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Abstract

This paper presents the structural analysis and optimum design of a vertical micro-gyroscope with
decoupled 2 degrees of freedom (DOF), driven by electrostatic force. Simplified beam models were presented
to derive the structural stiffness of the driving spring of the U shape and the sensing spring of E shape. A
finite element analysis (FEA) was performed to validate each derivation. A total mass and a polar mass
moment of inertia were also obtained and used in calculating the resonance frequency at each mode of the 2
DOF. The resonance frequencies of the total system were calculated using the proposed models and it has
been found that they were in excellent agreement with those of the FEA. Finally, the developed analysis
program was then linked to an optimum design module, and an optimum design of the micro-gyroscope was
successfully performed.

T7b Hgse Ndd A3 2 £FHB of
2 Yo HERoAE 3AEe Fusi Hgem,
3 A @A WEA FAL Fal ALY vl

M
Aolzimtes DARRG JHAT AlolY 2 Aolzxrzde Az £¥Y WA

A7 &5 2E SAsted AHEEHE FAolt A Foig FEFA, 23 3 JL w92, v}
ol 4 ¥ ¥¥7] &7 Mz®d vAd A 33 AYr), AAW 53 2L AP AF 5o
olgh Z& He SEEokl AHSHJUAW, & ¥ dy FEHm Yoy

e FAL TF R 2 ME FoE A3 2 Hzeo) nlo]3E Aolz2A:ITE 129 Charls
HEH9 st A gt a8y, 2 vEs) Stark Draper Lab.ollA] 7= ot o)A A=A
T4 Z=leR Aolgx3T] FI|Jt 7tE, Al 718 o] fslo FHaE HAL Hu Yo,
23mm =9 H(chip)22 AFo] 7HsdtA HA g ojFz e FE WAL 9 o 71X §EHe
3, el B AF 7y FHwafer level vlo]3E olEAzTsl AWHYYG FASHL

vacuum packaging process)S ©] &3t A u]& o]-&8tE wlolAE RO|ZAFI FolM I B
T3 FE 5 JA HAyh o] T3 AoJREI o] HEga g WAL ua W 2oke] zlo)z
2FIXZA olAL 7|EY FHPF Ao v)s|

& BAAIIR, AFAY Fel #FARL]

=
& = o 2
ol WPoz AW Y& 4 F Y= A

* Gguda gt 1AL A s

t A4AR, d9, FFHSE AARBZ I T
Email : sungha@hanyang.ac kr
TEL : (031) 400-5249 FAX:(031) 501-0754




Hdg 4249 vlolaz AolzaaZTe) TN L FHHAHA

AAT AT weh ol g olFEE e
2 9wl AolzamTE Fuigt osjolA
B 71 guE AR A7 293 AR

4

Sl 2 Aotk A w4
£AY ovlola 2 ojzAmEY HMHH AY
AFE FEREE AA- AFSL FAah Y
(Finite Element Analysis)o. 27 T Fo4E dob
e dARA AP oU, Ao FAE 9
ZEAHY 2 YU AAEA Zegivh webA

L.
2 wRAE TxAMS oo F2Ed 54
& Hosim, Fus AA® 2 AREA AEe
=gstel AEA A5 FF PAL AN @
t}

o2k
i)
o)
a1
in
I
g
o
tlo
HU FE
e
b
s
iis
k
.
fu
:ox&
R
ok

2 Wl o] Z(Euler-Beroulli beam theory)®H¥ €l Al 32
3] o] &(Timoshenko beam theory)2.21? j4& <
5, F3aa Mo ® BggAdE A5 7

EAEE Filo Z ZToA 9

2.1 olojAR AolzAR= o XE LI

ofo]3 2 Ao|EAFEE Fig. 1 A o] A
A 714 (electrostatic force)ol] 28] LAT ()R
Z3¢5E IEE MAHe FEEA g8 34

9d o, FE5% 48 255} doe A
FAYGOR WASE :ee Y(F. Coriokis

force)2 ©o]&3tty Fe)28 7}EE(Coriolis accel-
eration)ol] 93} WAHE APl A mel S
2l ¥ Fig. 2 o] YEhd X B(sensing plate)]

1841

F HHoz st HA | dig AT,

torque)S HAAAZITE FHAHo o] LAY ZHW

A AATY AW Jag side] F3E 7F

A =Z(sensing electrode)™ W= (ground)d] HF A}

olof Z2E AR WHiE B3 FRY F UL

o, o] Z W 2EE R {JEHE &=

g Zold F Ut

2 0jo|3AZ AojRAZTEL| FX

AEY 2 AFE vlo]AE AolzAaTE y &
FozA FEWFo| x F, FAWEF 2 £

B

s}

N

F2E oF3 JoH, 7F WG AR
FERHoE AR vdA Hojdo wEA
o] &3te] WE plo]aE Ao|RAITE
TF2(Si, single crystalline silicon) AEE A}
sed, dols #@E XF WY FAHE
FH(chip)d Bk FAHA o3 AzA zpo]
22X FZE Fig. 3% gk

Y oX o X

Bk ooX tlo O oft

¢
- -

=z

[¥

Coriolis F c
Force

Translation

Q' Rotation

Fig. 1 Coriolis force generated in the moving structure

7
0,

Inner Mass

Outer Frame

Fig. 2 Layout of the micro-gyroscope with the comb
structure



1842

Fig. 4 Dynamic model of the micro-gyroscope
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Fig. 8 Spring model of the sensing spring

Table 1 Comparison of the equivalent spring constants
for the micro-gyroscope between the theoretical
and the finite element method results

Analytical FEM |error (%)

Driving [pN/um] |3.995E+01{3.906E+01| 2.23

Sensing [pNpum/rad}|9.301E+06 [9.696E+06| 4.25

Spring constant

3 4 alet
A, Fig. 8 ZHE A 2XYo 57 22
A5 ke B T 2o 8 4 gl

— 2klk2k3
O 2kky + kg (k, + k)

5. TA AlaElel ZT Fuls

4.1 A3}y 42 HellM 7o 4 Az AL
o]-g38fe] wholAR AtolZ AT WA AlLFo|
Wt 32 FosE oo A AARE Fig 9
I Zol 7§ BES #A REd g 57 29
ZEIE A

1845

(b) Equivalent model for the sensing mode

Fig. 9 Equivalent model of the micro-gyroscope

Fig. 10 Cross section of the sensing plate
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Table 2 Total mass and polar mass moment of inertia for
the micro-gyroscope

Total mass (kg) 1.817E-07
Polar mass moment of inertia (kg-um?®)  2.029E-02
12 ——
—o—_A_/*{);}_;m —0— A f=SH: = Af=]0H- -
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Input angular frequency f=r/(2r), (Hz)

Fig. 11 Normalized Capacitance with respect to the
Input angular frequency
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Table 3 Comparison of the natural frequencies for the
micro-gyroscope between the theoretical results
and the finite element analysis results

Natural freq. Analytical FEM error(%)
Driving [kHz] 4.719 4.639 1.70
Sensing [kHz] 4.819 4.720 2.05

Fig. 12 Finite element model of the micro-gyroscope

() 1 mode shape (b) 2™ mode shape

(d) 4™ mode shape

(¢) 3" mode shape

Fig. 13 Mode shapes of the micro-gyroscope
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Input angular frequency f=T7/(21), (Hz)
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Fig. 15 Input angular frequency with respect to the
difference of natural frequency

Table 4 Dimensions of the sensing spring with respect to
the differences of the natural frequencies. (f;=4.719kHz)
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