.001
f, > 20000Hz ®
O max < 0-yield
Af/f=M
AAA LG A AFxPe T2EY ARG AA
IAHZEFT7E 22 10 7 20 kHz B} e Ao
i, A Agzde 2 gl AR
o] 533l 1.94 GPart} Folof gri= Zolth
A7) AA JAFEEE G dFete un
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Table 2 Results of the Monte Carlo simulation for a design variation of AX,;=Ax;=AX;=AX,=1+2.0 um,
AXs=Axg=AX7=Axg=11.0 pm and Axo=10.5 pm

Optimization formulation Determrinistic optimum __ Robust optimum Robust optimum *
Mean ATE % 4.00 £0.79 3.99+0.42 3.99+0.37
+ fi Hz 9999 + 667 18677 + 608 17453 + 663
Standard f; Hz 19988 + 155 19992 + 138 20151 £ 139
M=d% deviation Omax .,MPa 7.3+0.06 16.4 £0.06 16.3 +0.06
Violation g % 50.0 0.0 0.0
probability 2 % 0.0 3.1 0.0
g % 44.6 42.6 9.5
Yield SY % 81.8 93.8 99.2
Mean ATE % 7.98 + 1.46 7991091 7.99 +0.90
+ fi Hz 10000 + 671 14276 + 664 14486 + 655
Standard £ Hz 20003 + 145 19980 + 139 20182 * 143
Megop __oovation o MPa 1024006 16.4 1 0.06 16.4 1 0.06
Violation g % 50.0 0.0 0.0
probability g % 0.0 0.0 0.0
g % 41.0 46.5 7.1
Yield SY % 50.8 72.9 73.0
T No feasibility robustness
! Feasibility robustness by ¥; with k,=2.0, k2.0, k2.0
Pattern by lthogrspty sio, EEAE 72 F I=F A I F3ANE F
L mi Aol me§ vjaeralel A HH AAS 43
E E I L o M 49e e 2ol mawe 233
- 58 FEANE Afol AR o3 gl 24Y
ot F e FALEY HFEFL FPF= weby
ot ot F7hte B /it ol AR exz Z
Ag ] g-‘g_,] 2o o u]iEl-zl_,] okA}A] /\g)\]-
back side etch u g9 E AT ,}74]7} gon AF T BAJ H
=y = pid
S L% =¥& ¢ gesd HEE P SHeA
E ol AAY FEoE ¥Ee Zol aT7dEt
@ oxide etch uhebA, Agzdd Fitsln SHREL] EEAE

Fig. 7 (a) Fabrication process and (b) types of errors
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