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Abstract Mechanical properties of MEMS materials, the irfluence on mechanical properties by micromachining process, size
effects on microactuators and microrobots were studied. Design and micromachining prineiples of silicon and thin {itms as MEMS structure
material were proposed from mechanics™ point of view, According o the mintmum defect rule, MEMS structure should be as small as
possible, and traditional machining prcess should be avoided. From the minimum stress rule. sharp angles should be avoided, and heat
treatment should be applied. The maximum isolation nie indicated that hard cover films for contact surface were necessary in MEMS
movable parts. Mechanical properties of thin films were closely related wilh the growing processes and Lhe post reatment processes,
therefore test struclures were recornmend for parameter determination.

Size effects of electrosiatic, piezoelecnic, electomagnetic and SMA actustors were analyzed and synthesized. The owtput forces of
most actuators were proportional to £° while the output forces of piezoelectric actuators were proportional 1o 1', therefore micro
piezoelectric achuators were the hest actuators for MEMS. Dynamue properties of artificial ants, miero airplanes and artificiel fishes in
micro scales were studied. The required driving forces for artificiel ants, micro airplanes, and artificial fishes were proportional w 1,
1*. and L' . Tt is concluded that microrobots could he driven to creep, Dy and swim when their sizes were smell enough.

This work provided a theoretical hase on design and fabrication of complex MEMS devices such as microrobots.
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RILEER, FROIEN THEREZEEHREER.
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Tab.1 Mechanial properties of singie crystal siicon and other materiats!®!

1e R 3 B SEWE HiEE R " B EHER B R
Yield strength Kneop hardness ~ Young”s modulus Density Thermal conductivity  Thermal expansion
N/t Ninf Ninf kgfor Wi C <
* 8 7.0% 1¢¢ 8.3x10° 1.9x 10" 2.3x10° 157 2.33x 1P
» # Iron 12.6x%10° 31.9%10° 1.96x 10" T 8x10° BO.3 12x 1P
T07E B4 Steel( max. strength} 42x10° 14.7 % 10° 2. 1x 10V 7.9%10° 97 12 10
T EE Stainless steel 2. 1% 10° 6.5 % 10° 2.0x 10 7.9%10° 2.9 17.3% 1P
w 4.0x1¢° 4 8x10° 4. 1% 1M 19.3% 10° 178 4.5% 0P
Mo 2.1x10° 2.7x10° 1.43% 0" 10.3 % 1¢° 138 5.0% 1P
Al 0.17 » 1¢¢ 1.3 x10° 0.7 x 10" 2.7 %10 236 25 % 1¢°
= §iC 21 % 10° 24.3% 100 7.0x 104 32x 10 350 1. 3x 108
+TiC 0 x 1P 24.3x10° 4.97x 10" 4.9% 10° 330 6.4 % 106
+ Al.Oy 154 10¢ 20.6 % 1P 5.3 10" 4.0x10° 0 5.4%10°
+ 5Ny 14 x 10° 3.2 )0 3.85x10" I 1=10° 19 0.8x 108
S0, ( FEET 8 40 8.0 1 0.73 % 10 2.5% 1P 14 0.55 x 10°
* 571 Diamond 533 10° 6 610 10 35 104 3Ex1p 2000 1.0x i0°
< BV Single crysul
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SHH oot SR RERY A SRR TR Y. R AR
SHABME A EA S HEEEY . w0 E RS
HIx 10N, ERFERB=FF ., 2FRENN 1.7
&, BERYSBITERE N 8.3 10N/, LE B B I R IR —
X HEAERB =2 — 56 KE(S0. i, i
HEER 1.9 10" N/m’ , 58 .8 A ERER, $UE
FH EMEFTRBENBRRENIERS . oo
ARFENANEE, T ERLTLA. sEEEE
BAAREE A 50 ~ 130 nm, R Y 250 ~ 500 um B A
HER. ZFEMEEZRNINES AR AN AN
HONFERE. £hEE HERTH TSR HE
R4 AR T RESERT . YEREa5REE
KRARDE RS, RAETRIR MM ER AT .
HK B FESEMNETITAERENEY . SeH
% REMEEEAEESE S B0 AEF HHHE
F RS w R A, SRR TR R R AL
XEHAX IS SR R B R— 1 1 hER .
EX— TP R alsE—LE R ERMESH
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BRI Z25 ARB A Y SEMEAR KT
SRR AN . 2BV HER EEZ2TRERH
A, ATHAKEERERA S — 1 IRE S B RIR A &
ARHEHN WEBEHEHRE R A BT

B B2 R 15 B9800 14 T 85 4 ) 30 Frvie BE B
BT ERLETRER BREREREMA D FRm A RTE
A e R AETIBIEMNN Y, YEaFE
xR HES BB ISR RS &2t
RIS W, SRERERNEREITEE
BEMLITE, HEFEL T = TRE.
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FOLEE N T T2 R uh 0] 59, T S 6 32 51 7™ T 5 1
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(R i b 3 B S G 3R )

NEAREEDN RRMA SIC X SiN, FEE
FEThR R SR, A L AR S R EEE
fid  CHBRESNC BERMMAL S, ATERHF

AR T RVFRIIR O T L T AR R RE R ST s 2
SRR N R E R TR

3 HEEMRETTESE

THERFHE MEMS 88 fF R A e 2 R 753
T (00 T4 o A5 4 e B ) 22 A B T MEMS 28 %
i A B A EEE L, i, Mk —a
Si0, MAREH RN S THEAAK N SHEEEREA
2B D RE R ERER. HEAERIT
MEMS #{5if, AU B EREERE AR F %S
WTE MEMS F REB T, W BLR R % s ) 3t
TR T IERS R B,

1RO R e R A L
Fig.1  Microbeams for thin-film study']
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Tab,2 Material properties of thin fim!"’

SR AEERr | HEREE ARl
Thickness|  Density Yourng' s Bulk Yourg'~
modulus rocudulus
A g/ Nin? Niat
Sio, (R E {k)
- 21 L8
l o) 4250 | 22x100 |0 Fx10
St T E Ak . = o "
{ thermal-des 3280 | 2.25x10° | 06710 7% 10
i if
Si0; | M4 4000 | 2.2x100 1 0.592x 10"
\ spastiered )
SN, ( OV 3500 | 3ax100 1.3x10"
SN, (BRE 1.5 x 10"
2 900 ) A1 )
| sputiered } 31x 16 1.3x10 LR .85)
705?5"‘5“‘“% 4200 0 2.5x10 | 0.52x 10" | 0.6x 100
sputtered )
Nb, 05 | #E53 " 1.6x 10"
{ sputtered 2400 | 4.47x100 | 0.85% W0 (Nhay )
«SiC Y ! 1 1
L glow di ) 880 | ~3.0x10° [ 0.B5% 10 4.8%10
mmﬁ) _ 1 - I
\ sputtered) T2x1P | 1.Bx W 2.8x%10

WRESA AR S SAL T B R A R P MR R K A %
M MERE, EI1Y MEMS #4MRS RS
HEEREE—E. AR EL KBRHLAEERL
RENTZHE. ASEL RN TZSHER R
ERE, 5T RANHEHESTER T Z 3 HriiF.
AR TELI TEMAE I A¥HRMNEES S ®KES
MEHNEESTZABRAXE, HE MEMS T2t

4 RHITENREZN

eI R S NRRE RN, F
e LT ERRAGCEERES B SER
f1. SAWTE MEMS g, RE L EFREH. HREIE
Rof L R RIEMER K ZPEEHFFTUHAEE
KR LWEFES, HFFIERT L>1 mm B EH
HEESHEH.IFERNES N Fe L. HEER
T Ll mm b, RENEERHEM, X ERAIES
7 Fo L', SEEWITER= LM TS L X,
HMTHNRTRET B HHREHER T
. At E MR HMMTREOR E A, X %
MEMS #E G ERMRITSERAFHRSEL.

MILITEHE A R B BB IR s
4 (SMA)Y S FBE . BT 28 A0e Ry B (8]

{ 2sm
L =,\',' T ( 1)
Hep s RizshE®.m AHE.F HERAAN. MiTH
R REE R p=Folm (2)
HP v HEHEE .

AT Z BIMERRFE N Fo A&
B F, 8IH"

gpabl™ 1 .

Foy = Dzdf = 5 e AE’ (3)
g b 1 .

Fi= =55 =5 e bdE’ (4)

He o b HBHAWER T, d AREZRYHEBE, U
HRER ERBE, E RPN EHEE, o, WNHH
B XENRBREHATFHENASARERSE,
EEWUREN HR KEEETHESHFEGRE
R LR 30 kviem, HRTELE, W3 45
T mtmShEFEINS L L ®EF
W. HZ7E MEMS REN ST FHEANEE,
F U i =0(3)F1(4) 18 2 &k 4 O W e sz e | 5
ThBEEE S L7 L lFtL.
HEHTETeENERLE N TFESER. A
I RER
_ 2l
=&
Hp p ATSSERE, N NEBE, 7 B8R,
I, ASHK. TRESHER®ORERNRE 588
NEEFH, SRTERE. ATFRAREZEER
B 15 LR, T B R ES AR T3k,
HEHTE T AR AL, ERTENFRE D
WITEE . MEMITHNEERI ) F 0 EESH
Fi, 30%

B

(5}

abf’
Fre = 6
=g, (6)
bdB*
Fi, = 3 (7}

Heb o b REHERAMER . 4 R 2 @ & R B
HTESRKEERKT B Y EH FFUBHEEN S
L' RFH.

M FFRT WS R B HRER

F=1(IxB) (8)

B F B K R TR B = R B IR A B R IR
W mERRS L EER, BB LY ' RIEH,
ARt (R ST REE SRS LR L RIFL.

BELRBRA EHRITE=ERNEs H F f6z
%S %][IZ]

_ 3dy, BBV
F=—0r

3, LV
5__—312
Hep d, RIEBAN E HWEER,L b0 3HAE
BTSSR 2.8,V AESEE. BREsI NS
LENEL 2o lE AR L %, T LS L RIE

(9)

(10)


http://www.cqvip.com

FBEFIN

£ OO0 http://www.cqvip.com|

B E% MEMS SRS RERN 377

. XRS5 PR ES R ITSE
A PRERMEESS LRER. FELE
Al HTBEXM1]HFREEH BEE AN EH,
AT AN T EBH AR EERfTHELE9).(10)
A R A S 2SR R A 8T .
AT AR R 2Rt aE R B E BRI T
VE IR IR X n HE AR DM 3% 775l
5 LAUTXRE
T
S
= ?ccf‘sfcc L

p=EPch_3 {13)

SMA i i 38 70 e e e S B BR B B9, 3 A
AR —Fhu LB (8] 5 < M JE S 2% L (HR & MEMS RUE
THEREETHEEHRL, SMARKSI S L' HIE
W.2shiEsYS L BiEL . fFoh S L RIEEE, B8 F
SMA MBAmBS L' RENL, BES L' REL, 3
RARS L' RIEK, Mg ES L IER. SR
<R SMA B [ EAR AT S, POt R R i
SMA $RAT 25 fur e (3] K K45 DRI KARRE .

3 AU SRR TT AR A B Bh . oz e 1] FO 3
BEEESRTHELR. WNRPALIE G, 8% M
SR HELT L7, MERHIER T L' EHEH
R ATHEERENR . SERB A
ft 2B e R A DR RIEANEY.

3 SMNHITENRENE
Tab.3 Scaling effects of microactnstors

wign | oeme | A0 | REHE | SREE
Actuation type  Working principle Actuation esponse r
Ehi force Lme density
BRICEAE| RN .2 g g2
SMA Thetmal response
e E = C{ Narmal ) L L £-1
Electrostatic ¥ = C{MEMS) c £ £
ijmme Jx g™ z z i
ikﬁ _ bl 1 -1
Perma. M JeL VB0 L L 12
Fiewh _ 2 -
Lorentz-force Ju ! L i L
FERH Piezo %1% Resonance L! L L-?

5 WS ANRERE
R BLIATT 25 AT AR O H R R B30/ BUAE M, 3

Vet A PR, AL 25 A0 AL HL A8 8 R AL 28
8%, EXLEYMT ST . T WSITRERNE
g A SRR R T SR REF= L R B 3
SR EGHE, B A8 AR R 2+ 5

H 4 #7 Shimoyama T80 5347 1 41188 45 B A9 R 2
W, —HAEMBHSKAN 3.6 mm ERHYN
1.6 mg, BREVEZLH 0,16 mm, WL LD S K H)
—F RN E BRBEAZTHEXE 11K 13 KEWT
B R AR PR BB 29 1< 107 N m.
Bt S sh 3 BRE a R F L L AR IE A B R Y
BANE T, #1225 10°'N-n. ES5EHMIERELL.
BE T,oc L', 243K FI#R e Shak{E 20 85 4B ) BE 3 2%
Bt BRI N T, e Lo, 245K I BE Sh iR 1R o485 45 Y
BB SRS BEBI A T P, HTIBWEBERNEER
B R, AR ERFEN S K
B9 1/10 RSB R T . B 2 AT LIF W, HF 44
FENSU A B (RERER 1) B 2N mmZE R, B B
SIASERLR 0.1 mm BT TS A F AT RESR ShHL A%
YENETT .

Required motor for artificial ants

13.6 % 107'm. 107°N-m}
HLEE T ER R T ik

=
4
]

I BRIE

Electrostatic motor
(107 m, 2 > 107 Nom)

7% B 48 Generated force/{N-m)
=
1

T
107 10 107
o R Motor size /m

(o) T H ARG AL A Heg T3k

{ a}Electrostatic mators for artficial ants

Required actuator for artificial ants
136> 107'm. 5.2 % 107*N-m})
HLES AL A SkEEJEiﬁ

R IE

Eleciromagnetic actuator
(5.8 %107 m, 6.8  107*N-m)

7= % 1 4B Generated foree/(N'm)

T T
10° 1o 107 1o
78 R T Acwator size/m

(b} F A0 B Ao e B T3k
(b Electromagnetic motors for aruficial ants

M2 IRShaE S YLERAD A0 R o

Fig.? Scaling effects of microactuators and artificial ants 2!

PR KFTSS(MAV) M R R T K3 hE1
O, EMEE . OnkREFRE S HENER
SEIHEE . BE, HUE BV SORLR A LR AR
g B 7 E5 I EABHRE ., O/ EITHERE LT
HEHREESER. EF-AEERFRAMMY XM M
N X ERMESZHNT B NEFEHTIN.S
HMBMAL, =R EBERICTBHRE. OSR
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e SEEER MAV ZGHHEH &M MAYA R
HiE 32 EAREE UHUR M XA MR EAR K, BRI L
A ITES MAV BRI a s YTDER R
HA—®ARET AR, RTRESF. k™40
NS . MAV B8Rl AR REUX Fh R

Shimoyama IAj B ¥+ 2 C LI R RN it 7 T
i, EME WP ES R TR EHEEH
p)

Fy= = CpolPA (14)

i

K ¢, AHERECHEEE. U AT THWIILE
W, A AYLRER, & CHES P ITR T IR
HEHHEE. A

1 Coo* U = mg (15)
BF Ch.pg BB M AL . mae L FFL

U L'?, RS P CITAIREMNTIE
P=Fyli=tCrolPAe L™ (16)
METE ST RMIHE B A B S B/ SMA
LHPATRNIRSI N Foc L MPUTIRRONERERAR T
o L' MRSERE Uy = LIT. B Uy L', T

MR

Py = Flipoc L¥ (a7

MRRRERHITE, W 7T Foc L. I1%E
Py o« I (18)
FEERE16) T RO AT LIE N, 2 L B
B R HLAT R E IR B O3RN T BRASE AT i IR Eh 28
HEh B T PR RE , FI AR T T YT EE S L.
FEBPITHRGLIRER T THROEER /. FiEE
BiEA TR,
WA — R HE T W R W), R m B
IR B AR AR R B D BB RS IR
o SEMBNZEMEEDATUHTRER
F=- icdgm 1V, | V.6, (19)

a=|

i ¢, AR ORE, p HKKVEE, 4, FENEH
(oc L)V, HEEHIRISIER (o L), 0, WEESHEHT
M. HENSGATERELD Fa L' THH
AHIHERE 1 Bp i & (B BT R BRI 1) AT LB
WHLER AR B AD, RAT BR T Z BIREE 71T B
A LRI RN ES D TRIEERES. BiL
R B SaRs 5EEs.,

6 ZHRiE

MEMS /12£ R BB 7E MEMS #4 $3% 5 . 2 1% i
IZMEedBPH+23E. B3 LA SES

BENUT it

U5 B R e R ST B /N B L B /) I 77
BRRE AT, X E TSR T
bR A L B RE S .

DWERE M EEESHE T ZETMEX H
BRI T2 % &l H T RS B
BH¥EH,

3)EpE BRI SMA AT HRMES LY L2 &
IELE EBRBATREAESI TS L RiER. Bk
SEHRETHREERFE .

4)18 i WL AR R PR R R PLER B
MAEHRE TR HEFE T . ST En
R BRI , B BB AER TR/ BE S
WSRO S E RIS A SEHEREGR
AR

FAREH AT E R E R M E, 2R
5T EFET MEMS M R, DL R B
B SMA BTSRRI R ES N Emriz £
Math SaEH F T - PHEARE.
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