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RESEARCH ON TWO-DIMENSIONAL MICRO-MOTION
MECHANISM BASED ON PIEZOELECTRIC DRIVE

ABSTRACT

Piezoelectric micro-motion mechanism can realize precise control
and actuation under small size. It has the characteristics of high precision,
high resolution and fast response in micro-motion control. Compared with
traditional mechanical structure, it is smaller in size and can meet the
development trend of miniaturization of equipment. However, its actuation
stroke 1s usually small, which is difficult to meet some application
scenarios of large stroke actuation. In order to improve the actuation stroke
of the piezoelectric micro-motion mechanism, a one-dimensional
piezoelectric  micro-motion mechanism and a two-dimensional
piezoelectric micro-motion mechanism are designed based on the
composite amplification scheme of the combination of lever and triangular
amplification principle. The main research work is as follows.

Firstly, based on the principle of lever and triangular amplification, a
theoretical analysis model was established to complete the design of a one-
dimensional piezoelectric micro-motion mechanism and realize the large
stroke and two-way actuation function of the mechanism. By analyzing the
amplification principle of the existing displacement amplification
mechanism, a new “lever triangular” composite displacement
amplification mechanism was proposed and applied to the one-dimensional
piezoelectric micro-motion mechanism. The key parameters affecting the
magnification in the mechanism were simulated and optimized, and the
size design and stiffness check of the lever structure, triangular structure,



RT3

and flexible hinge structure were completed. The one-dimensional
piezoelectric micro-motion mechanism was simplified into a rigid body
motion model, and the relevant theoretical calculation was completed. The
theoretical magnification was calculated to be 11.22, which had the ability
of displacement amplification.

Secondly, the one-dimensional piezoelectric micro-motion
mechanism was combined into two two-dimensional piezoelectric micro-
motion mechanisms by series and parallel connections, and theoretical
calculations and simulation verifications were carried out. The stiffness
model of the micro-motion mechanism was established, and the input and
output stiffness of the lever and the triangle were calculated. The natural
frequencies of the parallel and series micro-motion mechanisms were
calculated respectively. The natural frequency of the parallel micro-motion
mechanism was greater than that of the series micro-motion mechanism,
and the anti-interference ability was stronger. The Ansys software was used
to simulate the statics and dynamics of the two micro-motion mechanisms.
The maximum output displacements of the parallel and series mechanisms
were 73.93 um and 109.76 um, and the first-order natural frequencies were
156.62 Hz and 60.06 Hz. The rationality of the theoretical calculation is
verified.

Finally, two kinds of experimental prototypes of the two-dimensional
piezoelectric micro-motion mechanism were made. Four experiments on
output displacement, load, coupling displacement, and frequency response
were carried out by building an experimental platform to verify the output
displacement performance of the micro-motion mechanism, detect the load
characteristics of the mechanism, observe the coupling displacement of the
mechanism, test the anti-interference ability of the mechanism, and test the
actual actuation performance of the micro-motion mechanism

comprehensively. The experimental results showed that the maximum
\Y,
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output displacements of the parallel and series mechanisms were 72.63 um
and 108.26 um, respectively, which could meet the requirements of large
stroke design.

The designed two-dimensional piezoelectric micro-motion
mechanism has the advantages of bidirectional actuation and large stroke.
Its application in the field of optical image stabilization can reduce the
imaging blur and improve the image stabilization performance, which can
promote the application of piezoelectric micro-actuator in the field of

precision drive.

KEY WORDS: micro-motion mechanism, flexible hinge, piezoelectric

stack, optical image stabilization, precision drive
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VRSN TARM KA e o HURH] B XS FRseit, B RAE—ZERAsh LA B XL 1)
fE5l, [ AT CLRE R AT T SR W22, — R BRI . Bt om &
BRI O U K~ A2k

AU AR RO T B SO R LA S A A, T (A
MEBEBHELE SN, R, &S S FENEM, WSEERIEREEZ 7
R REAEsh Gz e KR SHER A SN RAE S, RAE X5
A P AR RS . AT 5 = M BOR, BT ET A Y % AAE, Hrsh B
MMEShGIEal,  HAF s NE PO H A F2 2 5 42 o

%R —
| EE
T =A%
.\
\\
T~ fEEe
Y A

\ 4

K22 —4ERshbl
2.3 EESHENEFFE D
i 2-3 fos, HREEH TSRS, 2B LR A STE T F

AR IS V Z R R M (2-1) BY,
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A= F+ndv (2-1)
K

a

Xh, Ko AEHREBHENIEE, n AEHEEHERE, 4 NEEHE .

o I

i=dQ/dt
—’_

1

I/ 77777777777

F1

l 2-3 A HER At B
YIRS FLORER, B QA
Q=nAD (2-2)
X, D NHALFEY . A DN F PR e A T T A
RNEBITFEEA R E AR R Q H5WR ) Fiv SN V2 H
IR AR (2-3).
Q=ndF, +CV (2-3)

A, CONEHMEI R,

%Elglzﬂéicj\il:
{Q}{C nd Hv} (22
A nd 1/K, ||F

B (2-4) WAL RSB R O MR A A SEriE V. TR
Fi B,
MR EHETUR 7] FiONER, e H S K AR A
A =ndV (2-5)
AL S HEP A R, B R R, TR R AR R R 00
Frax = NV K, (2-6)

Ha (2-5). 3 (2-6) WAL, AR gV A INECE TR AT, AT
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CASRAS T H B o F) A EH R, 6N 2R 0 18] 2-4 o o SEERSRZR R e WU R
oyt 2, Bl N A Il 2R a7 Sk A0 R A2 2

F a

Fmax
N
~

~
~
AN \Vmax
~
~

V \\\\ VW/J\

Ay

V1 2-4 T LB A Hh 4
R R A ATV 5 R S HER ) S AL, TRE UL R S
Fr 712008 1kNS IRSATFEZN 10 um, S RS KA T =5, i H
KAFAIS K NAC2013-H10 [ P EAE MBI IR ok, JLRAMRES
WK 2-1. 1% H WL HESRB) L 5 A0 H A2 A2 5 2 B TR R RS AT R ok, HLgs
HH R 0-150 V, SEHIZE P =U*xCx f , ff I ZRFHIHEP <5 W,

Hrp, UFRonfeiilash thim ik, C Ron KBl Rs s R, fRoR kBT
TARSR

% 2-1 NAC2013-H10 1 HES 51

. oy e . -
kB g WU BREmER gy, TR
(mm) s
(mm) BUY iy copy am) T
NAC2013-
5x5 10 150 13.2 720 79 1050 100
H10

2.4 —HYHV MG, AEMKIKL
2.4.1 MEhEE

T A2 TR MR R FH SRR B e 45, A AR 32 00 Ja 7 R IR SR A T S LA
Mo AL MBOR, FHRHANE 56 5 S5 HUBCRF 1 B3R M (ol A% TR LA ) AR PR RE o
BB AE CREF NI EE (0 [RIIN3E BB AT — %8 B3RP, A BES IR/ A& 1K
W BHERIE A . Ik, #IPEM Q235. 45#A1 65Mn =R EHE AT EL %
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ik, ZRMRIZEULEK 2-2.
#2222 MRS H

- 2% fiF AL W P A JeE e i 5 JE48 e Al i

plkg/m?) y E(Pa) o, (Pa) o, (Pa)
Q235 7850 0.300 2x10" 2.51x10° 2.51x10°
454 7850 0.290 2.124x10" 2.93x10° 2.93x10°
65Mn 7820 0.288 2.11x10" 7.36x10° 4.32x10°

TR TBOHUAI BTG BE T A 45 R an 1 2-5 B, B df R 52 65M,
ME R LUE S AN % BN Ax=10 pum B, i EEHE BB A
AD =63.31 pum, NI ERCREEK N

K':£z6.33
AX

RiE s
0063313 8%
0056278
0049243
0.042208
0035174
0028139
0021104
0014062
00070347

9 Bih

2-5 TR BN HIaR 1o BT &

R FE B HLAL A B AN AR 07 B S B RE i, B T 3N
Ansys Workbench 1, 733K Q235. 45#F1 65Mn —Fh#1El, SR JE 34T 05 H 4
P, AFEMENTBORBER T B M R WK 2-3, T 65Mn MR BA 5
KOTES AR, HORIOR fdf, Bk H 65Mn AR ATIBh LR ) filis A1k .

R 23 WORHUFEA R B T BORRCR A B T4 RO 3R
R Q235 454 65Mn
B ONEE 9 6.32 6.30 6.33
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2.42 —HEEINIDE S ENIL

g — RV THF Ansys 5 BT, BRI EH M 5 2-5 #4807
AZEFW “AA+=M 7 450, EMAE RSN RAE R IROREE ). iRt
SRR, S S HON MBI R B B, SR AL E A 2-6
Fi7R, B ARRATAF R FERE, R1ARGRATAT SC A AT AT SN A e BB U 1121247
R2 B =M ERMEREED) DR, « RREANERO TR R, bR
REIAMF TR, BARER=MITEARALE.

il FH P AR B0 S AT 00, FEHABSHOARREIN, SRikESH, ¥
B 5 P RRSIEAT 07 AT, E SRR BB AT L4 MR . WIIEATAT 58 FE
B=3 mm, FLHYIH¥:4% RI=1 mm, =MV R2=0.5 mm, H/NEE =1
mm, =5 b=3 mm, =MFHRGEE p=10" BB E K=2.33, &%
2, SRR HCR B 2 HI R, ENIE & S8 S TBO R EO R
2-7 FirR e

R2 t
B cll
R1 B
) 4 /
I

g —

K 2-6 EhPLSEIE

B K

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0o 1 2 3 4 5 6 7 8 9 10 11 12 050 075 100 125 150 175 2.00
FLAFFERE B (mm) FLFFIO 42 RI(mm)

(ALFFTESE B ST K A2 4L i 25 (OIZIEESESNEC) ON (@ G A
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8
7k
26
6k
=5 N
Eat a2t
= o
=3 =
L
“ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10 11 12 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25
FLFF 9% B (mm) FLAFDI 248 R1(mm)
OTI¥42 R2 SHCRREH K b thde (d)im/NEFE ¢ 5O K B th £
24

o

R

o K

/\\

1 1 1 1 1 L
Y 25 3.0 35 40 45 50 7 8 9 10 1 12 13
=M b(mm) i 42k A4y i B(®)

() =ML b SRR K ALzl (HBURAE B SRR K A2t 2k
Bl 2-7 AN S S S TR R IE

Ikl 2-7(2)f7, ALAT 98 B 5HORMEE K AL Zon ki oe &, HihZk)a
ERR Y ARACTR LW SR, BEEALAT 90 B 3N, O K KA, AL
58I B LRG0 A A YU &, I LA 90 B=7 mm BN G &

Wk 2-7(0) () fiw, YIFEE R A R2 5HOKAE S K AL ih R &
WSl 2, AT AZEICSI AL IS iR LA . 1 2-7(d) AR BR/NEE t=0.4 mm I
FORAEECE KT =0.5 mm B, {H4 t<0.5 mm B, HLIIE SIS R RS 5
Wi R, A T e B /N )& BE £=0.5 mm.,

Bl 2-7(e) ", M= TEE b<3 mm If, J&HLEHE AR5 AL 2 AT AT
BURJEAEEE = MAT, Bl T = AR RS, EEsid R LA K,
Kol 2 AR A RIS, B TARSh & s IR . AR, =T 98
JE b>3mm i, BT =MTRIEERK, EEsdRE s/, s

I UL
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1B, [FIR bt KRS mpI E R, K =M %5 b ik 3 mm.

HY = AR S B w0, AR B BB, RO HOEROR, B 2-7(DH,
UARH RE B I/, RIS SO A HR B, 3 7550 1] e DR R st A 1 i /N5 35
FEAL AL I RE o, AT ATt 3% = A IR F 0 R4 e A8 K 0, i =
FAFZ R, G AR 2 R A, BOR R EOR R, MR AR B Nk
10°,

P 2-7 R R AT, SR KR N SR S M LA IE 5 T AR, 1
NSRBI R /N JFFE )N, TBORREHGERCR, M t i /N sl B NI B IS,
SEEMEREE R FIEATATF R B K, BORMEEGER, (H B i K E AT
R B G HAB A0 o PR LR G 2% Ik UM B WA &N S5l S HAEA R
M NN IEH TAEE LR, PAFRABORME L. 25 EANR, RZIEHUN S
B L% 2-4 FT7R.

* 2-4 BN S S HRAREUE

FLAF B LA =M BANEE ZAFRE BRAE
B(mm) F42 Rl(mm) 4% R2(mm) t(mm) b(mm) B(°)
7 1.75 0.5 0.5 3 10

e85, WIRSHE L =48R, T A Ansys Workbench H1 3474 H
a3, i REE R 2-8 Fr, ZEAALTE BB LR Foam AL 106.84
um, 15 EBORREEA 10.684 £, MHELARALZ HTHY 6.33 £5 BH 427t

HiE1s

0.10684 B X
0094965
0083094
0071224
0059353
0047483
0035612
0023741
0011871

L8 )

K 2-8 —HEREh IR 250 L Ah R
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2.4.3 MATEIIT

PEAT AT G548 55 RO B B AT 007, A OB g S, B R A ALAT h Al
RS Fo MAEM AL CRrOVE s, HAPAIAFKE AC=L=24 mm, N
AB=x=12 mm, FFAFLAIE 2-9 s, THEALAHE AN M I 2 AT WIEERE

%o

/] F, M
/ A B C ‘\
=== — \
7 al > _“ﬁ\\j\%\ vy
. |
K 2-9 T2 1R K
(1) ATFFBEE KMt
MR YR Bl A KA1
&y _MEx (2-8)
dx? El
AN, MFERTHM, ERpR#MEEE, TR REE.
i 72F R HAE I 2-12 /P C A SE N
M (x) = F,(x—L) (2-9)
FA (2-8) RN (2-9), 15
dy _R(x-L) (2-10)
dx? El
B (2-10) BEATRGY, WIFCATEE M5 RN -
2
0,00 = RO o (2-11)
dx 2El
B (2-100 AT By, WIFTAFHEE 28
yo(X)=—F°(X_L) +Cx+D (2-12)

6El

4 x=0 WA TATFL A, B 60=0+ yo=0, # AN (2-1D). 2 (2-12),
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2 3
Wk c. D co—tob, po_Rb
2EI 6EI

(AR F R T, LA C A 6, -~

KA C MBS B RS Fo fEF T B miB] C mth ek A e
AT, R TR

RO-L’ RL R RX

= 9:
YOO = Yo+ X6 == e e 261 * T eE1 28 (2-13)

2
F,x

W% F13 7 RE A

2
ROCLT RL_ Fxo (2-14)
2Bl 2Bl 2EI

Gy (X) =
B v AL AT R R, FEIEAR % N 5 mm, FEIEEIRKE N 24
mm, G ARN:

3
|=% (2-15)

4 a=5 mm. b=24 mm XA (2-15), BHEATAHMRE 1 =5.76x10° m*.

¥ Fo=1kN, E=2.11x10" Pa, fRAZ (2-13), X (2-14) 8y, =9.58x10° m,
0., =492x10"° rad

(2) RIRER:H:
MR AP LRSS M i@ﬁﬁ%&ﬁ%tb{ﬂzo.ooom, VP £
[0]=0.001 rad, NIEERAZ AKX N:

Yo { } 10,0, <[6] (2-16)

4.92x10° <[6], MIATAT

INES cir:? yf“Tax ~3.99x10° < B} v |G| =
ZE R i fe A FH oK .

2.4.4 Z AL
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WRAEAEL 22 )5 B, 4 A BTS2 1l ) g T Hs S (Fo™>Fper) s
FEAPRBEN —PAFEE RPIRES , IX B0 I RABFR A AT R AL, 7 )y iy | =
FEMURART AR (874 B — 1 13 s AR B 7 XS B0 Fos B TR AT, LR AR AR G 1]
2-10 R, JEAFES R E 2-11 B,

Kl 2-10 =M R FaT R

2-11 JEFFE5H
WOE BATKE (=30 mm, &5 A=3mm,  %iE b'=10mm, %4 RE ng B
3, LS M A A B R, Hhm e 7) Fo=1 kN, RN TR RAZ BT
P
(D EFFRES
A1 2-9 AT, AR ISATAE XY PN RAS, Hopyim il Ao B S s, N Z

BB 4209

. b'h? h
_ __n (2-17)
" “\120'h 23
% h=3 mm AR (2-17), 18 i.=0.866 mm. ¥t Z #WFZEIHEAR:

I
A, =€l— (2-18)

z
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X, KERH =1, RANEFKERM Z e aidE5 1S 1.=34.64.
FEAFEE XZ Pl g, [FIEAIE Y B e f s .

L /hb'3 b
Y \12bh 2

ul
iy :i—

&

(2-19)

BAAEBIRRAR (2-19), 15 i=2.887mm, A4,=10.39. FN i>4,, FrLlfE
F h R B 26 N T

(2) SRS TR I 5 DL S R e MR

HA R AR AT 18 65Mn ARBRZEE 1,=100, 1,=60; A-<is, IR 14K N:

(o}

o T o-s (2'20)

RYEFE 2-1 B mT 0, pHEUE IR 432 MPa, o, =432 MPa.
I 56 A 2
F_=oc,A (2-21)

per cr

b, A=bh, FRAMKEIET Fpe=12.96 kN.

YN

F Ccr
n=—=>n (2-22)
FO

PRANBFEIEE T, 31 n=12.96, i 1 12E %8R8 ne =3, HBLEIT4S

T ERaE KA
2.45 FMERSELEIRT

FNEBREA R ORI TAE G R Z B S E R, 2 Se e HaL
WAL AR TEAR , PR BCEE AT S NI R E ORI . ST RS OB R F S
AT S = g, o7 o R SR M B AR I J0 BE R B FE IR Rr 0, BERE IR
INEEARHUR RS, SCRT LA R L R TBOR 2% A48

LRI B AT KB M=K, e HR A, BIAMR VA, i 2-
12 fii7

H T (B AR 2 SV B B S SN B, B ARG 50 3 A 35 I R 2

22



RT3

MEREE, [F M BB A M TR B 2-13 o Horp e ABBE TP IRONEE L RN
A B BRE A b NIROKHUR R . h REE TR B AR F T [ R Y SR M BB 1
HAREF, F15E My BT AR AR B RO, ISR TS AR SO 0% M 1F
RORHEAT 73T

(a) EL 7Y (b)[E /2 (c)VH

Bl 2-12 H IR BHE SRR

K 2-13 B fAARVEEE S J1 T
%ﬁﬁﬂ%ﬁ?%ﬁ@iﬁ%ﬁM PIEFS, RIEMEL 22 A, Hik A6,

12M Rcosa 12M
= j da=——Lf (2-23)
- Eb(t+2R 2R cos ) EdR

X (2-23) FfNM:

- 12s* (23+l) arctan As +1+ 2: (6; +243+11) (294>
(ds+1)? (45+17(25:+1)

Hoh (2-24) Hrs i

""|;U

(2-25)

I 11 P B B e sl I 2 1)
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M 2
K My _EbR (2-26)
Yo« 12 f

y

[ AL BE R AR S5 S HOL R 2-5
%25 MRS R

/NEE t(mm) 5 /1242 R(mm) JEJE b(mm) B h(mm)

0.5 1.75 10 4

K3k 2-5 ZHAN (22260 1, BIADREFINIE K, =20.7 Nem/rad.

I8 £ B AR B AL F AR R, 277 AR 0 X HOT T U INE AL A, iR PEAT
BUISMIREIR, AR EE NI R,

at ED (2-27)

K = —"=
©OAX 2(1+5s) 2+s 7
arctan [©> -~
V2548 s 2

W2 2-5 FEARARNA(2-27), 152 X J5 18 FRIRIEE A K, =4.09%10° N/m.

g EpTd, W X 7R BRI AR, RARSRIEREESE Y M NI
N K, =20.7 Nem/rad, HXEANG TAEVERER M W] 208 AT 5 A BSR4

RIS X J7 TEIRIRE N K, = 4.09%10° N/m, i 41 MR SELE X J7 1A TS B IR,
T TR RErh Al RS b i Fe DRI A e £ MU L 3 o R
2.5 REEAHE

LR RO (R 7 15 0 3 R R AT L6596) R it i s B LA
BAZEN LI IRIERT, I v B 7 R B A A 5 5 44 SR B, AR %
BRI RAEME, e M BN A A4 A 5 & B RS, Wit ST
T A0 bR BN ] 15 BN IBOR A B ATV 2 B RS AL T8 A AT AT A = f P 847
Sy SRR o R ARR & IO 5, f5t J5 T AN R (5 B0 37 15 51 5
IRAE 2N N

2.5.1 B#EEKBKEH

— AU AR AL ] 2-14 Plo, AR T ARSI, i B i

Jih s FL B, ARSI AN I R, S B HE D AR AL AT S A\ B By Ab7 R
24



RT3

AiF% Ax, BEALALCRHI ABC/AIBICr, AL WAL 4 i C/Cy HarH, SE8
BN, BE=MBPN CD/CiD, SEILE —IRAR UK, I
H X AR Y A, sALE D AR Ay,

2-14 —4ERUBIHLI AL R
BT IO BRI AR, AN BL ABCD #7 ARF Foit 5. R IR %
HA UGB BEAT B O S i, BRI 2-15 fhos. IS SHERAL
BHRA 10um, N7 ENEE, FRm AR FBOC, ERCRMANE G
S = AR A AR RO AE BT 5. R TR 2 AE CAD B P 8 A L sE
FOTSR s A, B 2 BONUA RO B IR B, AR A AU R
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e ~

~~~~~~

K 2-15 Kz iR

TEATAT SR L A NG HICL AB. AC NS BNIE, T o 2 e
fi#H 0.01 mm, B mifE/EHESHERHAEAEH T3 B &b, TEATFHNL
PVER T C sSBBIE Cu sidh, UL Cu NELOENAN CD KSR, 55 D
VRS BN E T &5 Du, W) DD U A2 8% o B P 2512 40: AB=12 mm,
AC=24 mm, CD=30 mm, CD F5/KF1kM B=10°, HALF Ax=0.01 mm,
gk L FAEEDTE, AR 25 A2 Ay=DD11=0.1122 mm.

IUBERAY ON R SE

K=2 112 (2-28)
AX

2.5.2 BRATETER A B

FLAT S5 F RN = A 25K 10 TAR R B0 B 2-16 o, A NALATS5H52 545, B WAL
FAREHIN R, C ONATATRLRS S o5, D E N =AML, F N=M
SER RSB H A

K B e KPR Ax PEFRAEAI S SN AT B I, ABC R RIIAT FF 4544
St Ax TSR — UOBOK « AL SR S i S C 5= A8 MBS D B
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FAE, K =Mai i AL DUALFT a5 %t 282, ) Ax 23 DEF 2%
=M EEMBEAT 5 —UUBOK, R E =M im F f 55 B AY.

it AX
A ‘l
| C
|
\
|
L2 |
|
|
|
|
| i@]\ Ax
A\ 4 .l
A l I
| B
|
\
I
L1 !
|
|
|
|

(LT &5

. TﬁﬁAY

7~ ~

/// ! = ~ ‘
P 4o ' L, -
/// LA \\\
Y I Ax i 3
D 3 E
< 3 >
— «—
BN AX' BIN AX'
(DA 454

B 2-16 ATATS5F R = #4540 T AR IR B

BT EATAT A TBORE 2, Horh Li=Ly, Li AT B 53058 A Z 1A
FRES; Lo NATATA R C 5308 A Z AR RS . T

AX = ax 2l oag (2-29)
A, AX WAL H A7 .

WAL TSR TR G B Ko 0
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AX  2xAX
Kl = —= =
AX AX

P T = A AT, AT AT 5 W i st o = S R N S K/
[F]. 7 AR KA AXT (AX'=AX)D J&, WEAE =4 H o 7= AR 1 B )
MR AY, = ASHRNL S KT B AT A B BEZ KA B+,
Horb 5 A B

HE 2-16 (b) 45672 e Bl 15

L=+

AY =Lsin(f+0)-Lsin g

2 (2-30)

AX'=Lcos f-Lcos(f+0)

b, Ly A=A EA R D BB S F ZHACPIE, L=
MR SR D BN A F AR EIRE, L =MaMM AN
D Bt F 2 B L4 EE S .

WU = ZERE TROR A5 2 K2 9
AY  Lsin(f+06)-Lsing
AX' LcosB—Lcos(B+3)

_ tan g(cosd —1) +sino

- (1—coso)+tan gsino
BT =AM AR, B RIEEEES th A AR/, IR

RS A o AT LA, R o~0. MM TTTNEHIEN], 13 sind~

K, =

(2-31)

2

0
5, 1—C0$5z?, M= (2-31) AJ4kfE N

o
1-—tan g
AY
K== Z (2-32)
E+tanﬁ

AT M R 25 B I BE 6~0, FTbLs gtanﬁzo, gzo; Mt (2-32) 7
lﬁgﬂi}:ﬁ’pﬁjﬂ

K, =2 1 (2-33)
AX' tanpg

AL S R o 5 =R S F i N\ i ELFEARE, P AU AL A% B 80K
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TEHONALFBOR A 2 S = AR Kk ke

KﬁzﬂzleKzzZXLz 2
®AX tang tanp

(2-34)

K p=1024RNF(2-34) i+ S Al FH i WU AL A 2 BOR R A0 11.34 %,
I 5 AT VSR AT IO TBOR A B2 BN, BN 1 3k SE RS B O LR JEOR A5 4
i B AT R A R 22 S SR A e 2R BB S PR O A SN B AR O sl LA
{9 ON I3

253 BfEES@mEER DR

Bl F TAERINEBE S AR . KRR, R AE B A St
), AN TR BT A R B B E 2 AE CAD B4 b H S Br R
L R B HOC R R, RALERIP RS AR, BT R
DN EAE AR R, BT ARG 5 10545 280 10 485 B B il T 5B

FRATVE s B 2 RSB ATLAL) (350 20 T A AT AT AN = M 5, RIS R R X
SRAF A TBORAEH, ARAESRT AR ol = M A A P p AR ZBE AT, T = f 45
FEIMNIINALA Ja B E S RE TP AL p AR, SR =M SR RO RE 172
/Ny BT CASE BRSO EON TR AT U . 25 ERIR, TS HUR R AR TEOK £5
Sk PR EIRRE T BB 11.22 5
2.6 KE/NG

(1) 0] s H 8 M A HH AR50/ N e DA 2 FCAE TR Ul S il /R, 25 AT
JUMAI R TBORMLIG, B T —FhEE T “ALA+ =7 ORI 2 A A 0K
BUR, IR FLRE ] 31— He s psh L b, SBI 7 ORAT AR AR E B BT H s -

(2) FETH IR TT 7t A AL B S5 M S B R RATRR BT EEK, 58K
TEMEH SR, IR RS LG R A IR AR, g3 R
FESTIE T A TBOR S HL, R 2k FR LA IR 11.22 1R MBI B TEOR
54
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BIFE “HEBEMIETSHE

—YE IS B U A — E S (8] A SEEL T XA RS K et 265K, E i 32 R
TUERZIRE, NHVEE AN AR 7 DIR TN A 2 R R s, &
TR LT B S e L Y Bl A — 4 R sh LA T

3.1 ZHEREhAAE T

3.1.1 EE{KLEBLE

LT —4E IS BB, 4k IS R Eh B RE S £E — 42 18] A S B E R 2%
HIISENANERAE, RESCBLT I RIALAS . B A & 2 iz sl, i e E iz
R 55K o 383 R 1B 5 I KT 2R BT SCBETH I — 4EREh B AL & i b — 4Tk
LS, BAREE R INIE 3-1 FroR.

K 3-1(@) NIRRT RPN F I — e L B G A Fah & by K
3-100) W H BT 2 K LEREHHURTCEAE 73— > 4EREh B A AR, Shal—4E
WEhLG IR 6 #3h .

()FFIkT7 20
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(b)F BT 5
3-1 PR &4

I AR PN B B 7 [ AR B, A= A AR G R, AT A1
TS Gzl R, R SR R R I & 7 3BT —4E s L .
MR &7 A HA S, S E RS, WA “FIAT+=/" SRR
EEER TR ES) &, ML R I, FRIRD 1 A Tl AL sh 45, 3K T ARSI RCR
R, 2EHEAR BCIE IR AL & 7 SR E AL B M A SEIR 30, ZRa % ik
K —MAE T

3.1.2 ZHMEM TR

FIR A LERE L I 3-2 Ffras, OREAT SCBETH I ERUEhHLR I DA L
P ELAT B S ERGE A T RAEB G b, SEHEE IR & RN,
BT AL, S T ARSh & LR .
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X Jj [\ —4E

EHLI ‘?;

©)

O
o N Y T4
7’%@&%
©) O
\.
@)
O

\ 4

K 32 FFI—4EREh LA

A IR AL A 3-3 B, RE RISt B — 4RSI LA HR 1A &L
—HEREIHURIAESNER, 55— — AERSN U A B AERS U I R, BAE
KSCHL XY J5 A e EAER, A A GEREI U R R S A2 A R

ERN AU RN

P — 4E

IR ‘§§

feahs —— |

‘t<:>° S e
L

\ 4

K 3-3 H Ik e B L
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3.1.3 FEHHIT

JE LB HE BRI ARG T M ), TANE G LR B 7. T
PAC AL RE, 8 S 1E R S HE N TR /7, R T DAZE AR ORI & H 8
ST IRAIRAS, MTIHE T H A AR A ORAEAR e M. DRIk, 7E R R F SR
T BT TR LU R P8 HEE B AR A1 0 8] 45 e 4E R TIUE IR R 4IRS

K 3-4 (a) B AsbEEBEETENN, TRRETIRAE T, TR G
HE SRR LB ET FIAE , AT ARAE K B B 1E 3 TAE. T ES RN, A2
i 107 () 22 e TR MR AT AN FUEEAE, P DUR A R — 8 RHE TR SR LT 7,
NIETRENA A 3-4 (b) FioR.

AT G T H B o

r
n —
f’:‘.

()FhZ FUEH LA

T

(bYW ZTEN L
3-4 [k BB HEFUR NI

3.2 ZHNEAENIETE

TRBH B AP B B2 iR LR TR A i LU (S M i Hh RS BE AT B s, BRI UE 5
FON AU NI BEEAT BT T o KA T A s 18] R SRAE BB AT AL SR e 2,
BRI T 56 A9 5, B AT R 18] R SR BB A Jy B A e 970
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SR BTTIZ 15 i 3-5 Fiom,  Horh g UEEAR BT AN RO L o

FFHUA S AL B AR 3-6 Fios, EIHLA X J7 IS 3N AT RS
N 31. 404 45, 54; WEIHE Y J7 s s RN T s TN 30 124 17, 26; il
SR T SRS A 7. 84 21, 224 35, 36+ 49, 50, HECHLAAT A E
B 3-7 s, WEhHE X J7 RIS N R 5 31, 40, 45, 54; T
LK Y J5 RSB IR N TT s5 05N 30 124 17, 265 SEhHL S 5 & 4% 5
N 35, 36+ 49, 50.

3-5 FHEAHIG

D16 27,28

l 13714

Bl 3-6 FFIRHLAT oA &
34



RT3

L3 16 27,28

18
29 8
3 46
30 31 13 47 4 44

4
35 49
36 50
1 51
440 3 2054 55
39 53
£ 56

1 13714

B 3-7 HRIRHLAL T s A
T EEAHTTH) SRR R A

F =-F/

F =-F/

M, =M]-F/

H=%AM—W (3-1)
F =2 (@) -2y -y
M;:2F“f+4fuﬂ+ﬁ?(¢_y5

X, BN RS FN RN RS JREBINTT, M7 MZ TR | 2B
jj%E: X' yi\ as ¥ )/\ a]j.‘jjﬁ}{_i [N JE‘J{?L%Z: *E?Ejj#//}it?%'
[FT =[k]'[a] (3-2)
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e, [FT=[REMEEM ] (o] <[¢yaxya ] . [FT mik

y

st

JsERE, (KT ORI, (o] WRCRSHERE, BER (3-1) . (3-2) gk
SERIRERE R [K]

<
[
H::
N
H::
w
H::
~

e
(5]
,_‘::
(2]

N
[
N
N
N
a1

w
S
w
ol

13
=
A
S
A
a

—
>
[ -
2]
I

F ORI I R R N
=

=
=

XW#XWZ_
)

XW#XWZ_
w

A~ N XN KN N
N

~x XN XN XN XN K
&

X?\—Z\—z—z—
=

% 0 0 —$ 0 0
12E1  6EI 12El  6EI
0 2 0 B B
| EA EA (3-3)
N
12El  6E 12EI  6EI
0 - B2 0 T

WRIEARDRALHIE R, 7T LUK R A AL b 28 P E 3 B AR e A S O B
AR RN, ARARAR AR LK (3-4)

cosg sind 0 0 0 O
—sin@ cosd 0 0 0 O
T(O)= 0 0 1 0 _0 0 (3-4)
0 0 O cos@é singd O
0 0 0 -sin@ cosd O
0 0 O 0 0 1

R, 0 FRA R RN, e R A 2 R SERE (K]
[k =T O[] (T@) (3-5)
AN T

[F]=[k][a] (3-6)
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F]:[Fl,...pi'...,pn]
_[ql... . n]
'=[FLF M

X!

' [x' vy, a;] i=12,---,n

(3-7)

q

(EREPRARRR R, AR [F ] WIRERERE (K], 15 SRR [q], 28 0 A

TRETIREMMRERED RN F ¢ WREBEN .
FEREARA bR A, R I LB HE (0 4 HH T RN 2T 5 3 AT R 12 BTSRRI
WIRE, (A1, et PO 3 5 e o 8 0 10755 R 7 AN Rl 8 kSR Y D5 [
A S R TSR AR

_ 2F0
" g (X)+ g (x)
o (3-8)
g’ (x)+0%(x)
o, K, TR, SRR, K, R R, %R

DSVt (I

TR 3 ORI R 12 AR A R HL s M LR A x=10 pm, 57 A AR 8 1
P ANAY = KAx=112.2 um, Ho K AEISHORAEE 11.22, EHESHEHH S
Fo=1 kN, # FRFHARAAIN (3-8), KT kin N 100 N/um, kou /Y 8.9 N/um, #T
FERIEE R, NG TEReIR DA AL Ak, = MRIEEERUN, AR T S s bl
RATHE . HTRH T AR —4ENUA, P DLES AU AT SRR ZE SN « i A
JERUE BT

3.3 ZHMEEEMEITE

[ S o RSB R E EVE A Fa s, HUAIFE B AR T AR R AR
SR, M E W TAE S ESIRERE . Bk R E SR, TSRS
A, TR T EAAMR. D X J7 2 sh FIAS 5 ok i 5
A, Wk 3-8 i,
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K 3-8 JfIk X 7 s sl K
BISFHAF PR AT AT, B0 B AP ORI, 1 AT KR E,
L N =AEHIERE, s P GEENKE; 008 WS, 6.9 15
N, O34 I3 WIEEEN ML, 04 Y TR = MESHIFHF A, 69 Y U5
[FIALATIFE S EE, yo RIS A2 RS, yo MBI S A2 RS, ya N Y TR =
MERIAENEEN SRS E RN BIACT IS s o o =M A B TBOR A4 B L
T AEEIAIRRAR N, FERORSE,  FTEA sino~0, 373 2] F -

sm@zQ=%
1

Y2

2

sing, ~ 6, =

sing, ~0,= Y2~ Y%s

|3

sm@zﬂz%

2

(3-9

sineszef%

1

Y,
=22
YA

|

~ .3
y3~_y2

Iz
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HAKF IS ys LTI A, EMNEFRTEE W yols 5 yslo 0
*H =T I)_I\]J Y3%y2|3/|20
FEERHLAA (F13h fiE

1 . 1 . 1 .
T :§(4m1)y12 +E(4m2 +m; +m4)y22 +E(4m1 +4m2)y§

] , ) ) X (3-10)
FGAO 45105+ 50,00+ 1,60) <A+ 2 0,6 x2
T:%Mys (3-1D)

A, moRATAE SR, m =M BT, ms F SRR 13
iR, ma RTESIE R J ALK LW SR, Jo M= AH TP 1 S
w, BT EEEH BEE: M ATFBNIESER R .

Bz B (3-100 Ak (3-11) mIf3:

2 2
:1(ﬂ+4m +m,+m, +4m21I3 +4m22I3
2 B I I

LA A, 43,12 4312 23,(1,-1,)

L+ + /2 (3-12)
erte e e o Y

2

1
= 2 yz
ety b AT 15 U &2

am

2 2
M=—L+4m,+m,+m, +4m1I3 +4T22|3
g ) 22 o (3-13)
L4, +4J2 LA 43 235(3,-1,)
N 45
WRAEzh 1 5B, AR s i E T R A K
1

MRIEA RV L . KEESHOH S U 253800 ot & e S sl
SHNFE 2-1. F 3-1.

S
B
M

i

* 3-1 FEH S
A K F (mm) J5i & (k) R (kg + m?)
ly 24 0.013 2.496x10°°
I, 30 0.007 2.1x107
ls 5 0.0006 5.0x107°
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HAMESH & BT E ma=0.4022 kg, =45 B BORRE5L p1=5.61, K& 3-1
WHFLEZEACN (3-13) , RAGZH & M=0.53 kg.
FEHLA R AR AR A T H .
1

u :%k1912x4+5k2¢922x4+%k3032><2+%k2¢942x4+%k16?52><4 (3-15)
u :%K' 2 (3-16)

A, ke NATAE LRI, ke A= AAEER R LRI, ks NP & IEE 15
NIEE, KAFFBHLASE RN
Bz B (3-15) Fizl (3-16) w15

2k, (1, =1,)* 4k,1Z 4k|?
LAk 20 L) Akl Ay e L)
2 ﬂlll I2 I3 |2 I1|2 2

iyt b 2R 15 55 R -
_ Ak 4k 2k, -L) Akl 4k

K'= (3-18)
VoA S 1; 1
FHAT R 17 22 R0 RS AR BE TR A 20
3
k=Ebt (3-19)
12l

X, b ARt NERE, RAAHRSHARAR (3-19) 15
AT RIRIEE,  HAREE I3 3-2,
R 3-2 FFHAHUIFF 1M 250

KGR K JE (mm) JZ JE (mm) R/NE EE(mm) WILZ (N/mm)
Iy 24 10 7 2.51
I, 30 10 0.5 7.33x10™
ls 5 10 0.5 4.40%x10°°

¥k 3-2 WAHFES BN (3-18) , RAEBZNIE K'=2.21X 102 N/mm.
B AR E A

LS (320
27\ M

R AU PR S5 280 B A S R AN SR (3-20) , SRAT I RIS LA P 2
AP 1=102.77 Hz. FEABIHUR A 8 A 50 05D 3R 5 I s LA AR R
AU, BN CHE T R B ah HLA [ A7 4550 44.62 Hz. AR
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W HERE, ISR IR A 4505 2] v+ A R LA, R B IF I
NI P TP RE /1 B ik o

3.4 (HESHH

AT WA A+ = A AR RO WU B T W E R, FIA Ansys
Workbench 3 A4hf — EBIAAL HEAT 07 B A A7 Forbr, BB S R
2 180X 180 mm, R ERTAEIHLIG S A RS9 200X 220 mm, JEFEHIN 10 mm,
HRFEAEWSHNAE 2-5. K 3-1. £ 3-2,

34.1 BB IZEFE

1E UG ERILHA rh sl —EGSE UM ) 4R AY, R A A A step 4% 2K,
P53 Ansys Workbench % Hb, A5 B ARESH, AU IR RL g
4N 65Mn, HEFE. BRPERLE . LS SHUILE 2-2,

K =R RIEAT RS I 73, R I 23 28 BRI DU TR AR o DY A 388 L it
[ e 205, AR (0 B e RS B 2 mme. SR IBCREhHLI S 8143t 433030 AN15 A4
A1 279809 /MERTT; JFERMBIHLIYILR] ) Y 346698 /N5 A 225117 MG,
TSN ALAL (A% R 23 25 SR ] 3-9 Pz BoE I HL & HES L F8 Ax=10 pm,
HHG H I EAT AT AL, SRR E XY O M B A7 5 S 4 A % 23 i3k AT FR
Tl B

()R BLAL (b) FF TSI
K 3-9 REhHLA KSR 7 452

) o3 B A A 5, RS s, LRI R d, REAE A2
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DI EREEE MG DL N BARTH SR CAR R, vt 5ERieR, b 5 iE

(1) FFERAAEh LY

TIN5 ER R 1 RS UL AR A R A 70 A 1 00, AT LA
BOPPAG SR . FRsE k. JRIRNLAE X\ Y J7 AR A R AT 3-10 Fs.

(@)X J7 MmNz Bl b)Y HR =
3-10 FHEGBIHI X Y R = K

MR HESHERHAIE N Ax=10 um B, FREGEESIHGTE X J7 RE S (1) 5
KRLJJ2H 383.27 MPa, fE Y J5 IaI/EBNI i KR )28 381.77 MPa, & #/NT
SR EE X 65Mn 1) JE ARAK B 432 MPa. KL, 1Z AL AS £ 75 T AR 2R 3L E i e,
TR FHER

[F B 75 27 B R LR (R e R R RS, DA TS0 BB, A
PR XL Y T AR an il 3-11 o

(@)X 77 i = b)Y FF IR = Kl
3-11 FEEEMEIHIN X, Y Tk = K

2 BB HER LA 09 A x=10 um I, SUBIHLRIAE X 5 A1 S ) e ey £
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8 73.25 um, 1EY J7 MAES)E LSS AR Y 73.93 pme
X\ Y F I B HON -

73.25um
K, = =7.325 -
X 10,m (3-21)
73.93um
K, = =7.393 -
v 10m (3-22)

XY J5 1A BSOS B O A B AR X R 2 0

CK,—K, 11.22-7.325

S
K, 11.22

=34.7% (3-23)

Ky K, 11.22-7.43
K, 11.22

5, =34.1% (3-24)

Ha0 (3-23) Mk (3-24) AT, X. Y 5 OB 05 B S5 R R E A 22
WK, XPRZER R FHMAEEER: (1D BT Msma &R,y
WL B B, (E— LA IO AL AN AL IR RS I, o5 —id
MR O UG 2 B a2 7= 6B 7y, BARMESh &R 3h:  (2) PR T &
52 BT ) AL TEOR BRI BELRS R 5 75 L EAT B R 53 A0 AN SR8 TR L
SIARHESN G Rz,  H M R BE 7 B K06 1 AT A O LA o

(2) B EBIHL

S RIS LA 1 75 AT B )47 L AR 30 FE A5 ) s, SR BCR LN XL Y
[ B g 0 A5 R A& 3-12 Fos

(@)X J7 I8 ) = Bl b)Y TN =
3-12 SRS X, Y FHN 1= B
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MR SHER HAE A Ax=10 um B, FESIWUTE X J7 FAESIR 1)K
7174 353.85 MPa, ft Y J7AESNIN (15 KN /10 348.54 MPa, i35l /N T3 3
B 65Mn 1) JEE IRAR PR o BT LUZ BB H U AR A S 78 T AR e sk i 2, i e o 2
R

BRI X Y B 3-13 fioR, 4EESHER AR N A
x=10um B, TEINITE X 77 FIFESIE e AL RS /2 108.51 pm, 7E Y J7 IfE
BN ) AL & 109.76 pum.

(@)X 77 i = K (b)Y J7 e = Kl
K 3-13 RS X Y TR =K
X. Y MG EBORAE SN

108.51m
K, =—=10.851 -
X 10,m (3-25)
KY :M =10.976 (3-26)
10um

X Y 5 AT BSOS HCS B TR A B AR X R % 0

Ky —K, 11.22-10.851
K, 11.22

=3.3% (3-27)

Sy =
K,—K, 11.22-10.976
K, 11.22

X\ Y TR AR R ZE N T 5%, SRS TFEAE T, Wk 7 BRI IR
Htk.

5, = =2.2% (3-28)
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(3) FEHRAN R R RE & AL 8% 0 A

WEh G FI8 37 Mg 3N e B 7 W) =AU N AR, T
WEFRE O RIS J& 15 0 B UL IEF AR S 7 AL 520, 10 R & A8 X B EAT 175
o JRICHUA T30 8 SRpte, A EL SR IR 27 AR S RIS 6088, FFIREHL
G ARG DL Al 3-14 PR

(a)X J7 BB Y T b R A (b)Y F7 I X T7 AR R
Kl 3-14 FHFENRE S AL
1 X JF A EIBEI, X J7RTEEIAIRE N 73.25 um, Y J5 A IR &AL RS N
0.036 um; 7£ Y J7lAFIEs, Y 71 ESIA#E A 73.93 um, X J7 1A GG
A # 2 0.025 pm; IX PRI BT B A A8 5 E B A B A 4 E
0.036/73.25=4.9x10, 0.025/73.93=3.4x10"*; FIRIFBENLIA ROEER L, IF

BBV 2 EBCR IR S A2, SR TARYE LB ARG, MO S1Eah A1
b, RGHTHz %t MEMBESNEMRmRN, 7T L2,

2L AR RL RNV & RIS RN ORGSR AR PR kg, X3
WA O RS, {EZh & BT sl et , HHRA - 5HEERMRE
BURHUR, AFsh &R A A e T A de, I SRR ARG . (EILmAT P
NG HAEE A BN, BT Ee R, WEXHMESD G B I ER
TS, Bt DL A IR BT B R & L2 AR/, Bt PRI BT IR LA VR Bh 8 72
KIS o

IR T H AR B SR AT R T RE, ITUA S ERZ MG g, &
WA R S 1 DL 1 3-15 Ffra
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@)X J7EBIN Y J7 R A A (b)Y J7FHZEIN X J7 B S
&1 3-15 ERIHLI R R R S L

e X 7y Eisshiny, X O IPESIAIRE 0y 108.51 pm, Y J7 RS A%
9 0.015um; 76 Y FRATEEN, Y FRBESNE A 109.76 um, X 77 )
MAEMHEA 0.04 pm: X P AL T RS & AL 5 1E 3 AL #% A XA
0.015/108.51=1.38x10"*, 0.04/109.76 =3.6x10™*; Hittn] W, &AM 4 LLAESh
Kk, ABHT o —, MEABXMEh G ST L2 AT, #E—B 5k [
S AL T AR Rl 6 RO RS R A i) R

342 BhHhEHRE

N T RAE B IR TR, FRE T RS shATERe, X H3ET3)7)
YW o BNASTERE b A AT ARG AR BIHS BE AN 20 25 0 B RE ) s Bk, A
Ansys Workbench #1450 AT QRS 70 b o FHFIALAI AT 6 Br LIRS 4R AL an
Kl 3-16 frow, &R EAA A Wk 3-3.

(a)l f ()2 By
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RT3

(e)5 By

K 3-16 FFEEHUIAREL S 0
*® 3-3 JFIRMUR AT /S B AT A

lheA 1 2 3 4 5 6
A (Hz) 156.62  204.10  209.49 248.90 366.13 506.33
PR 5 i 5 i o A, HEe Ah. ¥ Edh. 1

FEBBIHLMIR | RS A 450N 156.62 Hz, 3 1 HESHRADNES fh 48
T, 2~3 BYEE AT, HARAAARLE, F IR N FIE) &P ahiE i &
HIAS T, B = IRAE NS HhAR I . 4~6 PR B2 [ A A B Tk P2 I AR P, A
BRI [ A7 SR IGIME N BT L AR 2E 3R TH B — A 22, 5 =FriR I s
AR TE . RT/SPIBEAS IR AL iR KI5 S OBids, HHERBRER K.

HIEHUET 6 M HRSIRAL IR 3-16 Fizs, 47 EAE 20 BB A 5% 0
% 3-4.

R 3-4 ERIBHLI T /SEY A AR

1A 1 2 3 4 5 6
A (Hz) 60.06 103.16  109.24 113.18 223.65 250.49
PR 5 5 5 . HE 5 =l
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W BT
10316 Hz
B mm

44454 Bk
39515
34576
29,636
24697
19.758
14818
98788
49394
QB

25049 Hz
i mm

41417 8% 86,256 BA
36816 — 76672
32214 _ 67088
22612 y ; | 57504
2301 1 4192
18408 - I 38336
13806 3 i 8752
92039 i 19168
48019 1 9.584
O BRih | 7 - - o o8N
X %

(e)5 Fr (D6 Bir
K] 3-16 HRERUBIHLIRLA 54T
RS 1 S B 2N 60.06 Hz, HLAR) 1 MBS IRA N Z th A
e, 2~3 BrESEIAPRANIL, SR AARE, POVE A . 4 B b A
52, 3 oML, EIRROVE A . 5~6 WA R R IR T AT
B, 5 RSIRAUOAZS AR, (B 6 MR 2 A A, H 6 il
IRBAERTNF B K

i 3-15 FE 3-16 AT A1, FHFECREINLAET 1 B A 53N 156.62 Hz, &
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RT3

TENHLA 1 A A5 60.06 Hz, P AR IS ATLAG7E AL T [ 45 A5 2R i Zh LA
TR, 7B FIVE SRS B2, [RIAE TS LR T A I S0 T[54 430
e, PN SEAREE M E SRS B, Pt LRSI AUAL ) ARSI SN T3 1 By [ A 45
o AN, FRIETRBH LR % B A AR 2 I KT R RS [ BA ] Ai
171 5] A7 AT HUE R /N4 ELR R SIS B BT P e BRI R IBCH LA A A L A
SE PR T HR LA

A SCE B T 5 2 I A RS LA R [ G 350370 5108 102.77 Hz F1 44.62
Hz, 1Ml i B o A 45 B B RS MG 4 1 B [ 42 73324 156.62 Hz AT 60.06
Hz. WAHJ7 245 3 00 A SR BUE AR R — M CE R, 45 R, IWTEE 1 s)
PUR BT R A A B

FCrb R TSRS 20 A 45 38 (0 [F5 A 92 U A7 A8 22 0 10 S 1R g -

(D) EEWTHE RS R, SR =R bl i e A, 2
W TURTTRAR L 12 A% A 45 D] 3R AT 3 i 22 5

(2) fEERIE S, R T EZ NERCEAAE LT R BUR %,

(3) MG FRITHEZ /M, Ansys Workbench A LUK TR k4745 20 (1 0 %
Ry, A AR 5 R R A RO = R, DT v T AR

CA)BRAFTT DAAL BB 5T i S R R Y, 25 18 38 S B AR w1 %5 Al T LT T AR
MBHREYE . SRS R 2R, AL T B TH B T T SE PR o

gr BRTIR, 7 FEAEAS A R [ A A0 B T S PR

3.5 KRB

(1) HeT— 4L BB MU, ) F R IBAT & D607 220 il devt 7 Rk = 4 el
BB, A g BB T S P R B M LAL ([ A A0, THEAE R4 102.77
Hz. 44.62Hz, S5{5H45H 156.62 Hz. 60.06 Hz Z /N, 3 FTE 7 [ B iR
RTHR TR IR

(2) FI B 1501 B A3, 49 SR R DL BAT S0 AR 7 0 (2 % it A
Hag KA 4 109.76 pm, B AR T IFBNLIGIY 73.93 pm; 35S 7175 EL53
B, 73 BN BRI HLA ) B 43 518 381.77 MPa 1 353.85 MPa, {44
L AR R 432 MPa, &8 T vk (R Eh BRI 2 K

49



g M N e e 2 VAT

BA4TE “HEBEMINALESNA

ER B EYEEAT 7B AT ER ST B O 1t B IR s
FSEBR TARERE, A H K AEL D I BRI T —HEREhHUAFENL, BETHARORSE
TS AT I . FIAME 5 RS WOt Ay . 5 b Rk ah 4% DAL K
BHERE RN SLIR R GE, MWCEN T G1E XL Y T RATRE . W& (082 St AT I
BURESAIE, K57 PRIC T BLEE A S8 TN A RBEAT X b, 70 A o K 22 5 S R A
i1 5 BB RS WU AE LU0 I 4-1 B

T EOETEE
A ,!

\ A\
(a) IR (b)HR ALY
4-1 SEHIFERNL

4.1 KW FEEE

LIGW A SIS RASHIR AR R B &HE (NAC2013-H10), HRAS5
X 55X 10 mm; 0B KA 7] (1 R FL %l 28 (E00.D4), 1] LRI 4 4 B 4545 5
ST o0 ] () BRSO GIIRA (LV-S01), A7l S5 FE Rlik 0.5 nm; [FZRAH 1)
P (QF-12-09-08), &SNS G THENL, Lt ab PRI R HdE .

AR SR G an ] 4-2 B MRRT, A5G 8 I g ] 2 72 <7
FE b, 8N EHSHENTEERAMAI I b, RIEEMIEZ 1395, HPEIE
By TUEAE AT PG TR 77, S Rk S HEMPES ME R . R A28 10 4 2%
PEHUES o ERH XY IE5 4 ANARE D710 00 S HE, 5 RUoB IR

BOCITERENLRIEESR ERIEES) B AR, & st AL PN SN SR A Hds .
50



g M N e e 2 VAT

LI J L B 4 BAROCIIREGC skl aaHEL

TR iR Tl Bk [ iR ek IF

K 4-2 sZET &
4.2 WAL FE SR

SIS SIS, R X Y 7 RS B 1 R LS HE R N R L . F
JEHIEHIRE S WEANERE, BN EER 120 V. Jli i S R A
RSN GIESANHEAE TR, EENEZ K, BCFSESH B E—E X R
Hh 2k .

KB ER: LL X T, M B RS HEERIES) 6 1F X IEm#3),
EINHIEN OV FE 120V, BN 120V EFEI 0V, LL10V ARSESERE; 2
JERERIES G X fuafsh, HMKHAEBEERABEN 0V F+3] 120
V, B 120V BRI 0V, FFELL 10V B SCR HE: BIEIES) & kM X Ik
[ E), Pk X IEmBEA SR X fnss), Bk X 57 oAl 5 g ) 3
J sk, N X5 T e B U R E S R . Y 7 1 X 1) A S 56: 45 B 5 4 1A,
FHRHEI N X Y BE—f K R 4-3 s

BEMAARETHEME, AOihZAREERIZ, £ s BT &R
RSB 1E X (Y) I e BAEZNS /2, 72 8 R A 7 M RR MBS G 1E X (Y)
B SE ARSI AR . HFBREINTE R KL 120V R, X J5 el K A2
71.82 um, Y JylA KA N 72.63 pm, FBOREESHIN 7.182 f%5. 7.263
i, HEIRBORAEEOH L ZBEROR, (R S50 B A REFRRUN . K m K LR 1
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