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ANALYSIS OF TRANSMISSION ACCURACY AND CONTACT
STRESS OF CYCLOID GEAR FOR RV REDUCER UNDER
THE COMPREHENSIVE EFFECTS OF MULTI-FACTOR

ABSTRACT

As important components of high-end intelligent equipments, industrial
robots have high technological added value and a wide range of applications,
providing important support for the development of China’s advanced
manufacturing industry. RV reducers are representative of high-precision
reducers, it’s widely used as joint reduction devices at the waist, shoulders and
elbows due to their high transmission accuracy, strong carrying capacity, large
transmission ratio, and compact structure. With the transformation and
upgrading of China’s manufacturing industry, intelligent equipment
represented by industrial robots has experienced explosive growth, gradually
increasing the demand for RV reducers. However, due to the relatively late
start of domestic industrial robot development, domestically produced RV
reducers often suffer from issues such as lower transmission accuracy, lower
carrying capacity, higher wear, and heat generation compared to foreign
products, leading to a dependency on imports and increased production costs
for domestically produced industrial robots. It can not only promotes the

localization of intelligent equipment but also accelerate the transformation of

v
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the intelligent manufacturing industry to develop RV reducers with excellent
transmission performance, aiming to improve transmission accuracy and
increase carrying capacity.

In the production process of RV reducers, unavoidable manufacturing
and assembly errors as well as clearances are crucial factors affecting the
transmission performance of RV reducers. This paper aims to explore the
impact of various influencing factors on the transmission accuracy and cycloid
gear contact stress of RV reducers and reveal the influence mechanism of
multi-factor coupling on them. Taking the RV-40E-121 precision reducer as
the research object, this study utilizes virtual prototyping and finite element
analysis technology to investigate the effects of various errors and modified
tooth profiles on the transmission accuracy of RV reducers and contact stress
of the cycloid gear. The Response Surface Methodology (RSM) combined
design experiments are employed to analyze the influence of multi-factor
coupling on the transmission accuracy of RV reducers and contact stress of the
cycloid gear, fitting design factors and response objectives. The main research
contents and results are as follows:

(1) By analyzing the structural characteristics and transmission principle
of the RV reducer, the model of ‘fixing pin housing, sun gear as input,
planetary carrier as output’ was chosen for investigation, followed by the
calculation of its transmission ratio and the meshing frequency of each stage

reduction mechanism. Based on the principle of generating cycloidal profiles,
\%
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the equations for cycloidal profiles under various modification methods were
further derived. The drawing of modified cycloid gear was completed,
followed by the establishment of a 3D model for the RV reducer. The virtual
prototype of the RV reducer was constructed based on ADAMS, and a multi-
body dynamics analysis was conducted. The accuracy of the virtual prototype
was verified by comparing simulation results with theoretical values, and the
influence laws of various errors (axial positional error of pinhole, radius error
of pin gear distribution circle, radius error of pin gear and radial clearance)
and modified tooth profiles on the transmission accuracy of the RV reducer
are analyzed. Analysis indicates that the transmission error of the RV reducer
is positively correlated with various errors and also positively correlated with
the equidistant modification amount and the offset modification amount of the
cycloid gear. The transmission accuracy of the ‘negative equidistant + positive
offset’ combined modification is higher than that of the ‘positive equidistant
+ negative offset’ combination modification.

(2) By analyzing the contact state during the transmission of the cycloid-
pin gear, the method of determining the number of meshing teeth during
transmission of cycloid-pin gear and the calculation method of the contact
force between the cycloid gear and the pin gear were proposed. A finite
element analysis model for the meshing pair of cycloid-pin gear was
established based on ABAQUS, and research on the dynamic contact

characteristics of cycloid-pin gear transmission was conducted. The
VI
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comparison revealed that the variation trends of the finite element analysis
results were consistent with theoretical values, with a maximum error not
exceeding 10%, validating the accuracy of the finite element model. And the
influence laws of various errors and modified tooth profiles on the contact
stress of the cycloid gear were analyzed. Results indicate that the contact stress
on the cycloid gear profile moves along the direction of the profile, showing
a trend of first increasing and then decreasing overall, and the contact stress
in the tooth width direction is generally the same. The contact stress of the
cycloid gear is positively correlated with various errors (axial positional error
of pinhole, radius error of pin gear distribution circle, radius error of pin gear
and radial clearance) and also positively correlated with the offset
modification amount of the cycloid gear, but negatively correlated with the
equidistant modification amount. The contact stress of the ‘positive
equidistant + negative offset’ combined modification is lower than that of the
‘negative equidistant + positive offset’ combination modification.

(3) Utilizing the RSM to design combined experiments, the design
factors (axial positional error of pinhole, radius error of pin gear distribution
circle, radius error of pin gear and radial clearance) and response objectives
(transmission accuracy of RV reducers, contact stress of the cycloid gear) were
selected. The response surface model was constructed based on experimental
data, completing the prediction and precision evaluation of the response

objectives, thus validating the accuracy of the response surface model.
VII
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Furthermore, response surface and contour maps were generated to analyze
the coupling effects of multi-factor on the transmission accuracy of the RV
reducer and the contact stress of the cycliod gear. Results indicate that the
coupling effect of the radius error of pin gear distribution circle and the radius
error of pin gear significantly affects the transmission accuracy of RV reducers,
and transmission error decreases with the decrease of the radius error of pin
gear distribution circle and the decrease of the radius error of pin gear forward
deviation and the increase of reverse deviation. The coupling effect of the axial
positional error of pinhole and the radius error of pin gear significantly affects
the contact stress of the cycloid gear, and maximum contact stress decreases
with the increase of the axial positional error of pinhole reverse deviation and
the decrease of the radius error of pin gear.

This study established a response surface model for the transmission
accuracy of RV reducers and contact stress of the cycloid gear, revealing
implicit functional relationships between various factors and response
objectives, which provides technical support for the development of
transmission accuracy and contact stress in the field of RV reducer. The
research findings can be applied to the design and manufacturing stages of
RV reducers to achieve the goal of reducing production costs, thus possessing
significant engineering application value.

KEY WORDS: RV reducer, coupling effect, transmission accuracy, contact

stress, response surface methodolog
VIII
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+(a—r,K,¢7")sin(iy @, +AE) (227)
V3 = (1, = 1,0~ ) cos[(1—i, g, —A&]
—(a—r,K ¢~ )cos(iy @ +AS)
224 HHEBHBLKAREIE
AR HIMB TR J5 4R 2 1R B A 4B 2 B (0 A AR A TOUAL A7 7E — € AR [ AT, AT
DRUEAME S SN TR 22 . J7 4R, M W T RS BE S . A 0T iR 4okt 5o
8T H BB =BT 53, W Je ik R i CRE FaR K, BT DAShs TR RH Al « 4%
FR+FEER " BB T T R R G A BRIEAT B T 163041,
R ERIEATE, “SIEBE” WHABITER 738 “ I+ IR
PE” . CIESEREHRERR” . “OUSEREHIEREE” R “AAEREHAREEE” DUFR. fEIBTE

ARG T, “IESEE+HEREE” KB IE S A KIS Ta B, M2
21
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RS SRR IR, W FEBINE RS “ OB+ ORI 0BT i T A
SR, BRSO AT« IES B SR EE” A« SR+ IEASRE "
HORE T T AR P 2 A BRI, AT R R O Bk e, (B “IF
SRR SRSEE” IIIETE 7V RENS ER R 56 S5 B I T 2 G 4 Pt B,
TRARAE 70599, R, SO © IESERE RSB 02 AT 77 v P TR 6 1t
Bt

“ AP+ GO IR 4 A T B By R B s
Xe =[r, = Ar, = (r,, + A, )¢ Teos[(1- iy )p,]

X0 _aArp) [, —Ar, = Z,(r,, +Ar, )¢ )] cos(iy@,)
Yo =[r, = Ar, = (r,, + Ar, )¢~ Isin[(1i,, )]

(I" _aAI" ) [rp - Arp - Zp (rrp + Arfl’ )¢_1)] Sin(iH(Dl)

MR SRR &, SRS 5 4T Z [ AR T TRI R Ag FERUE G R LS5 A T4 i 2
& Arp SBEBILE Ar, 2, TEAESFIRIBIEE:

(2-28)

_|_

Ar’ al 2-29

r = _

4 l—W ( )

H, Ae—25 B AR 1) R B £0{E

W=J1-K} -
R IEEEN:

Ar’ AN 2-30
roo=— -

23RV BREE = HIRBIE N
2.3.1 BRIRZR LR
JR 2 RV el 25 K58 2 50 AN 14 8] 42 1] (AT BRIO®IAG=0.225mm, 1 b 3CRT ik &
CIESEFRASEE Y A AETE T AT R R ST, ARIE 20 (2-29)F1(2-30) AT 13 4%
[ (R i 1 o 7 () e A 2 BEAS T & Arp=0.5395mm, F FERE FEB T & Arp=—0.3145mm.
TEBML RIS T, FIF SolidWorks B Hh 7 B2 il 5Ly < 5 F2 =gk Bl 1y
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227 ohfe, HE LU REIIF A R E S E, RIR A5 8] — BB AT .

X, = (64—Ar, —(3+Ar, ) x (sqr(1+(K;)’ =2x(K,)xcos(t))) ")
xcos((=1/39)xt) = (1.3-(3-Ar,, ) x K, x(sqr(1+(K,)’
—2x(K,)xcos(t))) ") x cos((40/39) x¢)

v, =(64—Ar, —(3+Ar,))x (sqr(1+(K)* = 2x(K)x cos(1))) ™)
xsin((—=1/39)x#)+(1.3-(3—-Ar,, ) x K x(sqr(1+(K,)’ (2-31)
—2x(K,)xcos(t)))")xsin((40 / 39) x t)

K, =(1.3x40/ (64— 4r,))
=0

t, =2x pi

W 2-11 Prow, 1% ERERAE, wl DL RS 10— Mk Fr L, JEd <[
JE RS Shig, w IERGE B A& B ERERe B, AT “HhrfiReaL”
“DIBRHSIL” S5dn, e 2 BN LAY

K 2-11 BEERRTI 2]
2.3.2 XEEMER

RALE 7 FCASAUORE B 35 10 DG B ST HEA (V) = AR, BRI 2 o AR (R G
RED AR N K2 RS SR AERR B . IRIER 2-1 | RV Jid s 1L A g5
WBH, RRGERORFREE . B TR M5, B AT AR S0
FHBAEH =LA, HEHI T & T A A, B, whd . BB
MR B A

18 F SolidWorks )2 U HLBEAT RV JBGH 25 1 A 4%, S BT A “Pd&
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Theg, ISR IR E, SEARN “BCERA” , W RS
TR CEET L RGN “PUMECE T R i S HECE TS, DUk
(s e i O T Vi e s

RV JH A5 P i B B 0 70 MR 4R 2R 8 HEMIN AL e, SR 2R My 48 2k
Fe 2 180° FAHAZ ZE XS FRHCE T Ay et _E ) f-Co e Ak, SR ERAC AL AP Lo 5 4l O
FerpO DR R OO, RTINS FE RO AR A 225 EIRAT R, SE A Al AR de
RIBEHC . PR A IR Pl S EHA 52 BT R B L i REF RO S, JF BRI
w5 LRI RFFE SRR, HRERER. SUak— 314
A AT TR R RE — AN AT T, 110 55— P $R AR N 180° AR Z2 Ak IE A AH AR P4
RO AR Oy, U R RE X AR AT A IR TOT, 56 BRAR RS 55 BT AT RO SR

B RAT B A R [ IERAE Ay Al A 0 OF 5 K FRACEEAT “ARRACS 7, FRRATA
Ak IR0 Wt S U i s R e 7 10 E I A e R 871 R s R 2 e
DhReR BTG, BISER RV k45 FIELAED, W& 2-12 .

H
ES
”

K 2-12 RV Ja03 28 5141

24 KRB

A2 XHENET RV BIEA MG RS SAESEEL, T RV I 28 A
[i5] 5 S 2R50F B AN [E i EH LRG3 0 (a) [ 2R A CBHib el e, RBREEHIAN, 1TE
B RN SR, FRitE T HBERAE S L SR A A . AT TR ER I
JIEE G B0 BT SR R S AN RIS TR 03, FE 58K T RV U6 4 = A R 77
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(1) 3T T RV Uit 25 A 7] ] 2 28 205 I 1) AS [l it AT LA L 6 i, 5331
N: ()R EE, KFRERIAN, TR, (O)ITREEE, KRN, ik
Feht: (o KBR%EIE e, fHkseimAN, 1TEAHH: (OF R E, TR,
KPHECH Y (AT RALEE, FHhseiN, KFHEHH, (OKMIEE, 17E5%
N, BRI .

(2) 5 T ()EERM BHGFEEE, KRR, 1722845 L) 1 RV REuE
FIEBI N 121:1, DLRGR T AR E R OE N MG & 5%y 360Hz, 5 11 4%
LRAET R IR AL 1R G 455N 403Hz.

(3) HET T HR LS AR 14 30 77 A2 DA RS B T J 0kt LB T 16 BE 7 72, 9
W ISR NREEE” WA A B IEN TR R T, THE BT R Ui Rt
N BAE S FEAE T & 0.5395mm, B RS ERIETE & N—0.3145mm.
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%38 ZESEREMNY RV RURE S AR5

REAFENLEOR H BT 27 iz o T B A Se B RN LI AT LI R G 1) 2 14630 7
S RABEN AT, I AR BT S0 A B0 5, W] DL Wby
BT ER L AR B (R B A i RURFE S i SR . AR E LSS 2 AL RV R &
= ARV E N ST R AL ARG, 3R 2 A = ZER R 3 N2t ADAMS B
B, BEATAPORHRIRC T AU DG SR 1 i B AEERAE, £ ADAMS BT EFEE RV JRE
SR S5 G BN Z R30I 52 HEORXS RV I o ()% s I RE s AT 4R
TR, RAF B T EAAF RIS NRFE,  JF HARYE B AL S e M RIS UE I 3 22 1Y
RESRENLIIHERAYE, M ITEE—2D 70 M RV G & AL SR 1L .

3.1 RV BiR=s N RV
FIF ADAMS HEAT BERENLED 1205 BL IR AR AN B 3-1 Fs

B AADAMS I 58
W TAEMER R E

Fi| H SolidWorks

S = EXLH. B |
1 il 515

faj A R

LA IRAIE
BEEM KA

Ak

Parasolid(*.x_t)

Je Bk PR A L
. DA A 2k

K 3-1 BT ADAMS FIRESEENL SN 70 2207 FRLRE K
(1) HRFELS A
H T ZMANEE S 0 BN TR EEMC, Bk 7 RE0HHE T
B, REEEE, WAECRIED H MR ERIRTHE T, X RV JRIdE &% = 4ER R /R fif
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AL EE, RS AT {5 LA RN LR, a8 B IRSERE, £Bk
iR . MEEREM. BAH CTURE” DA BIAMFETE, K
WIE I T A7 Parasolid(* x_t)SCAFA% 3, i24% AR B A w b FE OR 17 A J LA
ZER I — BEAELL SRRy 1, A AT RO S AR AR AR 1A T REAFAE M B R 0L, TR
Uk AR IR E R R Al SE Tt

f£ ADAMS BAFIEAZEHF, I HFF AR Parasolid(*.x_t), AL
PFEFE RV i s 1) AR Y, 8 SCRAREAZ AR, S A i) S N A
(2) LR E

MEVRPEIT . O 7 ORUEZ AR AF AR R P TH A 25 RANE A 1,
RV JEGE % LA R PE R 5 RV IR 88 SC PR A A F AR E MR DR fr— 20 &
e L i ) 2 AR R A SO S B B A B, PR AR 3-1 XA G I Z
PR XA R R, s e E . APRLE R AR LR

%R 3-1 RV JE & 1) £ ZR AR E

T AR ML FR FAVERLEE MRLE B2 p THFA L
yNEE 15CrMo 2.12x10" N-m™ 7.88x10°kg'm 0.284
TR 38CrMoAl 2.11x10"N-m" 7.85x10°kg-m 0.277
A 20CrMnMo 2.07x10" N-m™ 7.87x10°kg'm’ 0.254
R 20CrMnMo 2.07x10" N-m™ 7.87x10°kg'm 0.254
B GCrl5 2.19x10" N-m™ 7.83x10°kg-m> 0.300

B ikae QT500-7 1.68x10" N-m™ 7.25x10°kg'm’ 0.240
TR ZG65Mn 1.98x10"' N-m™ 7.85x10°kg-m 0.230
brtiih ZG65Mn 1.98x10"' N-m™ 7.85x10°kg-m 0.230

TAERSE MR E Ak Bos TAEMMHEDL, #E AR ONHETE, X ALY J7 st
S T AERE A AR B, 38 T8 A3 RO/ IR AR AR PN A PR TR B, 32 3 P A b
J5 A

AT RCE : FER PR s B S R R AL T, S i MMKS 42404 AL
BEAKE(mm), FiEKg), JIN), BE(s), MAEE), HFEHz).

BT ARE: R PRk R B SR T, YL, RS
Hzh & H )77 N AR R Y Bl 57007 17, 0{H 9-9806.65mm/s?.
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(3) AHRAE X

HI AR SCAE 3B ADAMS ) RV skad 25 fal to A R R A Z2 3 (14 LARTRFAIE
PARCANR) A 2 [ A B G 2R, bR Y RV o &8 HOAL ) L BE, 0 %44
PEI AR R B, SRR IRIERR €S2 s, A fext KBt AT 3 1 Aty 31

ADAMS T IEZhE| E 2y —fosshEl (BEE]. R BERD. Rl
(RERZAR . RELAHD., B3 RES CPE. REissh) . ALK (EELK.
AR HKIMAR) %, NTRZEHMAZNTE, HAEM—isshRlRimr e
JERAR IR E 3o

RV B 8% B2 L o S A AR AL A 2R R R UNER 3-2 Jhows

%R 3-2 RV Jlid 83 & ML R R &

LR (MO B 1 A 2
[t 5E il (1) BHikiTe Kt
It %€ Fl (40) Bk BHiAiTe
It %€ Hl (2) TR HH Py
It % B (1) T4 R
FezhEl (1) KFR%E Kith
Fezhil(2) AP Al TR
FezhE(4) FREHE A7 Al
Fezhl(1) T K
WHEEI2) FezhE] CRBHI%) Feahgl TR N
P E(2) 1R A FH A3

AATHESLH RV PO &5 RESUREA LTS IN 012 3 B A0 4 -

[ E B R E TR b, A T AR BB WA — A
ET AL, A TG IE, FTEIREEZS).

R YR b E T R b, YA TR e s sl ]
PR — DR B T e oo BB T 5 — Ak L, RS T S5 — AR AR R e
B30,

A RARE T AP, PR AR T RSP E IR iEsh, |
TR SR & th o KA STk A, B3RS ENE TR, ITLUE X
PR RS BT i _Bigs), BRI s R R R AR A

R FE R AN R DL —ANT7 I ARRR R RG, 73 ) I UK BH A ANAT
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G LTSI BNE], AT RAE R, RN S AL (R ED
B Marker 5, H Marker 5UREBAASR R I Z Bh07 17 5145 M6 & )77 [F 48 1) —F
(4) FEfb &

WA RV Bl % 1A% 50 SR B 0] A0, 76 ST R LR AT S0l WA B L5 S5 1 i
fuiis &AL, HAMESHFAE L ). Rk, 7B XA R B, TR
B S EA R SR, UL A (R R, RO S A A 15 1507

ADAMS R AE T KM (Restitution) A1 3 7 B8 5072 (Impact) T 55849 4245 8] 1 4 fis
D3 e AL by RO R T SRR Ad ), e PR Ak 2R T O SEAR R 5244 (Sliod-Sliod) ,
ST PR SR IR B, B2 B IR E 3L 80 AN Hfiln .

T 2l i 3 V2 o o R R (A% 0 AR, HLA5 B Tmpact SRR VT 5 H W R 14 T]
FELERI AL Ty o TEREAN TR RE o, Befib Jm] 200 WAL H AR R T 3 7= A 1
BHJBJ7+ PR B TARART I = A s e 7, b g v SRR U R R

0 P> D
IMPACT =1 . . (3-1)
{h-4kn1rﬂ@UAm—thﬁ) P D

Ko, kBRI
P B TR
e— it 11 BRI
Conox— BRI F 5L
p— B A BB
p— PR
i B K HLJB 2 O 1 5
BRI k(Stiffness): PR IRTEE A 0 MO BHEIRIEE , 30 SRR IO MHELR e
%
HRAR L B8 T 0, 7 S5 A 60 0 B B 0 -5 50 A
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1
Iy
3
l:L_FL (3-2)
R R R
icrﬂf+pw2
E° E E,

A, R—ABLR R4

Ro— % iy ith 2 2242

E\— B AR A i

Er— B ER A S A 6

vi—IBLREC RARA L

v—IBEREC RARA L

« Ro W LAY Sl B AR AR R 1 1019 B AR SRR, o R 1Y B AR
50.7mm, EFUFIITE AN S2mm, G EABEL R SE G R BRI E kA
7.79x10°N/mm*?. HT- ADAMS 1 BRI EE A A B2 (1) B2 2 N/mm?, i AR R 20
Gi—m=N, WALE ADAMS i B HAWIFE k24 9%x10'N/mm?.

kK =ky, (3-3)
X, yr— R SRR T &, i SR Fnfc R Al AR T &9 0.0138mm.

i J74E#(Force Exponent): $R7ETHE PIMIIA Z (A1 [ 4 J7 i, AR T3
TTHRME AR EL, X T & JEM R — M 1.3-1.5, IAREL 1.5,

BHJE & #(Damping): MEHEH B, T2 R EE Ak B B8 & B FER BE
B, EEIUEANIEER 0.1%-1%, HARE 100N-s/mm.

B VA (Penetration Depth): J T Impact BRE MR LT, MIHE RECN 0
i, FEFEREN 0, MBLJE RECNTEABLER, FERE VR AME, —MI 0.1mm.
(5) S NFEMAA N & E

% 2-1 MIEE 2-2 W01 RV JEGE 85 HUBUE SN FE N 1815rpm, BUEHHE N
412N-m, & MMKS 07 il 3 52, 4505E H N3 10890°/s, 4 i€ 4 46 79 412000N-mm..

7E ADAMS (1 7 FEIE I B0 3R 5), 44 FAS e K BHAC A XS T K Hb (154 2l

R b o Dy 1 G RO BRI A S ITTE R RV JBd % R FUREATL A &8 F 1 5 A ok
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ML BIRAS, TS B RSN IS0 A FH P B PR B9 3K Bk B (STEP)EAT /€ L, HL R
#¥# ik~ STEP(TIME, 0, 0, 1, 10890D). A& SUNTE 0-1s PN, S AN FE3F1F
Hi_ETHF] 10890%s, 7E 1s Jo HdiA B e M IR FHEE o

Bk DAL 7 SR IIE R A (ATEED b, TEAT B AL O AR n 6 38
M, DABTEREREEEE], NN RV R S AU A, 7 1S5 sl IR Eh K e
o7 A R, TR Rk IA TRy STEP(TIME, 0, 0, 1, —412000). & SUNTE 0-1s
P, FEAHHF I BT F 412000N-mm, £ 1s J5 Fa 3R IR B (8 H R E .

R IR 1 B A SE BRI RV B 2% R LA B 3-2 R

3-2 RV s 5 RE FUAEHL
3.2 BT RV BuR=EEEN S hZE S
3.2.1 EUENARERS
PU B e i — B E N — A TAE 3, W E U TN 4.5, KFERTNE 7
2, SRIGINEN 1M ) GSTIFF FR2:Kes, Mok SI2, fiEBKA
0.001.

B 3-3 Fzn oy RV Jalad o ke UREAIL it I ) dan A oM S e — > BT 11
ALl QEUARERESIIT D,
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(a) (b)

1.2x10* 0
_Lox10% 1105}
& 8.0x10°} E o
%mum é- .
§4.0x103- ﬁ'wo

2.0x10%} -4x10°

5%10°

00 051.0152.0253.03.5404.5 0 051.01.52.0253.03.54.045
I 1E] (s) I 1E] (s)
Kl 3-3 NI 5 R AR A h 42
(a) MIANEEH; (b) TUEHHAE
(1) RBEFAE AR I BRI 27 B
W 3-4 Fros N RV JEGE &% B2 AURERL A OR B %S 547 B U 6 ) s i I 1a] 22 4k

HIA% B T of b R 2
12000 0
— THEW® |

10000 | 11000
—~ 8000} -
< . -2000 &
% 6000 =
230007
£ 4000 OOO@

2000 L -4000

000

00 | 015 | 110 | 1:5 | 2?0 | 2:5 | 3:0 | 315 | 410 | 4.5
I 1] (s)
P 3-4 KBRS 547 B 005 Fd B0 B 26
H LB 5, KBRS BT ARsE AT IE R 8 5), 52 W& AT B A 5 W 24T
[ ¥esl), fERGEIE R Rar, KRR R NS Y 10890%s, 1T ke 4 o
N—-3628.19%%s, Wi HIFESNTEILAT S 153 JEHE .
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Ik 3-5 Pizn oy RV i o s AOFEHL A OR BRSE 517 2 2R A1 P B I [R) A2 4L (1

A& BRI X B R 28
12000 —r 120
— R ]
10000 |- 1100
—~ 8000 180 s
< EE
6000 160
% =
#4000} 140 £
2000 120

%0 05 10 15 20 25 30 35 40 45
I [A] (s)

Bl 3-5 KBHFE 54T 2 28 T 2N L il 28

I B RT 0, K PHAES 14 N FEAE 1 s I BIARRE e, 1T R AEHEAT [F] ¥ 3)),
FBFA R R N i DR 35— 250, P X80y 89.83%%s, HIm] WL AE SUEHL A S 4 A\
i S OLRIFERT & RV Jod gL 50 5.
(2) REEFBAFLLAERFIE >

N 3-6 firzs g RV G a8 REDEEAL A BB 50 XY O A AL A% il I [A)

ARAY A% Bl 28

(a)

- -15

. 0l

H 30

- 451

:]a

Iz - -60}

g

> - -75¢

90F 90t T

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 40 45
B 18] (s) B TE] (s)

Kl 3-6 HIRAIETO T XY Hlia) Ao 2k
(a) X B 575 (b)Y 7517
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ZRUCRR R 2L 2 A S

el 3-7 By RV S DL PR Ae 0T X0 Y 5 R 282 Bl I 1)
AL BRI 2R

—_— N
0 0.51.01.520253.03.54.045 0 0.51.01.520253.03.54.045
B8] (s) I 1] (s)

Kl 3-7 BAKRTTLT X. Y J7laA R 2k
() X H 75 (b)Y 475 1)

W EERT R, E—MESN AN, iR OE X Y Jin BRI A 2 2
WARBZARA, XF R -IARE S T AR, RIRHBRZE TUOAE Y J7 [ ERIALES il
2R R IESEARA, XA RLFC S H B L B B, SBRERE TUOAE X 7 [ B RIAL
& BRI, W NEBLRSAT BT O AR, I HBAR T OEX. Y TF
] b A #9645 9413 mm,  IEZFRF AR ZRHE (1) i 0 1
3.2.2 EIMEHEB AR IIE

RV JOE & H LSRG R RV BUESE S BA m ik s i &= 1) — TS 3

SERETAbR, W HIR SR 2 RIEAT RAL .

fE RV Jdash, HARSRZER AR ORI ¥t mEr, flis
UTEZL HENLHZh M 5 LR s A R 2D, B S A S pos:

7=0,-0,

g, (3-4)

A, —EERE;
O I A AR BN 1 5
O Hh A SE PR B A

O— i NI AL Bl 1 5
34



ZRUCRR R 2L 2 A S

i—RV A LB, oAby 121,
Wk 3-8 P ATE SRS 3IE RFE R (t=1s), RV IR S E AN E S —1N e

e P I A sl ik 22 M 2R
0.4

o
o

o

RBRZE ()

-0.2

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
B 18] (s)

K 3-8 fhahixz ik
Hi EERTRA, fathaiafe— M, HARShRZE W EN-0.19~0.37, BiAIREA
U, A TEEEREZ .
Wik 3-9 Fznou RV G as RESUFENLAE — AN e A A 0 SE B i 5 2R 2 A
i ) 22 £ FA) A Bl R A X B 2R

— UiAESE
360 F—— HibH(H

| 360.1

| 359.9

| 359.8

I 359.7

&7
3;:[ 120 —3594.6496 4.497 4.498 4.499 4.500
&

0 0.5 1.0 15 20 2.5 3.0 3.5 40 45
BT (s)

Bl 3-0 REAURENLIR SR fy 5 IR L A X L 26
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H DA b 25 S B A 1) S B e 2 3 B DA A B HE A 0 S B AR 40 0l S BRI BB AR
AXHRZ R BT ELER, 45 RNk 3-3 fis.
% 3-3 IR B AR PRI AT

R IS HUE i BAUE AEA 5 22
N2 10890 °/s 10890 /s 0
1T RN 3630 %/s —-3628.19 /s 0.05%
1T G 90 °/s 89.83 °/s 0.2%

v b A 360 ° 360.02 ° 0.006%

H EZRATAN, 7E RV s A% B IFEHLOT AL B, SIS R Z A eyl LG
KBRS FIAT B VGHE I S AT A B 3, T & R 3 B2 (R AR R ZE1E 0.05% LA
N, SETIR AR LR R U LA Hh AT B2 SN H iy % B B A AR ], AR XHR 22 1E
0.2%LAN, REFMFENLI) S H % 1 360.02°, HLARZELE 0.006% LA .

REAURENLEEARS) ) 2207 B AR R ZZ AN 1%, A RB00IIE T gL RV
PO 2 REAUAEN USRS L RV IR 38 78 SEBrig s B2 o i) — 2tk LA R RFENLIY
e ZHE B A e 25 SR v M

3.3 MRIRERZFHEEERERIFN

M TR BT R AL BN RV UG 3535 SR P X S n] LR S 4 B4 tH & B, 10 RV
PRl 5% F) 85 TR T T AT A2 AT A DR TEE B A o 5% DXL 3 T A Bl 2 (1 R i 2 22 i L A%
ENEERWEGE /N, i USSR R 2 AT S R UL 348 73 X A% Bl G 2 (R S iR P B K

MRIESCERT> W7, A2 RV B & TP AT AR ARIRZE . B A B B4R IR 22
SEREMEIE . BB BEUA £ AL R R 7 S DR BN AR B RE A RE MK
Iy, ARIESE 2 SmAWTIT, OREIRLAS 5 I TA) A7 A8 & B A AR v [A] B2 J0) ] DAAMa 2
2k 5EHA I PoIN LRz DL R R, T e e I R S A SR E
BRI RN RLEMBEE, P bR B B 6 142 m (8] B AE Y
—FHEC N B SR A R ALK BRAE T R

R, AR S AL R A B R E L BHIA AR AR IR 2 . BN IR
ZE MR R BEAE BT TR R, IF By 5l 45 DA DUARR R 3 1 e wl iR iR Z= (E T BAER T
XHEBIRE IR, BAR IR 3-4.
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ZRUCRR R 2L 2 A S

K 3-4 WIMREE

B4 R

BT U A Ll ) 7 B R 2 0.01°
B An B AR R 2 0.01 mm
AR IR 2 0.01 mm

A Ir) ] iR 0.005 mm

BEXTBLE DURR PR K )8 R 2 H AT IR ZE AL, JF T 8 i A R AR DL BEAT
2N R M, A A AR SR 2t Z i 3-10 P

(@) (b)
1.0} L5r
> <10
M 0.5 He
oK K
R R
& ﬁO.S
O.
0.
0.5 : S T - ¥ S O
1.0 15 20 25 30 35 40 45 1.0 15 20 25 30 35 40 45
@50 i 4] (s) (d) it 1] (s)
sl 2.0}
10} _15
MQJ ‘ e
i 1K 1.0
.05 T 0.5¢
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