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Study on Lubrication Mechanisms of Strain Wave Gearing
Kazuaki MANIWA™ and Shingo OBARA™

Abstract

Strain wave gearing (SWG) is a precise gearing mechanism composed of three mechanical elements;
the wave generator (WG), the flexspline (FS) and the circular spline (CS). The SWG is widely used for the
space applications because of its suitable features, such as lightweight and high precision. In this study, the
lubrication mechanisms of SWG lubricated with MAC (Multiply-Alkylated Cyclopentane) or MAC based
grease were investigated in vacuum and in air.

To examine the lubricating conditions of SWG, the contact electric resistances between the mechanical
clements were measured in different environments. The experimental results showed that in all the
contacting interfaces the contact electric resistance measured in vacuum was lower than that measured in
air, which means that metal-to-metal contact occurred more easily in vacuum operation.

A mixed lubrication analysis at the WG/FS interface, where the lubricating condition changed most
drastically depending on the environment, was conducted. The calculation results revealed that for in-air
operation the oil amount inside the WG/FS clearance is preserved by flowing-in by the ambient pressure
and flowing-out by the squeeze motion between WG and FS, whereas for in-vacuum operation the lubricant
flows out only, leading to lubricant starvation. The drastic change of the lubrication conditions in air and in
vacuum is probably caused by this mechanism.

Keywords: Strain wave gearing, Lubrication, Vacuum, MAC
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1—1 EBEEZEBECDOLT
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W E) M L E  (Strain Wave Gearing; SWG) 1%, /NEEEE, mEESFEE, K288 (M
SEEIR), Nvl Ty D TNINRELL OBELESREEETHY ', EEMO
Ry Fathed, YEARGEELE, TIEER, FHESRREORERE L TRBERSATHS.
W R Fig 1-1 ISR T X 918, 3 DOBMR R bR Sh D 172

(1) ©wx—7 Y=kl —4#F [Wave Generator; WG, Fig.1-1 (a)]
B A DCHY (i bR O X T, MNEREABIRTH S, SN O BRI
EAEN LU CHEMEERETS. —RIICATEICERY fFiFohs.

(2) 7 V27 AT ZA > [Flexspline; FS, Fig.1-1 (b))
HAME CHEOEICAENZ TN TV D, AL, WG OHEEL Y bbFhishsn. —
ARG H DB B (i b s,

(3) Y—F%=25—AFZF 4 [Circular Spline; CS, Fig.1-1 (c)]
RIEY 7T, FS L RA—E v FONEN 2 HELAEN TS, — AT D 7Y
Tohd.

7% Fig1-1 (d) 127”7, FS NERIC WG SR A S 4, FS OB DEEAEMRICHEEER T 5.

External teeth

(b) Flexspline (FS)

/ (d) Assembly configuration

E-

(a) Wave Generator (WG)
Elliptical ball bearing
Fig.1-1 Strain Wave Gearing
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Wave Generator

Flexspline

Circular Spline

(a) Engagement at major axis (b) Disengagement at minor axis
of WG ellipse of WG ellipse

Fig.1-2 Teeth engagement between FS external teeth and CS internal teeth

£ LT, Figl-2 (a) [ZRTEOI, HBRICER LIz FS ORMERTE O L CS NEEAE
o, FEEFENTIXFE (b) 0k, WEIXOEES 5.

AN THD WG NEROEHEIZ L D FS & CS OO AE W LERBE L, A& 1 [EiEd 5
& FS & CS OH#ZE (% FS DMED 2 b 72\y) 53721 HATdHh D FS A3 A & Rt % iz
O S CHEERT 5. JBUsIE, FS & CSDEEMALUTOL ik bh s Y,

() = (FS O$—CS o) .~ (FS %) (1—1)
A (1—1) IZBWT, JEElk<0 722508, ZHITAAHE B OEoRREFERES THEZ L%
HIRT 5.

1-1-2 8

WENE R E I, S - EERRE L 3 2T L D ERATEEL, —RICMEFIIZ Y —2
ICE->TiMiEEn 5. BFEOEERBIZHEAINDIBEEOEIOMIE - BEEREIZ WL TIX, B
flfZHERe L 5 BIEE A D Fig1-3 IR T E 3 ICHEShTna 9,

(1) WG E#=ZoEE RN/ (WG NS
FAEED, BBV TR Y fEkc S $ha. B D EREY N BEEETRE L 0 5

(2) WG # w4t E i & FS W (WG/FS)
BEREY, b WVIKRAMEEIETY (CEEND. BEAERE, 7L v T /O BB RE
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FS/CS: Boundary or mixed
lubrication regime

FS ==
I- WG/FS: Boundary or mixed
/ﬁE 5 lubrication regime
WG bearing: Hydrodynamic or -
elastohydrodynamic -

lubrication regime WG I

Fig.1-3 Predicted lubrication regime on each moving interface

EGE.

(3) FS#h#l & CS N (FS/CS)
BR HAWVIESHEEEBICEENS. BEBRENIREREEEL RS,

) WAEEIC L - T2 EARRICSEEL TV BiEERE

E2) I OB & EE TS A1 ORI A Z 2 AR TR b AR W REEREIR
#& (Elastohydrodynamic lubrication; EHL) . i #i-CHEAY V) #lZ2 0D X 5 g haiiefih T, 1°
W ENEST 5O T EHL OREEIZ 25 Y,

T 3) 2 WRDSEEDS V B A U7=HFIS, APERHNR LIS OIS L, RiEO—EH» 308 nE
DB,

VE4) BT OMENEL 2y (PlZIFRmMOMSRELLT), MEEE L TR &8 Bl
AAELTWD X 2 7iEiiReg .

E 5 EBBEOE S SEL Y, HAEE L REOMMB T LS S BREEOERS L BIRET
B ERE .

W 6) BB 2 EUARTIC IR BRR S M ORBIA 5. 2 BRI A U D REHEE T

TOEH, FEHEEEIIE - RS L ) BRESIEFET HBIMES TH L. £,
WG/FS B TIZIRAMEN BWZ &, FS/CS MITIIMiERENE, MifEMENRNWI 2L, %Ly 58
HCHEEAICER S LD R D, _

7 —Z2EBICB Ol R E OB EEEROE, FSWEIICEE L7 Y —2ARE AR
LD ENL 2D WOFS B~ END Z L Thad. 20X D RiBHBAIREL ZB I T 5720,
WEh R EIEEOBEM 7 ) —ABHEBEINTE Y, £l e LTI 06 pos bk 37,
WHEHHE LTV FULRETART LTS TWE Y &7z, BEERODICE
U TFUREERE LTIRImEShTng

P BN BIEE A~ /Y — AWAT R, BASEIIRBRICESZIRD O TS . Figure 14 (a)
IR L 90T, FSAAMICIE WG T 0o EEREFRECREIOREL, W CIidmiEL 712
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B Spread grease

FS CS
WG

Accumulated grease

J

|

7

N

27 7 f 2

(a) Spreading grease on the surfaces (b) Grease accumulation by assembly

Fig.1-4 Lubrication of SWG with grease' ~

= 1 [© (b)
2
°
=
8
G
<
o]
3
3
=
Number of revolutions of WG TLifetime of lubrication

(a) General lubricating condition
(b) Lubricating condition with higher loading
(c) No lubrication

Fig.1-5 Lost-motion change with lubricating condition' =%

PEHHIZEOEEZBAMAL, R (b) @ X5 THICE Ly YBIEOMF A~ LUHE S =2
— 2N P S OMRE & -8 T RGN E 2 i S8 5.

HEN R EIEE D L 2 BERIZR T D b— X L OBEERIY, n R FE—v g (ANEEFEEL,
HDBNCHBR AT bV 7 ZMZT=REO MO RIEGE T, Ny 2 5 v U AC/isT 29 E) O
MMEIZELVHETHZ LN TES Y. Figure 1-5 1%, HiREL 72 FE— 3 > OREELLD
R Z AR L2 b O T, #ifilis WG OREIEEZ, Htlimeamrbor 2 hE— 3
COEMBERLTWD., BIFRMEREOE ST, X () @85 CIBIEEED & D TELE
DDIRWEFBEREICBATL, & DEBIRFRIH IR G0 TEERE RS A8 88N L CEIBEMIC
ED. TUTHLT, (b) AW FLZBREVEAS () EMBOEBASICIZEREOEITARL,
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Output (arm) O Input shaft

Flexspline

Circular Spline

=B
Housing —_—

-
Motor/

Fig.1-6 Example of mechanical system assembled with SWG'

ERRCHEMICE S, HEEEEEAH AT BRI, SA DRI EEISRMAICH L Fig.1-5 OEE
S EFEHERS R L, BEREMEMRE TX 2 L2 ICEBAIOBESE L RO QT IIEV T 20,

1-1-3  EiaitRe

Figure 1-6 |2, WENEHIEE SHEIA TN MRS 27 206 %~ 7). WG A AS#IZ, FS
BHAT—5IZ, #LT CS BN TEYFITbRTRY, T—2&FEksEd L AT
— ANRFEHSNTEEET A& L 2> T05D. FSiX, AT — 2 2ERS L1200 EM vy
(RULY) #ZF5ED, T—ZITAF M ZITELEAN MY 2RETIHERHD. 20
55 ks AT A CHE, WoEE S LCEICUAT O 4 SR EEARMEE 25 17,

® EEDE, %
AB T AT VY, WEEPDERSND.
(zEDH®E) = AR Ly) / (AN b7 X1/ i) (1—2)

TOERREVEEANESNDIBAERRTH LA HATESZ LT d. —RIZ, mED
RIIEoEE, AAEESERE, AT by, RE, BEHOECRICEKF L TELRT .

& AERERTE, deg.
TEOEEGEAZ ANICE 2 280, B EoHAEEA & EEOH SEEA L DETERI N
5.
(AP ERE) = (EEOHNERRMAE) — (ASEEEAE X R0k L) (1—3)
B HE I CIE it arc-sec (1 arc-sec = 1/3600 deg.) LA F O ERERENMRIEEN TS
A, ECIHEIREEE N ER SO EEH e Ry P LIcinT 572012, {miERZE 10 arc-sec
PUF i B HUE 8 OB BT T g P,
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1—2 WRER

BRI R E I, FHEBAOBEEE LTOEEERShTNS T, e LT
Fig.1-7 {2, 2003 42T H B bz K2 EEEHE (Mars Exploration Rover; MER) & Z AU # &
NTWBANA A VT T F 2730 (High Gain Antenna Gimbal; HGAG) %3¢ ', @)
Sefm iy PEeEESERICHIETE S, 27 P TEBERAELNREE TH S 2 EORE
Ao LD, HGA OIEMIEMREZITH DL LN TR E LTERB S, 20X, #
T B I T HSSIE L2 OFEE D, 4% LTOFIARMfESNTWS. RIFET
3, ThbFHAOKBEEEELNSRLETS.

BEEEEBIIECTFHEAE LTEL OERBREELTVDED, SBOANTHEI v a vyOR
FHmfl, FEEm LD, XLICRHFEMCTRME, BPEOREIEHEELHETL &N
MBI R->TETWS., BOITIRENIZBW TS, EEEEEESHEAGA F 7k S FVER
BB oS ER TYVCESM - B, Ko A MR EEL LT AR E o
FERThR TV,

AEiTIE, FPFEAE LTHERASh W 2 EEEREEROERY A X, BiEHIE, FERME
ICOWTC KR EZIT o o RE RS, FL T, 4BOANTHEI v a VY OEHE, #BBE
BB IS Lo i AR B EEEOBRRBICBN T, BN TEREEZET 5.

Low Gain

Panoramic . Ant;nna High Gain
Camera (LGA) Antenna

Mast Assembly ; - Giml

Bearings

(a) Mars Exploration Rover (b) High Gain Antenna Gimbal

Fig.1-7 Example of application of SWG in space' 2%

This document is provided by JAXA.



B R E O R AR (T B B B 9

1-2-1 FIREN SR B D
%&LTW@u%ﬁﬂﬁiFS@w/7W 7S 40~50 mm, JEEEE2S 1/50~1/160 O & D)3
<&%ém1w . EEICEE SRR OEAG b H 5, T Y —2ARANLRTE
D, BTG R LK MAC (Multiply Alkylated Cyclopentane) # Jijfid 9% 27 1) — =z 12390
HHENDZENEL o TETHS Y HHEMEE LTE, ECEREINL O L Ll L
TIEREFRRE (AN BEERHE CHA rpm LAF), KEH M2 (BNmUTF) THEfFENns &
NNV EEFEHAR T, UTFOL S 2—MH & 8 2 LVMEBIZ NI 5 5

(1) FEARNCKRERS, BEZET, BEip Yot FERBA S5 LT, T EITEOIESEE
IEL N, HuED LIIEE L CoEARICE S - BEY A 7 ((10480°C) %
CAVESY

(2) iﬁ@wﬂ“iui@% YT F AT Y =TOERPEREND. Tbb, MEAINEER
DIRATR ElZ FELTHHRG - KT D2 LR TE R,

(3) X OEMEANFIRSND 720, AT A7 bHIBEND. £, SEB~DEHEHIO
TRHL « ZRFEIZ L D15 G2 B CTe b2 fid B COMIBEITL AT ITWT 20,

@) T T TRKBGEM S N EERET DT, BOERBESERESND D D
BV EIRERE LR T OLEN D S,

1-2-2 RRE

(1) BEZERIZBITHHFaOKRT
I E) i AL E DT %T@W%%ﬁwbtﬁz$ﬁ% BWT, AJ v O (GER
HOET) 2LV RKP TOMFZ A~ TR CHEMICEDLBENE T & B350 5 TEX T
% 173 Figure 1-8 12, BZ8 L UVKEHIC Té&%wﬁﬁﬁwﬁm#ﬁ74/%rﬁ‘w %]
ORI 5 2 2 8% b7 ORE S, fitlli: WG O AS#BEER B EORBRE RS 7T
CHETE L72FFdn) Th o, BEZEPERIPICB T 2HFMALET 5 L, BEEAOFREHEHGTH
DIB0UUT ERD T ENDmD. ZORIKIZOWTHE, Figl-9 lIomt L d oK & g L C Bz
TEERE D FS WEO WG AMNEAE DL w HBHEOFENNE LW 2D, Z O OB R L
< foaof:f:zbé:#ﬁﬁénﬂ\é AU L, EZE T WG/FS OB EREER L L < 72 1,
CEVFMPETT DA = A LICONTEIH SN E 2> TRV, T EE M EEED
E% TE & XD 72121, FFHZ WG/FS BIOTMIIRIEZ IH & 002 L, HadliE A h = X L5
LHIENEETHD }:%‘z%ﬂé.

This document is provided by JAXA.



10

FHAM AN FE R SR OT SE PR FE S JAXA-RR-06-017

z Demand of life for space application

& LOE+09 [ =SS ——
= In vacuum
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5 1L.OE+07 |————
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£

£

g : :

5 1.0OB+H06 VF"r—t—=

[=

=

Py

£ LOE+05

=

=

3

5 LOE+04

& 4 40 400

Load torque, N'm

1-34)

Fig.1-8 Predicted lifetime of SWG in air and in vacuum

Contact part with WG

(a) After in-air operation (b) After in-vacuum operation
(test conditions: load torque 92 N'm, (test conditions: load torque 20 N-m,
input rotational speed 500 rpm) input rotational speed 500 rpm)
1-34, 1-33)

Fig.1-9 Photographs of FS inside surface after in-air and in-vacuum operation
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Fig.2-1 Entire structural analysis model
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Eio, FEHTEFEIRNCLOHET L e nTE 3 2,
h, (h>30)

— 2 2 2 (2*9)
=] 30 h h B[ oo (Y e o 1
R[35+§{128+£[140+[§j [ 70+(36) [28 5(30] ]DH (h<30)
WG/FS WD & £AKE L &, RGBT T IC L 0 &BEM T 500 2 3 E4 5 -
LRTES.
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2—3 KkILYEARETIL

AT bV EIINREE TIE, FS A & CS N DIAAWIC LY MV Y B RET D03, FE DB
WA BRI FEMIC L W BT /L L Tl A SV R BT 2 DI KRG R &2 E S 5. £ 2 TAM
20C1E, WORREET LT B2 LR MBAAEWEREETE D MY ARMET VEBER L.

KLy ARFETIVTIE, FS Ahi & CS WO IAAWVHE A EZE L, FS S < &7 Mmoo
PSS A R BT 5. WGBS 2 FS #hi & CS Nl DI A5 O viEilE, &g vy
R D720 20 2D RERITE T LTI, AR bV 2 SRR LTz FS OZTEIAR 20 il
AV A R Tn. BAREIIZIE, Fig2-3 1R T L9108, WG ICK D FMICER LI FS Ao v
o FIEMN CS WDy FHEEBZI-FHIESIEAE D S HE L. 2E, KEhET7 /LT
I OBRITEER L TOARWD, Fig23 IZEH OO ZN A2 R L TWD. G,
KATEZOND.

R, —R,, —6,<0 (2—10)

csp
WA AV IZ BT, HABIS I ORE S1E FS 4 E CS WHOBEY - O E, T742bbh
CS ZRAME L RE LT84, FS WE OB T RBNESIKRTFTHEELOND. 2T, TAW
SISt B EREL, LD X I AWML &5 47

\ K,(Sp —55) (R, ~R,, —5, <0)
/%% L R R . _ t \¥ @max a8/ csp fsp 7 27—11
RO {0, (Roy =Ry, =6,20) o
\ K, (8pmin —65) (R, —R,, —5, <0)
ﬁﬁ F}D&ﬁiﬁ®%A: T, = t \" &min 14 csp Ssp i (2_12)
; a oy {Q (R, ~R,, -5, 20)

2T, KITHoOEAMFRORE (N/mY) THho kA THEZLRS.
K, = Tl/{ {l, (R 40 + 6, KO oman —59)415} (2—13)

Rpso V2 FS 1A AR, S, 1T OMEAA WG TS % . Figure 2-4 12, W AMHUE 15540 D5 & 77§
SHESMRE, AR VY 13 Nm, ADEERHEE 0 rpm TH D, FHHE LAV EIL, HFEL
DEET- 0 OWERR VLT D L, BAMEETRE Ro TV HOO, FEAILIZE
—ELCWD, Ei, ARRTET A CEHE Lz ARG D54 % FS O# TS OMERR 7
B L O D DIEHTRE R 2L i B b, TS O B — 7 (BN FS B AL T, REiA D
WG OREEF I TND Z & E—F LTS, UEDZ END, M7 A&MET VL, H®OWE
DA VEEIEER SO ANIS ) fE R CE T o e BEAbRD

FS/CS D ATIE 75 7> B S E 5 )~ D25 >,

{pit= [ T {e)as (2—14)
ZZT,
7, sindy B
{T}{ 0 } (2—15)
—7,co80%

0:° 1% Fig2-1 (a) 1R LI i Th 5.
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Pitch circle of CS teeth

Pitch circle of FS teeth

(a) Disengagement at minor axis

(b) Engagement at major axis

Fig.2-3 Definition of teeth engagement in the torque-applying model

Input side l Output side

3607

/'

Engagement
region

/

180+

=3
t=3

Circumferential angle, deg.

0
02 4 6 8 10

Axial coordinate, mm

Input  Output
side side

-

Minor axis: €=, 180 deg.
Major axis: =90, 270 deg.

FS

. Fig.2-4 Shear stress distribution on the FS external teeth surface at load torque of 13 N-m
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2—4 REHBBITETIV

2-4-1 EHTNETIV

T i, REHEOBBLEZB LEEY LA 2 AVZHEX 99 08HET5. 4k, LA
J L ZFFERUIT Navier-Stokes SFREF O MRS /136 L OMBEIE S OIE 2 HH L TE AN TW A ',
WG/FS DT X EPRICBVTH ZORENZY TH LI ERITMITICL VR L TS, KET
SRR St O T b K 0 A A7 [RIEESHFE 10 rpm I238VNC, Wi R XR0d B A TE (M JEA ¢
Ktk B oA —F—mRHBE (10" :10°:10°: 10°) L7zb, EHEE L EAEUIIES, K
e LTHS/NESERLUTHERWEE XD, £, BHBHORRENIZOVWTEEEL
TR,

WG #hifi & FS ORIOBEFAEITF L A ERWED, TE TN TOMBMIEE CBE) I—ETh
AEE L. TEF ENITEBMAMTZ SN TV DEEE, VA /XA B i E
O~HE - VEBN ST A— 2 E W TERTGIET D ELUTOL IS,

d ; 0 _32 &} { ; 0 -3;2}
L g (pa )+ g, (P4 —
ax;{ﬂ a&( AP)r =iyl (") (2—16)
LU Vg +V, U, ~U VooV o
PR LRl B A B Sl ) PR L il P PR D Sk T e
ax | 2 N ax,\ 2 ao| 2 or

MR TEAL ST A—FITZUTOMY Th 5.
Xc:xcerﬁ, U=u/(Rﬁa%), V=V/(Rﬁa?ﬁ;), T=fg%' A:h/O', Ar=f_IT/O', I:OfRﬁ

Pr=py A7 (124 R’ )
I IT, x X Fig2-5 1Rt X 912 WG SMREHEICEE L= mEETH Y, x. =01 WG F
D ASHUBRES, x. = Lo IXHARIREIRET D, £z, g gIEENTRAVCKH T 2EERE, de
Goo | THAMTFRNICHT A ETERETH D, AT IS IIEIEL L, BEREITIRATER
E);},L%—) 2-5, 2ﬁ10)'

¢, =, =1-0.90e % 2—17)
N
PN 360 deg. oo, Mix?or ax.is: 0, 180 deg.
Major axis: 90, 270 deg.
C i
FS [
)
=]
h i
[}
E N S R 8 j
WG outer race ‘ t% ;
I N g 1
5
xczo/l\ /I\—‘-’czln'g O :
Input side  Output side o —['%
wg

Axial coordinate x,

Fig.2-5 Definition of mixed lubrication analysis region
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2
Ty ~ T

wg 75
¢.s,\' = ¢.30 = ﬁ—(bx
ZTC,

o l.899/\0‘98670‘92‘”0'05’\2 ,(A < 5)
T 112607, (A>5)

LA ) NVAFRAD R 7 4 —XTE (X (2—-16) 4UE S

1/300 60

35 4 (/1 ]3 ’
SN DY PR R S
32 3o 30

¢ = 3
35 h - hY ln/7g30"+1 1A
3230 30‘ hido-1 153¢
02 C)'2
wg - 15
¢‘/.;-.\- = ¢ﬁe = > CD/;-
(o2

_ 231 -238A+0.11A°
(TJﬁ—ll.lA e

ST, EROBEERKIEL T O L 5

Fxonho.

3o

e

h

kel

h

3o+l 1 {55+i[132+3—[345+i[

(e}

ol

h

3o

3o

-

27

(2—18)

(2—19)

H] X, 75F0ERELVWG

i O RIS 2 O CRFR T & 5,
&, (2—-20)
ot "0

T T & FITHT B A0 A — R, BTFOL 5125 22,
I _y, o (2-21)
ot ot
s - e—0.6912+0.782A—0.3041\:+0.0401A3,(O <A< 3) (2 22)
( 1, (A>3)

ERIIAIC BT SEHORED, RRCEIVHET 2 enTE 52710,
g, :_]7_¢\ Opf u“g g ]77 . Uy —Ug O_¢S\ (2_23)

124" Ox. 2
LR B VetV Vi Vs (2—24)

qe =~ 124 ¢()R ﬁg 3 hr by

PEARTI I8 < RO AWIE L, KRIZEVHET s enTxs 2
Tﬁ:\ :_w(;ﬁ + ¢/5 ) ¢/‘;\ gfl (2_26)
S /‘(st Yy ) h &p (2—27)
W = 7 ( ¢f59) ¢"82R 20
Tfsﬁ:‘/I(Vﬁ/;v"g)((ﬁf'+¢fs€) ¢”g h fg (2_28)

- 405 +3/—;(60 + 1473/—;)}]}]}}@ <3)

(A>3)

(2—29)
(2—30)
(2—31)
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P px =P g =1 —1.40e7%%* (2—32)

HIEE A OB REET, UTDLEIICER 5.
p,0,0)=p . .0)=0 (2—33)

py(x.0)=p,lx, ,27) (2—34)

2 (2—33) OABET, 0IFAMEHLELWZ LEEEWRTSH. Thbb, Aill= 0 iXTREKTICH
W3 2 3HE T IEHEHE /7 1.013%10° Pa, BEZEFRCIIHRES 0Pa /R LT 5.

WG/FS ITIE, ADA Y A —X (8h/dr-0) 12 X 0 MEPIZEFES L 0 EA3MEL 72 268 (B
JEfE) MAEUAHLEEZBND. KETTAZA—XEHTLHTEENICBVTUL, BLE-1 X
JEE CHBEEAHMET L, MEENEEHROERLEIGEVES 25560 5 2 & BFERIIZ
MRSNTNG 23 2 2 -, AFTIFADA Y A — X2 L W AEEESAE CEE, W
BEEAH & L THEEMOEKE (=0Pa) TTHETD. T42bb, AANKIOBEICITAEL-
SEZTHAL, HEOHSCIZAEZFELLRWTHERZITY. HEHIERL, Skt 2
—16) %R < BT, MR LEOP CHBEEARETIELU T ERoBAIITRRELF LW E
B 1),

ASEMNTTIX Fig.2-6 (a) 1R T L 912, B ET D WG/FS HOT & EAICEIRIM M Shic
REEZMEELTWVWD., Z0HE, ADAZ A=AV T EEMICAENE UGS, HEoOHE
FAHEAWRT A0 T EEALLBBMARA LT 2. ZhiL, EBEOZ ) —AMiETIL,
Fig2-6 (b) IZRT X IS CHRRIZMAI G~ LIS Z7 Y — A0 26 DF|AITH IR T 5.

Grease accumulation
/Negative pressure region

L N

/Negative pressure region

N

Filled with oil

WG outer race WG outer race

iy i

Input side Ohlor>0 Output side Input side ohlor>0 Output side

& »

Analysis region

(a) Analysis model (b) Actual grease lubrication

Fig.2-6 Lubricant flow into WG/FS
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2-4-2  Greenwood-Wil!liamson EFI/L
FRREPIC B D TT EEN/NS WV CIY, fEHSORREE S ULAEM LT N4 LS. B
fit £ /71%, Greenwood &2 & » CTIRE X2V m & M OBMEEEAE T b Rkb 5 219,

P, =%E’7],B1/20'3/2 '[; (s=dJo,)? ¢ (s)ds (2—35)

ZIT, E=E2(1-V)), $HEEROE S OREEEMTH D . AR Cll g () EH A &
L, &7, sIREMSEROEG IS & o, THRIRTTAL LI, dIZ2EMOTEETHY, (s-doy)
HESGT b ENTm a7 TAT A (WD HRE) ERhbh, T5Fdith ERO LSRG CE
s,

h=d+7z, (2—36)
ZZ T,

z, = dmg [z ) (2—37)
ERD . ARBIIETCIE, EEEEMGE O EIC

dlo, <3 (2—38)
AW S 512, WG/ FS MO K TRO HiLs.

4. =R, J.OZH L]g {/177,6’03 ‘[;ﬁ (s—dfo, )(/ﬁ*(s)ds}dxcdﬁ (2—39)
o, B nEREOMERERT AT A—FTHY, UTOLIIZLTRDEZ ENTEB D,

o, = (1-0.8968/a)"* m)? (2--40)

£ =0375/m, )" (2—41)

77:(’”4/’7”2)/6”‘/g (2—42)
ZITC, a=(memy)im?, mo, my, mg W IREHE M 2 0D BRD B,

my = AVGlZ’) (2-—43)

m, = AVG|(dzf )| (2—44)

my =AVG|i(dzz/dx2)2] (2—45)

WG/ES I I8 1) D AT J) $6 &L O£ 7) O Fn
pP=p;+D, (2—46)

DENENOREIH B2 D, ZOEMIHSHHT BIE% WG S8, FS @ FEM £5F /L~
T 5 12 O S E S )~ 9 5

P )= [NT {plas (2-47)

T, SIEFS WEED WG M E T & OEMSEE CH D, JEHRZ FApUILTO LItk S
na.
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peosl —7,,sin0;
5~ T SIMO (2—48)

{p} = Tﬁx
psin®, +7,,cos0;

IO, g R KA ARILS S, 61 Fig2-1 (a) 1ZRT WG S & FS RO Th
. MEZER E S Lol X DBEENIENT S, WG ANEmOSEAIT (2—48) @ p &op,

T B Tyg & EVVVCRIE TR L.
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2—5 MEWAE

FRIT O 2 Fig.2-7 \R . MRTFIEIIE T L 2R E 105, WG E & NS O &
WG/ FS fRIDIET1 554 46 K UVFS B < ARSI DWW TR E 51T - T <. WG ED
BT L, 2 PSRRI OB E A% L < 725 K5 ICICRRHIIC & 0 kv, IORHIE L
X,

Ej ;g:’ <10°° (2—-49)
ERWT. EE O 16 2—6) VT WG AMRO BT T 5 2 2 S 5 % sk
HHH, EOFEFE Q) OMEE RV TEME L% Kb D L HBEM AR R ENE LRt 5. 7o
T, WU R0 U= B B A A O CERER A D A EHE LT

2

o et (2-50)

ZIZT, BT old IFRHREIRIZ IS 5 [ 2RO, new (FFMEAERA R L TOS. (hH 70
TWRWEHI ALY OFMERIC L O ROTBMTETH . Ei2, 5 (HEFREKTH L, &
R A5 DU TR L 1

AN e
Qo 1@

- <107 (2—51)

Z 7. WG/FS BIDE /153401, Fig.2-5 1R LT fRNTAEEE 2 128128 D A v 3 = (743 E| L=
(2—16), (2—35) OMELES, #wEMMESEZRDT, X 2-50) L REEOEMEID Lk
7.

P ="+ (p - p™) (2-52)
77 p OWFHIEICITZ ORESE A AT,

} [[pas.a0- | p“e“d\‘ca@’ I (2—53)
‘ [[pds.a0

F7o, FBHEOBEIZBOT <0 LR DRI N A -8, F O T
(2—54)

P=Pelgg

CEVTZ E I, FS T < W ABUE ) o A oW T HIEMEIEIC L 0 ke, IGRHIEID L7
DIEEZ T,

= T}’C]d +7; (rﬁ_ - T}’L'.d) (2—55)
T, ([ (&, +5, [ds‘ B
li .[-[( 2 )Tf j<103 (2 56)

o

MM 7 0 77 2%, Pentium IV 711 »# 3 GHz CPU (F = 7L CPU), AF U 3GB D37
A AT L PCEMNCHEEZIT o7, S HEBEERIIMATSMICIRET B0, 1 &k L 7
1~2 5 JEIFFICRIIM L 2o T D, FRSRM & 2% FIRENE, Wi BtE H oiEfz (2
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—52) (T BAERREy, & 107 ~10* L/ & < LATHUTIORET, R LatHEEE 10°~10°
GBSO ThD., FO10, FEORIIMLETHY, HBRAINESEEEZHE LS T5Z
ST 2 DML E LV, AR CILIRAE B ) O RCHI I3 (2—53) 108 L7z FE Y
KEVEA HWEA, ANEEGEE 0 rpm, AR hL 27 0N m OfFFT&EMFIZBVTA 2-53) @
R EINEHEEE | A—F gL LG AEO/RRELZHE Lo 2 A, /T & DA
BIITIER U TEOMEIE 0.026 %DiEE L 70 0 AFATHEE CHRBELRWEZ 2 615,
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( Start )

Y
Input configuration & operating data
Initial guess for Rbk, {Pi‘,.g}, (Pt {P':/;Y}, {P°st.p T

A A

-
-

y
| Calculate R’, by WG outer race FEM model l

'
I Calculate &%, 8%, 0F, O ’

: No Convergence O/, 0,57
R} must be changed

Yes

l Calculate new {Q,*} I

Convergence {0,*} ?

Yes

Calculate R, by WG outer race FEM model
Calculate R ’; by FS FEM model

Calculate £

L

Mixed lubrication model
Calculate ps 7, 5, v, 96 Por A

Y
Calculate new {P°,.}, {P's} I

Y
Torque applying model
Calculate X, 7,

\
Calculate new {P’s} ]

Convergence p, 1, ?

Fig.2-7 Flow chart of numerical analysis
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2—6 FmEMHK

RATHRMRNT T3ty 2 2 REOHM I PR OEER AT A—F Th bz, Rt I HIER
(SURFCOM 1400D; BAFER) I L D xtGe &5 WG HMNE T & FS NJE O R i & 2 017E L7z,
B, HEOWEIXERmOTH (), FHM (8) MFIZONTRODLIENEELNEE
Z BB, FSIZHOWTIEH v ZHNEOE T S 2 RET 5 OB RIEROIFE EREETH 5 72
¥, AMEHT T MO S DA EROKREMI 2 EHEL LTH .

o FEHM ST Fig2-8 AT L1, FHLA 2 AV XFREA T S #i#foom,
Greenwood-Williamson E7 /L CITH S ERIEADOE SO E 2 @EH 570 21D, zhFhico
WTCYEBhRIT. O B S E O WG, FS OXKmE 17 7 A Ahb3RD7Z. Figure 2-9 25 5 D
RF ANy 7B FEBRATE (Al EEE SIS X% 1.0x10° rev.4%) ICHIE L7- WG 4MEH & FS
RO M7 1 7 7 A VERT. 728, Fig2-9 (b), (d) [ZBWTFS OFREREH LT
H0LE, BERRICATLAHOTHD. Figure 2-9 (a), (o) 1TRTLIIZ, WG AEHEIZOWTIE
EBIATE CREH S ORERBLIFR LNV, [ (b), (d) © FS NEmEIZ DOV CIEEE%
22 WFTOBEFE SR TE 5. ZHU, WGHME (B SUS440C) Dl 73 FS (#4'H 15-5 PH)
IV bHRELS T, FSOFDBPERLLTVWI EBRFERTHEEEZBND.

Sifopth Srace Average line of asperity summit
height distribution for

Iy S s 4 / GW model
d ]
o] ] Al , U’\
| S 4 ol AN Loios L
\Average line of roughness
Rough surface /

Fig.2-8 Contact between smooth and rough surfaces

curve distribution for
Reynolds equation

2-11)

2-6-1 LA/ NXAEXICERAT LS

MIEE D OFE T, WGFSHIOT X E2mEAXMRETIHILERDD. 22T, FHL A /L
RIFFERUTIL, FS OEEREH sy B L W ziismy) 1E—8Th b, ZThIMZ oW TIT/FEIATE
TREHISOBMENITEAEAELCLTWVRNI LD, Table 2-1 IR T1EBIATO WG 44ME, FS A
JE D I E  (RMS; Root Mean Square, 2 (2—43) @ my DF-5R] 2 Hu\ 7=,

2-6-2 Greenwood-Williamson ETILICEAT D4 S

BT OHE T, @REMT I EERRETOIMLERDHDS. £ZT, GW ET /WL, FS
PNJE T OBl L CWOZER DSEBRIZ LY 7o LA BT LREH S A/ NS o TN D7),
Fig.2-10 (2R T L S ITHWERE D WG LIE B RKE D FS &RE LT, Table 2-1 (2~ 1FEIRTD
WG MNEOERBEHE N BRDTa, B naHW-.
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é Measured surface
N \AS] B 4= ES |_
@ | Measured surface
Output side Input sidel Open end
z!. v e == T 1 iJ‘ | | i , T ¥
3 34 ‘
§ 2 g 24
ey 1 T i 5 }\_—
-ED _2'7@ TRy T 1 S L | e -1\._,-_: -ED -‘1’
g 2 T Rt .
T 3 ; A\ T a3
-4 : 1 -4 .
5 T =5 T - ——
0 1 2 3 4 5 6 0 1 2 3 4 5 6 7 & 9 10
Axial position, mm Axial position, mm
(a) WG outside surface (b) FS inside surface
before operation before operation
2] - A
g % § gw 7Wear-mark~<
- 1 P | : / i
%;, 04—, pvrpper P TR e %ﬂ 0 ¥ |
5 2l : g 32 W e
T 3 'f ‘ i a : el
-4 H -4 i |
5 ; : — 54 ||
0 1 2 3 4 5 6 o 1 2 3 4 5 6 7 8§ 9 10
Axial position, mm Axial position, mm
(c) WG outside surface (d) FS inside surface
after operation after operation

Fig.2-9 Surface roughness profiles before and after operation

Table 2-1 Measured surface roughness properties

For average Reynolds equation

RMS of WG outside surface oy, fm 0.11
RMS of FS inside surface oy, 4m 0.25
For Greenwood-Williamson model
Standardized height distribution a;, m 0.082
Asperity radius 4, um 2.54
Asperity densities 7, 1/m* 3.95x10"
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\/\/-\/V\/V\F Rough surface (WG outside)

Smooth surface (FS inside)

Fig.2-10 Modeled contact surfaces in mixed lubrication analysis

1000 sz 1

100

Contact pressure p., MPa
[y
e}

0.0001

e
sy

Real contact area/apparent contact area

=]

0.5 1 1.5 2 2.5 3
Non-dimensional separation o/ o;

Fig.2-11 Relationship between contact pressure, real contact area and

non-dimensional separation calculated by GW model”~"'®

Figure 2-11 {2, GW TF/VC L D EHE L8Rk h =4 & F LEMESH, EEEMmED
BIfRE 7. BEESMEFEITIENTOEMERE L O TELTWS, BEEEMER (do <3) T
VX, HEE F71E 1~1000 MPa, ESEEERERE & BT OOt 0.0001~0.1 DETHH Z
ERSING.
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Table 3-1 Analysis parameters

Strain Wave Gearing

Reduction ratio 1/160
FS inner diameter, mm Approximately 50
Number of ball 23
Elastic modulus (WG outer race & FS), Pa 2.06x10"
Poisson ratio (WG outer race & FS) 0.3

Operating conditions

Input rotational speed, rpm

(WG inner race)

0, 10, 100, 1000

Output rotational speed, rpm
(WG outer race & FS)

0, -10/160, -100/160, -1000/160

Load torque, N'm

0,+13

Lubricant oil (MAC)

Viscosity, Pa's
(O1il temperature)

2.315 (at —10 )
0.157 (at 430 C)
0.0205 (at +80 C)

Environment

Ambient pressure
(minimum oil film pressure)

Vacuum pressure (0 Pa)
Atmospheric pressure (-1.013x10° Pa)
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Fig.3-1 Distributions of contact pressure and contour of non-dimensional separation
at oil temperature of 30°C in atmosphere
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Fig.3-2 FS inside surface profiles measured before and after in-air 1.0 X 10° rev. (grease
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Fig.3-3 Separations between WG and FS in the axial direction (input rotational speed 0 rpm,
load torque 13 N'm, oil temperature 30°C, atmospheric pressure)
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Fig.3-4 FS inside surface profile measured after 1.0 X 10° rev.
(load torque 0, 7, 13 N- m, input rotational speed 10-300 rpm)
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Minor axis: 0, 180 deg., Major axis: 90, 270 deg.
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Fig.3-5 Distributions of oil film pressure at oil temperature of 30°C in atmosphere

This document is provided by JAXA.



46 FHTAT L2 FEP S I ZER S JAXA-RR-06-017
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Fig.3-6 Contact load and total contact area versus input rotational speed
at oil temperature of 30°C in atmosphere
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Fig.3-7 Distributions of flow vector and contour of oil film thickness
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Fig.3-8 Distributions of total axial flow rate at oil temperature of 30°C in atmosphere
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Fig.3-9 Distributions of contact pressure and contour of non-dimensional separation

at input rotational speed of 100 rpm in vacuum
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Minor axis: 0, 180 deg., Major axis: 90, 270 deg.
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Fig.3-10 Distributions of oil film pressure at input rotational speed of 100 rpm in vacuum
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Fig.3-11 Contact load and total contact area versus oil temperature
at input rotational speed of 100 rpm in vacuum
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Fig.3-12 Distributions of flow vector and contour of oil film thickness
at input rotational speed of 100 rpm in vacuum
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Fig.3-13 Distributions of total axial flow rate at input rotational speed of 100 rpm in vacuum
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Fig.3-14 Distributions of contact pressure and contour of non-dimensional separation
changing with load torque direction at input rotational speed of 100 rpm
and oil temperature of 30°C in atmosphere
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Fig.3-15 Distributions of oil film pressure changing with load torque direction at input

rotational speed of 100 rpm and oil temperature of 30°C in atmosphere
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Fig.3-16 Distributions of flow vector and contour of oil film thickness changing with
load torque direction at oil temperature of 30°C in atmosphere
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Fig.3-17 Distribution of total axial flow rate changing with load torque direction
at input rotational speed of 100 rpm in atmosphere
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Fig.3-18 Contact load distribution between WG and FS under various operating conditions
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700 T TTTTT0 TTTT / Output side contact load at
600-F— N — 0 N-m, n+4¢= 0 (0 rpm)
Z'~ 5001 m et Output side contact load at
-g‘ S 1N —+17 T 13 N'm, #-g¢= 0 (0 rpm)
S 400 S s — T i
2 300 .
= TNl 1
8 200 TS 211 Input side contact load at
100 : S . 13 N'm, 7= 0 (0 rpm)
0 —i-8 R 1 g im | === Input side contact load at
1 10 100 300 0 N'm, 7= 0 (0 rpm)

(Input rotational speed », rpm) x (viscosity of oil g, Pa-s)

Fig.3-19 Relation between contact load and »-

3-5-2 JU—REBWAE

1—1—2 TR LEL 9, M THIZ WG/FS oM~ L Eh/=r ) =23 ) =%
LTOMHELR ST, VF—R"LRh27 ) —-20BEZMETHI L1280, PhERMIHAMEN
~HEA RS TEAEEZDBNS. £ T, Fig3-8, 3-13 (78 L7 TEIE M o g5 [ it & O fif i
ERND, 7V —AOBMFECONWTEELTINL.

T, KKFPIBITH7 ) —ABHFEERNTS. ZOHE, Fig38Iilnt X oig, ADE
B, AT M7 ORE SISk > TAHAASR CORA FRMRET S, ADEEEE 100
rpm A F O HESAEEER TiE, A b2 VNS WEBAITH AR ~OBHEEZZ L, AR
L7 BRRECHEITIIA T G~DO B EE L T H00HFm EAFEELOND. —HmH
fEIE T, AR A IEREY T ARG TEERSRET 57290, fLiEahzs ) — 2R
(1) MHLTL 7V —2&HE D AEE, 2) ZEEHZIZEBOEKIRE L ToOERD
2 DERETENC, P—FNELELTTEBRVZL DT ) —REANDFEHICEA LT Z
EMEBELWEEZLNS.

—HEZER TR, EFEIRMFICBIRZ S MBENIZRIENRIAE Lo, EHEIC LD WG/FS [
~OEBHIOFTAIAE TV, Zoicd, KRETIZHRT 2 EEHEKRE RfIC h—21E& LTEL
DT —AEBRMHLTRBL ZENEF LWNEEZOBNRS. £, Fig3-13 IZBWTAAMI & H A
DIHEZ BT 5 &, HAMDO IR 2~5 FRES NV EB015E. 20 &b, HAMA~X
NEL DTN —REBATHIERFEMEAFIEEZOND.

This document is provided by JAXA.



ST R 0 T SRR £ D VA L 2 B B S 61

3—6 F&H

AETHE, WEM IS ORESEL, AR hL s, MEEEE, 25 ONZEEEHE ST A —
Z & LTCMAC TEVE S WG/FS o3 & &, BEilE 7, MBEE S, Hhs bk X odhs
M ED DA RO, BN ENS, LTFTOMREES - LR Tx -

(1) WG/FS i, & kb7 0, 13 N'm, ADEESEE 0~1000 rpm, FEVEIMIELE-10, +30,
+80°COVEBI SR T TI, 4R 7 i 2 £F D IR AR BEIZ & 5 . WG/FS [ oo B fi e,
el HRRE S5 AN, I O PR, EENAME, BERIEE ISk E LT B

(2)  WG/FS Mo fbiL, MmmiRE+30C, A b2 0 Nom OBE, RHEEHD T WG 440
D NI HRFERIER & AR EE o 2 fHT, SR OERIC L0 AR O AR TAE L
L. AR V7 13N m OFAE, KETIE WG SR o A& s, HAmEzes &
OSMAE T RERO 3 EITTH D, @l CIEPRE ORI A Uev, =0 WG/ES ok
RRARIE D A BIRSDE A 5 2k, ERBITHIE L7- FS POJE o BEREAEL o> A 7 Bl
FEAE D B b & AN — 80T 5 Z L AR LT,

(3)  WG/FS [IOHERRINE, RN T CIEE MO 50 2868 L AL THY, [EllEHE
FEDIME & BT LT < —F, AJMOSET HEIGT/N S <, [AEEEE O K17
PRI/ N E .

(4)  ERRIEE ORI, KEETICL S WO/FS MOMEE S O &5 X2 L, ki
ZHMESES.

(5)  WG/FS MITIEZEIZHA [ OB MORNNSEE L, BHEEEORI L & & (B3
T 2. WG/FS [0 OO AHEEIL, AT Fyvy, BESEEICKE L, HI0E
IR TIERG VY OB REL 25, FAERKKEDOSRS, K, (£atf kL
7 TR III M BHRA LT, AAM~RE L, AfF hv2 BZERT 2 & AR S
U2 % —05, JARNEE CHMEEmItt+ 205 Ch 5.

(6)  Afir bV OFIMF AR LT, WG/FS BIOEME ok S, MIEES, HIgHo
AV T D AN ST, AR R L2 OEINE MR ED 5 & WG O A 1
i COMBMOBMAR T MG ENT D20, BEBAREZTHT 7Y r—3 3 0 Cli—%
B OHE LB L T & ERN~OIBHOHA D BIERTH 5.

=

=

A

This document is provided by JAXA.



62

FHATZEF /e B AR IT IT R e JAXA-RR-06-017

F 7, FENTREE NS, WG/FS O MERBR OB TR E 7V — A BMAICET 5882155 =
INTE T

(1)

(2)

WG/FS RO NEASR L, Bl &IOS — & (ru=const.) THDLHE, &
BERRSEI T I AHER ) SRS L e B 2 e h, Z OEE Bz & [FERO FiEANE T T
X AAREMEA D D, S 5612, AR VY 0~13 Nom OFMTIE, ATAOEMINE nu
AR & A SRR T, MO g OEEINIAEORT BRI T S BISRAS
HO, nu DL VEMDEHET LI ENTED.

B EBREEZOND ) —AOBATEL, BFENMKGSEESBEZETRRDH., RAED
A, EERHITEAR P2 IS U T ARICEB o4 &EE2 2 Fr—L L W
AT EZTE ARV EL OBEZBMTHIENLEFT LV, —HFEZEOEAE, F—

L LT TELRY S OELZAHDINmIZEBMA L T ZENEE L.

This document is provided by JAXA.



FHT A IR o B O TR R L B S % 63

3—7 BEXWM

3-1) FTEHMZENIIERA AR  BIRSAARE Wl (v~ =v s RTAD) EHIH X A
7 OwEXA 7, (2005 9.

3-2) THIMIZENIICBHREEME | TRk 16 SFE UM RN RATEAR  TH
i FHATEEAR SRR EE, (2005) 6-21.

3—3) SRR R, mER, (2002) 154

3—4) D.D. Phinney, C. L. Pollard and J. T. Hinricks: Experience with Duplex Bearings in narrow Angle
Oscillating Applications, 24™ Aerospace Mechanisms Symposium, (1990) 211-226.

3—5) S. Frank Murray and Hooshang Heshmat: Accelerated Testing of Space Mechanisms, NASA
Contractor Report 198437, MTI Report 95TR29, (1993).

3—6) Brian J. Dietz, Steven G. VanDyk and Roamer E. Predmore: Earth Scanner Bearing Accelerated
Life Test, 34™ Acrospace Mechanisms Symposium, (2000) 303-316.

This document is provided by JAXA.



64 FHM LT IR AR SRR T JAXA-RR-06-017

”1$?i$ﬁ%ﬁ@ﬁ$%%@b?4ﬁm9— AL T, & Lw o @hEsoEIREE B & )
L KRR L L TEZER THEMMET T DA XL ERAT 5 NEETCHL Lk

ﬁ«t.%bfﬁz 3 BT, FHHEEEEEEOR D BELBENMN THL & TSNS
WG/FS I ORATEMTE 7 VA L, ANEEDRE, fff b s, ElilieE, 26 TI2)E
PAEA & /3T A—& & LT 2470, ERCRIE - 8l229 2 2 & R WG/FS i o il iEisk
EHEM O OR E &, EE A, MO RS R DT, EOFER, WG/FS i OHEflfER,
P ) M EEE P, BT ML I L TRk T 2 2 &, BABESORE S WG/FS [ 6 DO
BHROTALFREICRESHEBEEZ D Z LR EBGoT.

RETHE, LLFOZ & &ATH 2 OICBR LBl E SIRPE AR L 7o EEEE IS D Tk~
T,

(1)  FExREESHTICR T 2B EIEEOS L ) BiEoEEIkgE (ER~ ~ )
TS,

(2)  EEVRMHICEKE LIEREOZELD A = X L2 AT 5.

(3)  WG/FS MO RA IR E T VOMEEETT 5

Ir

(4) BEZEBIVRKKFHTOHFEMBEEA D =X LEHRT 5.
RETIL, ifﬁ%¢7&®w$¢%@££%ikﬂﬁﬁwiﬁ IOWTEL, ZofERExD

%%%%ﬁ#%ﬂm?ét (ZERGET - BUE L 72 AR E OFERL, FEHNTTE, 7R b NIERE DM
REREREC ﬁﬂ#ﬁ@ﬁiﬁ&%?ék@_ﬁot%ﬁiﬁ (DN TIE 5,
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4—1 HEEE L CEEH

4-1-1  fEk

Figure 4-1 [ZAWFIE THIH S D B B E OWrHEiX 2, Table 4-1 (2 E DFETETT. AERAK
IZ FS WERDZEMAFIH LT N E WV SRR AR Z L 26, ZONERZEH 2 S B S HEHRE O
7o OBRRRBERIERE R OBEICIEH Lz, I X L OWBRIIE, 8 1 STl 7 L 5 I0FH
MELTOMMAEREZERL T, FSAHBEELIBLE 50mm, BE#ELD 1/160 THD. Ko
FEIE, WG 2 SUS440C, FS 2% 15-5PH, £ LT CSA SUS630 TH Y, ZhbOHEDHARIE
FHTHEEAENTNEHDTHS ). EXHRO WG L FS O L 5 B0, WG 5
JE 58 OERA Y B A & FARRFEIIN T, FS WEANKR—=ZIMLEE o T3 42,
Figure 4-2 ZEN T OXREOEE LM EHiiR2 R L TkY, FS WEAOK—=r 7 ITHEHitES
[FANZIEZ RO L D R L 22> TV S il MO R EHL & (Rq) IXFEHME T, WG 4ME A% 0.11 zm,
FS WETEN 025 pm THDH. b —MBOTHD WG £ AN, FS #HAL Uit s LT
T5. R s GREL, T—FEHAREREDTZOOTHER, <7 A M) v 7 ERB IV
FF et e BRI V.

Silk hat type Flexspline Table 4-1 Specification of SWG for experiment

=

FS inner diameter, mm | Approximately 50

T Number of teeth FS: 320 (external)

—- + S: 322 (int
Observation ¢ (ufermah
é Reduction ratio 1/160
R ‘————:: Total weight, g Approximately 220
Routing B Materials WG races and ball; SUS440C

¥

WG retainer: nylon or
E cotton base phenol
FS: 15-5PH

CS: SUS630

Fig.4-1 Cross-section of SWG for experiment
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1|—-|

4 + 1 +— 4
% g : 1 1 I /otua\.\. @ ?L g
g I | =
. 1 - T - 1
w2 04 ey " 20
% yw———- T -
T = S
g & bt I WG outer race jﬂ ~oa 3
SRR Bt R B NN
Axial position, mm Axial position, mm
(a) WG outside surface (b) FS inside surface
(roughness: Rq 0.11 xm) (roughness: Rq 0.25 zm)

Fig.4-2 WG/FS interface

4-1-2 EiBH
W B HIEE OF L O B OBIRIZIE, MAC & Zha il 75270 —20 2 fEE MR L
o e 7 — 2O ERMER % Table 4-2, 4-3 12734V, MAC 13, A Rk k7K 35 Tris (2-octyldodecyl)
Cyclopentane Db EEH L, THEHHOBEIIBME LCHRZHINTE LS o R
(Perfluoropolyether; PFPE) & Ml L TRIBEDARIETH Y, £, 7 —ALSERLT<, iR
MBFIBFENRLT NV EWVSFLEERED. S biIZ, &REMEIESOREWVERBEIET COEREEN
PFPE & B8 L THRNWZ £ b, S HITFHEBRAOMBHOERIC /25 LHF I THS Y
FY—2%, MAC 2%, YV 7&Hbr K& LTEY, PFPE 2&ME LISV -2X0 b
BT R - BRI AR T I EBME SN TS T 7, MAC 7Y — A DL 1k 9 Al
ELTEICAWLNRTWA Y LT E YV FULRAITAZRER TS E, UL TORMEREET TIT
(R  REEREL BN P I AR Ot R AT 5 2 L ARE SR TR 0T, SEREIER
EHEEENTWA WG/FS MOMIBIZHE L TWD EBX 6D,
PITIcHR & LCHmEms Ve mT
Pour point, FENA : FREHMZBEEOFIETHEI LK, R IREN T 2 R R DiRE.
Thickener, #H X 2% : 7'V — 2D THOFIZHEH L =KRcAEEZEY, 7V —2A/FHD
LE AR OMEE 2R
Worked penetration, JRF1H X 9B : 7 U — R & BEEDIRMIZRT 25CITR>Th b, 60 FERIL
CEEOL X .
Dropping point, i @ 27U —ANR@EIRO 7= DAL LT T Laad D FAKIRE.
Oil separation, Bfjl : 7'V —ANBES, RE LR, 6 X 2 AREOER SIT X - TR
Moz &
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Table 4-2 Properties of MAC *~

Viscosity, Pa's 2.315 (at-10 C)
0.272 (at +20 °C)
0.0613 (at +50 C)
0.0205 (at +80 °C)

Kinematic viscosity, mm?/s 77870 (at -40 C)
106 (at 40 °C)
14.4 (at 100 °C)

Viscosity index 139

Pour point, C -57

Density, kg/m3 850

Vapor pressure, Pa 1.3x10™" (at 20 C)
53X 107 (at 125 “C)

Additive None

Table 4-3 Properties of grease473)
Base oil MAC
Thickener Urea (13.0 mass%)
Worked penetration 300
Dropping point, °C 260<
Oil separation, mass% 1.7 (100 *C, 24 h)
7.3 (100 °C, 60 min, 2000 rpm)

HFLW OBEA~OT) = RBAMAEIL, 112 BTHOERERZ LS ICBEaA~f LS
J—=2H VP —n_E UTERT L2 E0 020 ENER EARIEEZE2 605, —J, FHART
IAT PV BHIREND 1207 U — AR A B S 372011213 W ERZEE Ly, =0
Lol 7V —2BMmEIEEEGEAD MLV LOMT R U— FF 7 OBRICH D, AIFRT
13, BB JAXA DT 727 — ARAT B OFEMREBAER V22812 L, B L O E)
RV s & AJTERE 1.0x10° rev. S B2 OR X hE—2a VR EHINSLS LS ) —RBHET
TRTOERBRAZIT oM. Table4-4 1227 Y —REAEE, Figd-3 (128 Lo HEED 2 Y — 2Bk
REA 7R WG/FS 38 LU FS/CS BN L1z 27U — 2 O RERS ML THRECAIF ~FR L &,
Figd-4 \OR" T X0 7 ) =R ED 2T 5. F7-, Table 4-4 |2 2T 5 B 0B E%,
Fig.4-51Z WG #ME & FS OSEAIKEEZ 777", Figure 4-5 [7RT X 912, iEEmaE ) BmEOR
figwd LTWD, 7=/ —/MHMREFRRIZOWTIE, MAC 2 &3 S ClE/M L7,
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Table 4-4 Spreading amount of lubricants

Spreading part Grease Oil
WG bearing, g 0.1 0.1
WG outside surface, g 0.2 0.1
FS inside surface, g 0.2 0.1
FS external teeth, g 0.3 0.1
CS internal teeth, g 0.3 0.1

(c) FS inside (0.2 g) (d) CS internal teeth (0.3 g)
FS external teeth (0.3 g)

Fig.4-3 Grease spreading condition
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Electric wire for measuring

Accumulated grease CS contact electric resistance

WG

FS WG

Input shaft Accumulated

grease

(a) Input side view (b) Output side view
Fig.4-4 Grease distribution after assembly

(a) WG outside

Fig.4-5 Qil spreading condition
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4—2 FEEREE

Figure 4-6 |2, B BEEE OB E KN Z JIE T 5 72 0 O EERAEE OIS &AM EE 2R T,
EBL, JAXA DA TAEERRE 2 Fo— A RBRNFTRERTF ¥ N BHERALTIT Y. KE
WHERIL, BEEFv A ANOR—R T L— bRROT A AT ARICHLAETRTEY, T2
ko 2O A E HABNZIE, TRENEZETF ¥ o R\ by od, BZEF v M A
Vo) Z7EBBLTNWD. BEF ¥ U ANEIL, B, KRBLGERTAFHIETHT
EMTED. M EVHFFAHD M EZRIEL, EEDREENTHEDICAWS. AL
DAY v 7N T BIIAS by & WG Wiligns S OEESIREUIE A OBEE A2, o2
Uy )b s & WG AR KL OVFS A OBEEARD HLTWD. AL,
P—RE—% (DXMS2020-AA;A ) = ZAE—F) 2LV 0~300 rpm OFEH CHREZS 5 Z &

NTEB. F£f2, AR M7 ENMZZHETE, HABMCEY OFWET —L2E2ROMF35. &E

Fiber scope

Vacuum chamber

Input torque sensor

Output torque sensor

Output side
e

Ingut side

Servomotor

r ‘.— "'Lﬁ

Magnetic fluid seal

Magnetic fluid seal

Slip ring

Base Ela‘rlg/

1000 mm

(a) Schematic

Fence

(c) Defensive fence

(b) Inside of vacuum chamber (¢ 1000 mm)

Fig.4-6 Experimental apparatus
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DBERY T BT — ADEEREAEIE 500 mm i@z 5728, Figd-6 (c) (TR T XL 9 ICLED
FObi#7 = AEMOHITD. T—2IZ K VAR V2 ZMZ TGS, AREH D 1 [Eo
FHZIERKERIC AL L, EAUTEPO B EEIEE DO AT b2 & IEREIRICELT 5. ZoAfR

MZEUNGRIE, vRy M7 - R EOEBAWNEZIT BT 7V r— a OB ZHEELT
5.

Figure 4-7 (2, WENH BEIEE S HIGA TN DT A by ZO5ME L IER 2R3, AJdhic WG
Wiiw, HAEINC FS, 7 A DRI CS BB o TRy, FiikEAMNR#SZ Lz oh
TWD. WERBEEEOMALKER L, 7470 Z7H#3E 0L LT, S6d, ek
D HIEMESETRERAOBELELZI D H3720i2, PZEEL2->TWS, TR MY R LER
LI IBEA O RPBBEWTE Y, Figd8 IRT L HCEERB LUKRGEFIZBWNTT 7
AN—=A =LY AT E B DB B EBRT LN TES, £, X
NG AREICF ¥ v T YRR AT T, HEEEEE O OERCER 2 HHFRETH
.

Support bearings Fiber scope

Hole for fiber scope observation

Input shaft

Output shaft (hollow type)

(hollow type)

Strain Wave Gearing
(WG: red, FS: blue,

CS: green) Support bearings

(a) Photograph (b) Cross-section
Fig.4-7 Test house

Monitor

L‘_, Lol
Fiber scope

Fig.4-8 Observation by fiber scope
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4—3 BEMEIJIEROBE

FAESIRPORENL, 7 A hoD 2RI X Ol B B E O B HEHZ R & 10 gm O
I A i L, I B A E O K CE R A W E 73R R THERS L T2 b oM DOEE
Z ARl B 2 L2 L VAT » 7=, Figure 4-9 [CEAME SEILORIERIE 2R3 . FEHEIEDC5V & L,
ZREMEIT 31T DA E ST & EAIZ 12000 Q, A 120 QOIEHLZ G L7-. WG dhg &
FS 725 OEBEMHORET % Figd-10 12779, WG AMRIZIZEE 50 gm D AT > L AR (SUS304H

) AR, FOW EICESBEITAT T L CEEZRY H L-. WG NG, WG/ES, FS/CS
R DBMNE SR Ry, Ry Reld, TRENUTFO LS ICFHETE .
|14
R, ” 4—1
0 w'V V)R =V, /R, ( )
R, = K” (4—2)
i (E=Vy Vo =Vi) /R =V, [ R
14

R, = s (4—3
K E=V,, =V =V R~V R, )
TIT, E=5V, Ri=120000Q, R, =120QTdH 5. AL THRIZEEH T 5 WG/FS M OH#EAES
L Ry, JEREIE b, WEEE Vie, Vop Ve lIEKGFT 20, Vie=Ve=0 & L TEERIZHAT

AT D

= Yoy (4—4)
TT(E-V,)/R -V, R,
A (4—4) I J:Djz@fqﬁﬁﬁﬁ”*ﬁﬂn&anz%I‘&aﬂﬁéé% Fig.4-11 12777, TRz TiEE
B ORNTIRFINEIET 728, Figd-11 Eh TR 70, AU CIERIEEE N E
mV PLF 7 M E SR QUL T T AEIEIREE (k) , 49 mV DAL E 72131000 QUL ET
TRIAATETREE () ThH LRI L. £, BEROERGERIIRT IO, AR TEIN
%®1®$Wﬁ HEHIEN TV, HFREEOMRIC OV TR 28I 2 STz
@&@@%ﬁ”ﬁm@m kw1$%1#%aém1k@4”4”)¢%ﬁ@kmm;o
B EEIRIE COBAERREN B STV D, EEal O I A & O Eefer BB AR
rkwTﬁE@ﬁm ﬁ9¢ﬁf(ﬁ#ﬁ)@ﬁ@ﬁ%méhf%@,:@%%ﬁ%ﬁﬁﬁﬁ@
BT O SR EORE LR LTV A RN H D LV @G L H D 71 kD Z Lk
AW I RERATEEREAZ R L CEB Y, FRMEOHEM - L, N EnEERM

DD » BEINZGT D & 27

R
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House )
Isolation film

FS/CS
SF—Re. Vi
Isolation
film | A e -
- WG bearing
WG/FS  |WG |l Rio, Vo
7777777777777 R of,l,/af,, hpﬁt Isolation film
shaft
12000 Q
W WG
120 Q Ria io 4
1 bearing
S &
¥ 120 Q Ry |Voy : WG/FS
5
12002 =Rp |V : FS/CS

Rio, Ry, Ryt Contact electric resistance
Vios Vor, Vi: Measured voltage

Fig.4-9 Contact electric resistance measuring circuit

W B9 B e 73

N\ SUS 304H plate

(thickness:
50 zim)

Electric wire

(b) FS
Fig.4-10 Photographs of WG and FS
with voltage extract

Non-contact (49.5 mV)

Measured voltage, mV
38
(]

- Contact (0 mV)

0 'V =

01 1 10 100 1000 10000 100000

Contact electric resistance, Q2

Fig.4-11 Measured voltage versus contact electric resistance (calculation result)
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4—4 T—REARE

Figure 4-12 12, #—RE—FDar to—, F—HFNETIo0EBRERT. h—FKE
—HiFZar hr— Rl T7 o ICERESLTREY, TG DC24 V AEHINE T
5., B—FDay ha— oY a2 A LT, EEREE, IR K OEERA B £ DR
RE—ERETED. Figure 4-13 (Z7 —FEFHHIT AT A ZERY. #EARESKIGL, A by
7, CSIREDEBIE - 551%, BEET ¥ WL BEMERE L —VEE T 4 — FALV—%/ L
THRYHENS. HEIHEEEBOLELDOOEET, #EMESELOHERBE~ADE, WG
P4, WG/FS B L FS/CS MOMEBEICE NS, AHA M7 2 FOOTHENIX
BOT A CEFEICHIE - TIN5, F—20IE, S ba—FLF 4 PFLTF—F 1o
— D% N TIT - 72

Digital data measurement device (NR-2000; KEYENCE)

Pen recorder (LR 8100; PC for motor control

YOKOGAWA)

Motor control amplifier

Dynamic strain
amplifier
(DPC-201A;
KYOWA)

——— DC power supply
(for contact electric resistance

measurement: 5V,
for motor control: 24 V)

Fig.4-12 Motor control and data measurement unit
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l——u—n——————————————_—————————I—n"

Test house

In vacuum chamber

I
|
_— |
Output torque 1 I
I FS & . ) l
I(t)ol.;tput WG outer WG inner Input torque I
que - race
I CS temperature | | CS |
- — o el e i i I N el —— =
. Magnetic fluid seal Feed through —— Magnetic fluid seal
Slip ring
Slip rin ¥ '
= T Pen recorder &
DC power Contact. elec.tn%: .resmtance . digital data recorder
supply (5V) measuring circuit WG bearing voltage
: WG/FS voltage
: : FS/CS voltage
. Input torque
: % Output torque
L ; : Circuit power (5 V)
: : CS temperature

Fig.4-13 Data measurement system diagram
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4—5 NEEHEEZEDMILT

BN B DAL T, Figd-14 (omnd 7 ) — v 7 —ANTIT o7z, ML THERIE, (1) &5
mICTMER 295, (2) WG, ES, CS #ZFENA s, M, 72 by R T
5, 3)FS & CS #MANITH (HEIEAGHLED), (4) KEIZ WG & FS NHE~FfiA$ 5. Figure
4-15 (a), (b) IXENTh, ADENZ WG ZHLY FHiF724k88, FS & CS A Tlikigz R L
T3,

R KON ANS, RIS 35 %L FOT 7 — 2 NICRE L.

Clean booth

Desiccator

(a) Input shaft equipped with WG (b) Assembly FS and CS

Fig.4-15 Assembly of SWG

This document is provided by JAXA.



T IR B i B E O S (B B B 77

4—6 FILOEHOKIE

ziiﬁﬁ_i‘-‘fi, AT by s o ORIE T, &:E?ﬁf%f:f)b TR Z . pa UD?E'J"EJEE_EQ@,
Fig4-16 {Z7R T & 2 (ZHHD LN 4 D OT B S — VB0 1T T, b2 BREINE 2ol
NZEBOFHFHC L Y BEICEBR L THIEBENS b7 ZHIT 5.

b7 &Y ORIER, Figd-17, 4-18 IR T LI A7 HICEY 2 R bRICART S
ZETRERD A EHENL, vy EHIEEBEDOBEN S EREEEH L TITY. BIER
PRENE, MY EBTFOL S CHETE 5.

(bv7) = (BEMAE) X (HIESE) (4—5)
Figure 4-19 IZRERREZTRT. HIEIT 3 EITV, EWHELOREFREEABEHT L LUTOLIIC
o,

(ABT b2, Nem) =1/3703 X (IEEE, mV) (4—6)

(WA RvZ7, Nom) =1/222.9 X (HEBEBE, mV) (4—7)

BE LTZ A A by v BiRiESEEZ BT 5 52 L TIZRT. Figure 4-20 1A A EEHEE 10
rpm, R FA2 0, 13N-m DARS b7 ORIERE (BE) 275LTW5S. AN M2 ERD
EENE, TAIATRE MUV OEBOOTHIZES O TANBIORE L FH LTS,
T, AR A7 0 NmIZBWT, ) M2 030 TRODIZHAMOBMERE S —L e 2 &
TV T OEERERIC L 5 —EOBEE V7 (03~04Nm) RAFKINDE-DOTHA. B, =
DEFIZ L 285 P21, ANTEEICHERSh S KBS B VERBIHHE O & %8 R O A T
v 7 L (02~2Nm) (2T 5. EEDROFHAUL, Figd-20 (a), (b) DALY 0
N'm OB EIIAHAEED CW, CCW O ENS,

(BRI, %) =3703/222.9%70.6/{(63.0-¥;)x160} x100 (4—8)
FE (), (d) ®13NmDBFEIE, "7 E—7 0D,
(BIEEZHE, %) =3703/222.9x2886/{(370-V)*x160} x100 (4—9)

B, B, VLIETA ST ARO ANV R— FZOBEE 7 SOEBETHY, “hic
DWTIEEFRNCEZE, KRF THIEZITo7-.

Strain gauges (4 pieces)

Fig.4-16 Input torque sensor shaft

Fig.4-17 Calibration of input torque sensor
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Output torque sensor [ 3

B Ep vy

M
5 Double arm

(a) Torque loading (b) Fixation of output shaft

Fig.4-18 Calibration of output torque sensor

[: First, O: Second, A: Third

3000 : 3000 s

/E Fgecd
2000 % 2000 e

> >
= 1000 ﬁ/n = 1000
5} : U
§ 0 E’B/ & 0 B
S -1000 B S -1000 /E{&Q

2000 2000 g

3000+ 3000 4L

02 06 04 02 0 02 04 06 08 -15 0 -10 -3 0 5 10 15
Input torque, N- m Output torque, N* m
(a) Input torque sensor (b) Output torque sensor

Fig.4-19 Calibration results of torque sensor

150 ‘ T T 150777
5 100 A eline 5, 100
g ! E 504 i
8 s i . 70.6 mV
= 50 = 504
< Q
= o i Z

1504~ EENNEEENENEEER . aso- .

0 50 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Time, s Time, s

(a) Input torque (load torque 0 N-m) (b) Output torque (load torque 0 N-m)

SO0t e S EEEEEEmmEmmm
i ‘;23_ .Y j 5, 20004 BN -
= 200"" EB. { g 100044 A ! {4+ I
o wg_i E _7__:1 i Bl o o1 _\ L {.] [ ,,7, i '”7wﬁ2886 A%
g oo My ' g T R N AR "
D200 Y immmm | g 1000 NN AN NN SN NN
> 300 11 ST > 000l i

4004 - ; PN A LTI L T |

500 — e | 3000 4==r= S =

0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Time, s Time, s
(c) Input torque (load torque 13 N-'m) (d) Output torque (load torque 13 N-m)

Fig.4-20 Input and output torque profiles at input rotational speed of 10 rpm in air
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4—7 EBEavbO—L

FHBOWEL, KGO OB, WSROI L FHZEM~DOEFER D5 o 2 THRE D,
H - HIETKREC Bpn 0 22C, HEWIEROBEREIC L > THBRER LD L)
IZED L EHRD DI, Figd-6 DEEF v o AN_R—2F L— N ZEEa ho—L L, #
HERBECOEREITH. BEEERTIE, Figd-2l 17T X 5 ICH#RE (CS) b NciEry
7O 8 EATICAEN E VT THREEE=F ) 745, 3K (TC 8) MNEEEDIREE & /¢
HBEINEAN—ATL—  OREE L br—AT 5, RE, HEEEEESEAAENFE
M7 2 F 2x—5 OB{ERERAG (-50485°C) * ', JAXA ABIH L TV 507 H i Bl s
BEOHEE (-10480°C) =), RBLITIBEIC MAC 7' — R OEAELEEE T2 81 A 87845 %
AT IR FERPAF] (-104+80°C) * V% BT, Table 4-5 27T 3 &efh L Lz, {RIRMIL, -50°CHS
MAC DFEIR-57CITE < WA EL LEEREE L 25N H 5728, -10°C & Lz, £7=, Figure
422 [ FREa b — A ROBZRMENRET D 7 7 AV ERLTEY, BLF 5~8 B Tt
AEEZHENPOEEDIRE E TELESETVA.

TC 5: on test house center

TC 6: on test
house input side

TC 4: on test
house output side

TC 7: on input
torque sensor

TC 3: on output
torque sensor

TC 1: on base plate TC 2: on base plate

TC: Thermo Couple

TC 8: on Circular Spline in test house

Fig.4-21 Configuration of thermal vacuum experiment
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Table 4-5 Conditions of thermal vacuum experiment

Environmental pressure, Pa | less than 107
CS temperature, ‘C -10+£1
+50+£3
+80+5

100 porms E

—'I'Cl‘ 90 —=TE1
—TC2 L 80 —TC2
TCS! g 10 TC3
Tc4 2 gg —TC4
—TC5 5 20 —TC5
o = ‘
—TC6 g 30 ke —TC6|
—TC7 =20 f —TC7|
— TC8 10 —TC8|
Rl i 0 e

0 10000 20000 30000 40000 0 5000 10000 15000 20000 25000 30000

Time, s ; Time, s
(a) —10°C control (b) +80°C control

Fig.4-22 Temperature profiles in thermal vacuum control
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4—8 F{HEE
Tl ERE R & RO 2 LI FIo R

(1) HAESIEGIORIERIE O, HHEORIRR &

Figure 4-6 |24 X D IZAERFEE Clt, BEXBOEZE / KKDA v F—Tx—A, A v 7Y
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Table 5-1 Experimental parameters

Environment Vacuum (less than 10 Pa at 20-23 C)

Air (laboratory environment:20-23 °C, 46-51 %RH)
Input rotational speed, rpm 10-300
Load torque, N- m 0,7,13

(maximum amplitude of sinusoidal loading by arm)
CS temperature, C -10£1
(thermal vacuum environment) +50+3

+80+5

(less than 10 Pa)
Lubricants Grease (base oil: MAC, thickener: urea)

01l MAQC)
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In-vacuum and in-air experiment

l Grease spread & assembly SWG |

Running-in operation
Environment: In-vacuum
Load torque: 0 N'm
Input rotational speed: 100 rpm
Input number of revolutions: 32000 rev.

v

Parametric operation with grease lubrication
Load torque: 0, 7, 13 N'm
Input rotational speed: 10-300 rpm
Environment: In-vacuum & in-air

Input number of revolutions: CW, CCW 160 rev.

Disassembly & degrease SWG
Oil spread & re-assembly SWG

v

Parametric operation with oil lubrication
Load torque: 0, 7, 13 N'm
Input rotational speed: 10-300 rpm
Environment: In-vacuum & in-air

Input number of revolutions: CW, CCW 160 rev.

v

Disassembly & degrease SWG

I Grease spread & assembly SWG |

|

Running-in operation
Environment: In-air
Load torque: 0 N'm
Input rotational speed: 100 rpm
Input number of revolutions: 32000 rev.

v

Parametric operation with grease lubrication
Load torque: 0, 13 N-m
Input rotational speed: 10-300 rpm
CS temperature: -10, +50, +80 °C

Input number of revolutions: CW, CCW 160 rev.

'

Disassembly & degrease SWG

Fig.5-1 Flow charts of main-experiment
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Figure 5-2 (a) 129 L 918, HAEP & RKF T WG WA O 40 E BT 1L R AR -
ol EFT7V—AWIBOSGE, EZEH T WG NAMEROMEEEZAM b2 1213l Al
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O: 0 N'm, Vacuum, CW, @: 0 N-m, Vacuum, CCW, /.: 0 N'm, Air, CW,
(: 7 N'm, Vacuum, CW, @: 7 N-m, Vacuum, CCW, A:7 N-m, Air, CW,

: 13 N'm, Vacuum, CW, @: 13 N'm, Vacuum, CCW, /\: 13 N'm, Air, CW, A: 13 N'm, Air, CCW

A:0Nm,Air, CCW
A:7N-m,Air, CCW

(Non-contact) sq — : 50
g 40— g 404+
o 14 | o 1 ;
‘%u 35 £ . ?ED 35 B
S 3044 et = 30088
> | - :
25442 : 254 >
%ﬁ 204 c-1 ! %D 20 c-2) |
d o e e g
D155 == S==—C Zo=== c=sd 2 1siBias , 1l
1D n i <
O 104 : B O 104
3 55 ? B B 511’ | |
=1 1 | P
08— ; ; 0% . ‘ ——
(Contact) "0 ""sg"" 100 150 200 250 300 0 50 100 150 200 250 300

50 mV (non-contact)

Voltage

0 mV (contact)

Input rotational speed, rpm

(a-1) Grease lubrication

Input rotational speed, rpm

(a-2) Oil lubrication

(a) Average voltage versus input rotational speed

960 s 960 s
—p
Time Time
(b-1) Grease (b-2) Oil (c-1) Grease (c-2) Oil

(b) Vacuum, 10 rpm, CW

50 mV (non-contact)

WG bearing
Voltage

0 mV (contact)

(c) Air, 10 rpm, CW

(d-1) Grease (d-2) Oil (e-1) Grease (e-2) Oil

(d) Vacuum, 100 rpm, CW

(e) Air, 100 rpm, CW

Fig.5-2 Voltage between WG inner and outer races lubricated with grease and oil

under in-vacuum and in-air operation
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(2) WG/FS
Figure 5-3 |2 WG/FS [RIOMIEEBEZ <7, [ (a) 23R X 512 WG/FS BOBIEEEITZ WG

Mo & RIfRIC, BEHRERRPCRESEBRDFER LR -2, FFEZEF TR, EWHESE
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BN CTBOTHAEBRECH o7 HETED. THIZH L TRETTIE, AR FLZ 0 N'm
DB EICFEZERLIFEA LR CERTH-720, 7Y —REETAR LY 7, 13N m DS

O: 0 N'm, Vacuum, CW, @: 0 N-m, Vacuum, CCW, /\: 0 N-m, Air, CW, A: 0 N-m, Air, CCW
O: 7 N'm, Vacuum, CW, @: 7 N-m, Vacuum, CCW, /\:7N'm, Air, CW, A:7 N-m, Air, CCW
: 13 N'm, Vacuum, CW, @: 13 N-m, Vacuum, CCW, /\: 13 N'm, Air, CW, A: 13 N'm, Air, CCW

(Non-contact) 5 50
451 454
> 404 > 404
En 354 E,\ 35 !
(] (5]
& 304 & 304 Ll
'§ 254 § 254 i
vn 20 w1 20
4 &
3 154 S 151
= 10446 1‘ 2 10-¢
5-:-.:';‘ SR S 5'.=
(Contact)  “g--"""s5" " “to, . 150 200 250 300 0" 50 100 150 200 250 300
Input rotational speed, rpm Input rotational speed, rpm
(a-1) Grease lubrication (a-2) Oil lubrication
(a) Average voltage versus input rotational speed
50 mV (non-contact)
g e 0N'm 13 N'm 0N-m 13 N'm ON'm 13 N'm 0 N-m 13 N'm
=]
o =
=z 5
OI’]’I'V(COI'ltaCt)_-—V"ﬂ”m“-----“------a TTTTTTTTITTTIIITTT mmmmmmmm T n e e am e
960 s 960 s
Time Time
(b-1) Grease (b-2) Oil (c-1) Grease (c-2) Oil
(b) Vacuum, 10 rpm, CW (c) Air, 10 rpm, CW
50 mV (non-contact)
-------------- o ey B e e e e e e oy oy By i S s i s ey e i e
) 0N'm 13 N'm 0ON'm 13 N'm 0N'm 0N'm 13 N'm
&
£
==
B e e L A s 3 ,-’-'-T....:_*__—-‘L_;‘_"':’_T;_
0 mV (contact) 9 9% s
44— t—
Time Time
(d-1) Grease (d-2) Oil (e-1) Grease (e-2) Oil
(d) Vacuum, 100 rpm, CW (e) Air, 100 rpm, CW

Fig.5-3 Voltage between WG and FS lubricated with grease and oil

under in-vacuum and in-air operation
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ZIEASEEREEE 30 rpm LA ECREAREEEA R L. Figure 5-3 (e-1) IZRT X H1C, mEER
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+ 5 ORI & bR LEE T o7 |

MR L i L7 Y — 2B CTEWIEEEZ 7R LIZDiE, 7V —Zi#iE Tid WG/ES [ D7
XFOMPFEIZZ ) — A BEET L7201, MBEE LY b ERNEHICT U =23+
TXLRETHY, EVMBERERShEEZOEEZOND .

KEHFICHT D WG/ES D7 — MMLE KT LT EIREEZELIZ O\ T, AR T — ADALE &
T AN—2Aa—F L HBEBREBEDIT TELEL T, F1gure5-4£i, 7 — X HE, A
#2713 Nem, AJJEHESEE 200 rpm (281 5 WG/FS M ORIEEEOKMEE, AR ML
7 k5257 — ADOAE L AN V7 ETEORRZ T, Hﬂ_rﬁio , VEEWBHAR D & A far
bW7@ﬁM’ﬁwﬂE%F%ﬁML(T—AM%AHE,ﬁmFW7#%M#%ﬁyiwbé
B— 7 fhE (7 —2LE B) TEWEEZRLE., LT, Afif M2 RET DI O TEE
WD L& (7 —A0LE B—D), Aff M7 B ON miZiio< EHE LR L.

A b7 oI (7 — L& A—B) IZEWEEN EH L7Z01X, WG/FS MoT & 0%tk
kAR THRERIC X HIESER S, EREES D Lo Bz oS, ZORS
THIERDIEA I = XKD T, MEEEOEBTHLI LA VWV AFBRADNLHATE S.
H2EORLELIIG, MBEENREEZERT A A —XHE, —FAfM MV7 OBEITITLLTO
XOIEARTES.

oh__ oh (5—1)
ot R

ZZT, hIZWG/FS D3 & &, ¢+ 1Z0H, 0 IZAFMALE, 0.l dANEERHETH Y, 0n/d0 13

B J5 1A BE T E W BERICARTE L. —FIERRECIR D AR bV 7 D5E1TIE,

Load torque

50 mV (non-contact)

WG/FS
Voltage

Rotational direction of

0 mV (contact)=====-==-==="" 9%s 7T output shaft

Fig.5-4 Variation of voltage between WG and FS lubricated with grease under in-air operation

at load torque of 13 N-m and input rotational speed of 200 rpm
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EEIEL W ETHRIND. —EAMOGHICBITHHEZE L RADBENZHOWTIE, BikT 5
KO EZERP T T EFEANMBEAIRZIRIEL 25 Z L BEREBREL Y, KEHTIIE
BRI TR Lo X 9 22 E 3 4 LRGN A2 5 L FRISN S, F o 7HfEAM
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Figure 5-5 27 7 A /N—A a—7Z X W BIZE L7z WG SR D EB OERT %275 4. WG/FS D H
EEBENMENT — LB A, C—D fHETIE, Figs-5 (a) -7 & 512 WG Shmld FS (ICO&
SNTHEWWTWE. T74bb, ZOR WG/FS MitéBEMOTIENRRE SERIZK > T WG 4t
BRI FS IcOE o TWELEZBbND., —FHEEDN EH LT — A& A—B, DA JIET
I, Fig.5-5 (b) W23 & 912 WG SM2s i & [ CHAICERR L, FS (2 LCE 5 m o FE% M
A TENNTUV =, 2L, WG NAMRE O B X 0 b, WG/FS H O BN S
KBz, T7b b WG/FS MOE&REMOBEIE /NS < FRAERIEVIRETH 12 Z L 27w
LTWa. 20X 5 7% WG/FS BOHIEBEREMRFZRT 5 WG AHMmD FS I 51 D iE, KX
FOMOEEEEIZBWNTHER SN TEY, A7 —AOMEIC XD WG/FS MO « 7R
BOE(ERLTND.

Rotational direction (CCW) of Rotational direction (CCW) of
Rolling direction of WG ball

WG outer race at low speed

input shaft at high speed

Rotational direction (CW) of Rotational direction (CW) of

WG outer race at same speed as FS FS at reduced speed
(a) When low voltage was measured (b) When high voltage was measured
between WG and FS between WG and FS

Fig.5-5 Rotational motion of WG outer race under in-air operation observed by fiber scope
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(3) FS/CS
Figure 5-6 |2 FS/CS MOMEELEZRT. [ (a) (2373 & 212, FS/CS MO FEHMEEEIL
FHER, [EHEE, AT L7, HIBAIOREICIEE A YERTEE T mV LFTho7. LAL,
FE (e-1), (e-1) ZRTHDE, KKH, 7V —AMBTIE, b0 TiEds08EB)PIClES
ED ERABR OGN, WAEMEDRESE#HTWZtEZX NS, £z, ZOREEED FFHET

-—

AMMAZ0L0L 7, BNmOENREETHY, 7T—LADOMBIEGFELEEBLROAE. =

O: 0 N'm, Vacuum, CW, @: 0 N'm, Vacuum, CCW, /\:0N-m, Air, CW, A:0N-m, Air, CCW
(0:7 N'm, Vacuum, CW, @: 7 N-m, Vacuum, CCW, /\: 7 N-m, Air, CW, A: 7 N-m, Air, CCW
: 13 N'm, Vacuum, CW, @: 13 N-m, Vacuum, CCW, /.: 13 N'm, Air, CW, A: 13 N'm, Air, CCW

(Non-contact) S T T T T e
45+
> > 407
E E 3s5f.
& & 304
ﬁ 8
S S 251+
wn w204+
O Q el
& 5 13
3 104
5_
0 beededrbietmtnt = ——r) O dribirted bt Dbt ey
(Contact)  7"""5q 100 150 200 250 300 050 100 150 200 250 300

Input rotational speed, rpm

(a-2) Oil lubrication

Input rotational speed, rpm
(a-1) Grease lubrication

(a) Average voltage versus input rotational speed

S0mV (non-contact)
S g, 0Nm 13 N'm 0N-m 13 N'm ON'm 13 N'm 0N-m 13N'm
<
23
T EE =S e T e eess SESsEsSsSsRes======= Ssect=—t=_2 !_'*_‘_. TEEsETT e _ T .
0 mV (contact)
960 s 960 s
) -
Time Time
(b-1) Grease (b-2) Oil (c-1) Grease (c-2) Oil
(b) Vacuum, 10 rpm, CW (c) Air, 10 rpm, CW
50 mV(non-contac_t)_______“-_‘________ R
i 0N'‘m 13 N-m 0Nm 13 N'm 0N'm 13 N'm 0N'm 13 N'm
©v &y
Q3
© g
e e = Y e e ) e ) [ = e = S e =
0 mV (contact) 96 s 96 s
+—> >
Time Time
(d-1) Grease (d-2) Oil (e-1) Grease (e-2) Oil
(d) Vacuum, 100 rpm, CW (e) Air, 100 rpm, CW

Fig.5-6 Voltage between FS and CS lubricated with grease and oil

under in-vacuum and in-air operation
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NHOZ G, FS/ICS MIFEZEF CHERAME, KAP CHHERELINRERHRETH T
EHEETED.

Figure 5-6 (c-1) & (c-2), (e-1) & (e-2) ORRHFICIIT DY — AWM & i o B EZL D)
DIEFEMTOWTIE, WG/FS [ & RIERICTEEA ORI OEWC LV A L LB d.

(4) £&8

LRI RLEZLSIE, $§TOLY IBEICBOWTEZEHIARTP LY BEBEMELS, &
BEEAEIS DR X VB LWEIRRIETH B Z L B0 0 o 7=, R WG/FS Mo ikigIE, TEkER
RETRSEITRECTH S LHE SN TWER >0, KA TIZMES T S ik AR ee
LHERTHZ LN TE, BE/ KKOFHTUKFER RO REVW L SBETHD Z L300
7=, 20X RFERRICEF L1248 L 2 BT OBEEREBZEILD A A = X L2220 T, RIATHE
Fr - R SURTEE D KR & WV WG/FS IR LEZRL T L.

5-2-2 WG.” F SRIDEaHE

AT, WG/FS OB MR L T <. £7, WG/FS M OWNEBEN 6 kit
FEEL, EBHE (EERE) OB LoPENERIZCOVWTELE LTS, AT, HEMESH
Fios BHERE Uizt h) & 58 3 FOMTRER & OB AT, T VOMAEETITY. T LT,

WG/FS ] OEMBIREN TR SIRTT L TEILT D A D= A LORBERE L, BIETT - 7o fi#f -

EBITE Y, FNEEIETS.

(1) Al SR O YRR B

FPEMESIKHS T TYHENERICOVWTE XD, Hihd 2 T oEMESEIL, HE
LoV OREERE (SRR L EEmOFN, BESCUERE (EREEEETD (CRkF L TRE
%37 Firbb, Figs-7 Ot EBICERICEET SEMED L | ADBREEZDH L, #
fie P SR

(B SR = (EPEHD + (REHEEERD) (5—3)
L%, EREFITS BB ORI LA L, SR ERICRAT D, —F, REHEEE

Surface film

Metal surface

Metal surface

Contact spot

Fig.5-7 Contact spot between rough surfaces
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PUIRMEPEEORZ S, [SAEIE (Qm), HMEEIKET 5. £, e En25ns
OFREAIZ & - TEEELUSE OMRB R, RUEICEEL 525 7Y,

BBl B HLAL L D R b DA E T%éxf/vzm@ﬁ#¥[ﬂ%#zuﬁ9m®ﬁ~ﬁwk
M)zt LT, REHIRO BARFUEN EOREOA— 4 —Ch 0, BMESIEIICHT 55
PLE RMPEFERF O EHMER RO D Z LR THSH. £, BIE SN L5 5MESIEUE
I, BROQOFHAROBRBEANEHEI A ZATND Z & #BE L AATRIEN T2, DIT T, i
BRIEILOZ(LIC B O THE PR & RIEIHEI O &L 503 XA TH A L T <.

(2) WG/FS [ o #fih T S HLT

R@m585@’%ﬂ%hF@&3@Wﬁ%E#E%ﬁLtﬁU—X,mﬁ@K£H5WGB
W OFEMERES 2z Y. KPR, TR, B M7 285 A =2 L LT, AHEIEEE %
1ﬁ$m_,1E¢@f%fToﬁJ#¢Hﬁﬁﬁ% URTLOFIE, FoIMES K OB KE A HEo " LT 5.
RN R/MEFUEOIRIVE, Fig5-4 128 L2 IERBUROART S 7 [ TET 2 RIE BT O A )z
JDAELTHS,

ETHEETOLAEEZRTHD L, WG/FS MOBHESIEHUE L MEBI 2k, Bl AIOMBERIC KT
EPFEQLUTTHY, BEFEHBERETHDLZ L E2RL TS, BZEF T WG/FS [H35 Sl gk b
EIRDAI A DI ONWTIHRIETERET 5. —F, KRB TCREmicEsEdh Ly L EMES
BIEIIRENWEE XD, ZORINE LT,

O KA TIEEmICBCESEA SN, REEEERALS S 25

@ RKPTIHMEENEA S CEMEREN D L, EPFRINE< 25
D2 ONEF NS, EFTOIZONTIE, Figs-3 1078 L 89 IZEBIRT#RIZ I T A 2 1 ok
EABEZER L RTGHFOMTERR NN Ene, REICHER SN -BLEC & - TRFUED
ZDNECREIENEEZEZ NS, —FOIZ WL, #hESIETEAEE S Ic Rk x <
EFELTHD ZENE, MEOWREIFIMERABRKECHEE LTS L0 L Ebs. E3 5T
A LT 0908, WG/FS [8] 0 ffid i 18 L A 7 (BRSNS PRV VS O E R L v i L, & 77,
Bl b7 OEINZ K> TEDOT X FRITE(LT D, Figure 5-8, 59 (¢) ~ ) TITAS[EEE

B DN PR TR KU ST 2 M H 0, 2 AT 5 L MIEE S oz
iof&%miﬂﬁw(%ﬁm#ﬂﬁM)Lt_&ﬁﬁmkﬁméMé EFZER DAL~ L2
ZHUN U7 B B I EMBESEIER & < Lo -0k, fibk L2 L 5 1084 h L s OEEn 72 21k
_&9#%i%%@ﬁMﬁME@$/7%¢m%%Léﬁf B AE D L7270 & S
N5, Ubo&Hic, WG/FS HMO#EMESENMOZ(LTEFEILOENICE > TELTEY, &
TUE O « FA IR AE OB - WIMER L TN D EELZBND,
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Contact electric resistance

Contact electric resistance

Contact electric resistance

between WG and FS, Q between WG and FS, Q

between WG and FS, Q

FETLZE R SE B SRR R R RS JAXA-RR-06-017

@ : In vacuum, I: In air
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= = 3] SE=2
1004 : 2 4100
| £ 3
f 2 =
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= 3 B
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<
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) | H
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1000 SEESEESE 8 a 1000 5 -& Ss==c v
== g L =R
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100 FEER S=sse=s 2 I 1004kl e :__’5 bttt
- : g 9 : EE
=LA T g & i
+ 4
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EiSEEES £ = il =
ﬁﬁﬁéﬁ. S L 8 ST 2
1 g o 1 -
SESE b g %
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Input rotational speed, rpm
(e) Load torque 13 N'm, CW

Input rotational speed, rpm
(f) Load torque 13 N'm, CCW

Fig.5-8 Contact electric resistance between WG and FS lubricated with grease

under in-vacuum and in-air operation
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@ : In vacuum, 1 :In air
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Fig.5-9 Contact electric resistance between WG and FS lubricated with oil

under in-vacuum and in-air operation
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(3) fETET IV E O
Figure 5-8, 5-9 1/ L2 AJJEIRHE, B&fF L7 12k 2 WG/FS B OB <RG0 21k
1, BICEPRAOZIC L > THELTWD I ENShoT-. Z 2T, St %
FIVW T WG/ES Mo OB b2 #E L, RGBTSR & Oi 24T 9. Greenwood 513
iR & O EMESIRPLE R, B AP T DL, iﬁmh@@*ﬁ%RmP9®%H&&
BIEHEENTND T ZoBENS, ERIZE > TR LN HEAESIES R IZLLTO XS
KT ZENTED.

R=A4-P* +R, (5—4)

S I, AEER, RILHERIKEONEIT T D, & BT LR OHBE F R (0 pm), ASE
HRIEE o orpm ISR DIEPUEE R (nrpm) & U, (SR EA 2 1| & U TIEH R U 72 SR o il
HPIEUTOLE T D.

P = [{R(n rpm)— R(0 1’pm)}/B + 1]71/0‘9 (5—5)

T 2T, B IR OB T AETEOE DO EGWERT TR TH H. B OfElE, AU
TIE 1000 QUL E ARG & 270 LT D 2 & 2B E LT, (F1ER S IREUEA 1000 QIFINT 5
L PR T 171000 1272 H & L, B=2Qr LT-.

X (5—-5) 2T, Fig.5-8, 5-9 {278 L7z WG/FS ROBALTERIRHLO I HEHE L /-8
fih ) & RS TPERRATIZ L 0 RD T N — Z VDM ) % Fig.5-10 (27”77, Figure 5-10 (a), (b) 278
T X ai, EB, AT E IS I AT EESEE O IRV T OIS H D E TR
RN R TV &, BEPCIZAM L2 0L 13Nm TlEEA SR CEAE R L, SEREEN
FHI & E 2 5N 5 0~50 rpm OFFE CTHTMITMBEOERIZ L 0D D L Tns. &
7=, U =2 L0 b8 AFEERE L OB D HER ) O BT R EL o TS, —
FREPTIE, AR b2 0 Nm OEEITEZSES & R P EMA) OZ I TH S, 13 N'm
CIE30pm BLETREREMADOBANA NS, B TREITERE AL &, R & ElfxE
THER &M OB R > TWD,

AT RGN B FE R L B AW 2R LTI A2 ST, FORKNEEZEZEL T, AKRETET
TCE, UTFOREZEWVTND.

O ARV ZII—EETS.

@ MBI TEENCHEESNTND
if@ﬁ%%@?*bﬂiéE§&#ﬁﬁ%W7&£ﬁé EMD, ENTCIXERR L= L 27T
— LB L R THER AR TE TR LT, EﬁdO%)@%@%bE@?@@“ﬂéb
meEZOND. —HFOIZOWTE, BEHMEAT TR L7z & 918 WG/FS A b O i H &
AN EEEEE OB 5 2 &b, FEB TS RlEE T & FNERAIRZ
RBE L 70 0 R2d  WBEOERANB TN —EIL R o7 HETE D, BT 5L HI2HE%E
PRE GBI TERE R R A2 0, F ) — R LT AR E SN B s Z kv h O Y,
e |7 i AR R I C O ARRITE T NV OREE L B 27-9D121% WG/FS HOTMIEAIR Z R 08 2 55
T AHVEIN D D REENTE T LTI, W@%W#%@ﬁ@ﬁmmgﬂméw%@%ﬁLﬁﬁ(m
pm LAT) TORASEEREELEET SN TELLEALND.
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Experiment O: Vacuum, grease, CW, O: Vacuum, oil, CW, O: Air, grease, CW, O: Air, oil, CW
@: Vacuum, grease, CCW, @: Vacuum, oil, CCW, @: Air, grease, CCW, @: Air, oil, CCW
Numerical analysis: /A

k= 1o 7 - 1%
g 094 —— 1 g 09 H
TS 08— - S 0.8 e
o + . < = B2 eai L8
g 07 T g 07 L]
S 06 : S 06 R N e e TR
< T 1110 : « 1 P | T~
.E 0.5 — T - - S .E 0.5+~ i S
e e EEii B R scii R v ae
£ 03— i N I | E 03 :
3 0.2 ! — % 7 0.2 !
2 0(1), 82 | = { 1 2 0;_-_ 22 | | lE_tin s
4 10 100 1000 4 10 100 1000
0 rpm 0 rpm

Input rotational speed, rpm

(a) Load torque 0 N'm (b) Load torque 13 N'-m

Input rotational speed, rpm

Fig.5-10 Comparison between experimental and numerically-calculated contact load

(4) A OFEA R

Z 2T, WG/FS BIDEBHIOBMAREMEICSWT, 774 13— R a— 12 L ABIEERN
BHZehC WG/FS BB EIRREE L R 2 A D= R AR WEL, MBFIOREESD, AFICE 5T
EERA~DOMAZIEE LR EFHTIZ L VI LWL, Figure 5-11 12, KEEBNFICE S HE
EEOANANPE T 7 A4 RN—Ra =2 L0 BT H 2R LEEEL2TT. RRICRET LS
12, REF CHEHFICEEEREE T WG/FS MO+ E b RE SN 1~5 mm BEOLKIAMRHA
B 1 [EIER Y 72 D B E ~EHE A LT s, RIE0HEIE, ©F A OskmibE s S IR CHER T
EOLREOHBMHEDRBVBR TH 7. —HFEEF T, KIAOHHBRSIIBRA I
7o, o, REPTAR M7 ZEIINLZ5EE, E2e & i LT WG/FS [8, FS/CS b o
U—2ADMHENRZWE S ICBEshiz. Zhb0BR&EIT, REDTFEEN WG/FS BICHFET 58
BRIOREENCHEBE 52 AEEZ R L TWS.

RIAPTEHI SN 7-K0EIE, FigsS-12 ICRT LT EERE U IBHIEDRA 7 A — Rk v ¥
SENOEZTLBERAVERMSNTHLHINT, MFHFOZY—2BY GHED) 2320608
Bz ENRRoTHERINELOLEEDND. 22T, B4ELAEKIEOEE L 250K
MR K (= 14x10° Pa) " 25, WGFS TXFHNICEENTWEEEOREZRMEL 5. K ¥,
DOVRAED V) £ TR LR DENE A 1T, UTO L5 icE5x 5605577,

Ap:_KVlV;O”b (5—6)
TEEARRSTENTWE (Efishiz) ZRoOEEE 7, RbHEHEEOSWRERZ2RIAOK
fE33.5mm’ (EE2mm D) % VL L, dp o0 CIdEfE Shi-Ze50EH % WG/FS B DR
BT AT TR O AT EESEE 100 rpm TOMBEE S & I1FIEF U 10 MPa (Fig3-5 ) & LT
IhpRiaeE LT 2 RICABENE TRIE L= T8 &, =05mm’ & 722 5. RATHEMR
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Friz L v Rz WGFS BT FHEFEIBLZE 1mm’ THY, EENTWEEROEIEIT 45 %
ElD. ZOZEND, RIANEHENTWERFTHLTEEDITEA LITHERIICH SN TE
D, WG/FS BOBEAMIBENT CRLIEEIICKEFTIEADRA 7 A — X LD AJEREAET DR
BEThol-LfEEENS.

WG outer race FS CS

Grease accumulation

\=

.\‘

|

s NN

(a) Grease lubrication (b) Oil lubrication

Fig.5-11 Photographs of moving SWG parts at in-air operation
(load torque 13 N* m, input rotational speed 200 rpm)

Compressed air (> atmospheric pressure)
Grease accumulation

g\l

Bubble £ NAP—

ya o

Flow-out air and lubricant
by positive squeeze

.

Fig.5-12 Bubble generation mechanism in air

This document is provided by JAXA.



FH R B vl S O IR A (BT A FgE 101

WG/FS B OREGTEEMT CTiL, AERXKENTETEEOEDR Y A —X (FXENHALSB)
EENC L DEBEBAORHZT TR, ADAIZ A —X (TEERML) EIMCL->TELLAE
FIHRA~OEBROWAGBLELDZLERLE. —FEEPTH, ADAI A —EHNRELTH
JABRES (HacHEF) 107 Pa) 123 L CREDRA Uiz, EHZEIC L2 HMEROHARLE Ui
V. Ledio T, BEPTIITE EWNABIERRZIREBISR 0T WEFRITE 58, MHEHIRK
ADEEEN & LTEABRNCLDIBMERELZE L ZTIENT RV, 22T, ADAZ A —
AEEBEAT O TERITHONT, HRAIORER S, BIEEEE LZREMRIT LTV, KHEEHE
BEDELLNRERBMAMERE T H0HET .

Figure 5-13 IZBAIRE DI ET N &Y. AV AR5 OMAE L TFITRT.

h :4EE, m
ho WO TEE, m
/ : 7R 0= EERE, m
n : WG P O 4 [FlE5%L, rpm
Do : FEPHES, Pa
P :TEENES, Pa
Gx C BRSO OFE, m¥s
t : IFfAL, s
fo T EFENRELSETORR (=15/n), s
5 : JEAE, m
Ap tEFIZE (=po-p1), Pa
"  FMES, N/m
: HEfhA, deg.
7, 2 ) = REENOREEE, Pas
T : 7N — ZADERIET, Pa
o : WG WO MAEE (=2nn/60), rad/s
Lubricant reservoir /

Penetrated lubricant >

W, 4+ N
o / /
%ﬁﬁm % o . 7

x=0 * x=0 x=L
(a) Non-gap between surfaces (b) Opened-gap between surfaces
(t=0,h=0) (t=to, h = ho)

Fig.5-13 Lubricant penetration analysis model

This document is provided by JAXA.



102 FHAL LRI ST BEHAR DT IR B JAXA-RR-06-017

BRI ORBE—RDHRE L, 7V —ALMEMET S, Figure 5-13 (a) 189 & 9 (28
FIOWRGIR (VY —23) ZFOTEENALRE ¢=0Th=0 75, R G TR TLD
T EENBVWTRIE (=10 Th=hy) ETITEBEANENZTRAEL TS RERD D, T
EBI< WL, WG/FS B3 & FOEBZEE LT, ANHEESEE » O 1/4 (WG FEH 0%
il D R OBBHEIAS) L35,

h = hy sin{wr) = h, sin[27r6—r;fj (5—7)

FHEEETEERNOENZEA ERHENIT L - TEET HEER OBAIE S 720 Of&ElL, B
ToXHichs %>
7Y =2 (BT LRIE)
d n |2n 2y, cosf
=h—= e (3h—2h )Ap + 222 58
T um{#(7 Jap = } S
(== bR
3
ﬂ: h A +2)/Lcosz9j
dt 124l h
ZITC, b W7V — ARERIE U EOWE AW EZ T TV SEROBES TH Y, KR THEZS
na.

(5—9)

qg,=h

ha:ﬁ—r—ol (5—10)
2 Ap
¥k, BEECLATEN X (5—8) & (59 OFNFE2H] F7V—RAEWTRILETS.
X (5—8), (5—9) OWAE h TEY, t=0TIl=0DLMHTHEDT D & BEANREHERENRD 5
o, 70— 2AOBRSIMRMERD D Z LN TERWEYD, BEMESEITo TRD-. —7,
MOEEOEEFIEZERL, UTOLIIZRDLILENRTES.

o —si 2/
/= L hy @ - sin2or)/2 Ap — kdl VL cosH(cosa)t—l)} (5—11)
6u 20 W

t=ty e DIZTEIERE L 13,

L=l = —Sﬁ(hoAanéyL cosﬁj (5—12)
=ty 41m T

THEZLND.

AT /XT A — 4 % Table 5-2 127”9, BHEIIENZE, AAEESEE, T&E2L2TTH. T
FEIL, WG/FS OB STHRMATIC L 0 Rd7= WG FME O AT & DRI O B § % FA# (35 m
P16 pm) ERICICLTWA. £, REESIZEBR MAC OSTEME ° 1%, Bl onT
I3 Fig5-14 [ R T L OICER m AT L, BLZ 45deg. EHEE LT
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Table 5-2 Lubricant penetration analysis parameters

Pressure difference 4p, Pa 0,5X10% 5x10°,5x10% 1.013x 10°
Input rotational speed n, rpm 1, 10, 100, 1000

Gap /hy, um 16, 35

Viscosity of oil z, Pa' s 0.157

Yield stress of grease , Pa 300

Surface tension y;, N/m 0.02

Contact angle &, deg. 45

Stainless plate

Oil film surface \\

Contact angle &

Stainless plate

Fig.5-14 Contact angle of oil film rupture between two surfaces

AR B O R % Figs-15 1ORT. HBRITENZE, T F, MEEXE2 5 A—2 L
LT, AMEEEE 2, 2% R4 fithh & U C #1127k LT 5. Figure 5-15 I253
£O1Z, RBIEEIIANEEEEN/NE L, EAEBRRKEVIEREL 8D, ) —20BEAIT
JEF175 0~5x10° Pa, MOBFEAIXESFE 0 & 5x10° Pa TILEBHHHCIZ L A CEEZR AT, —0
JEAHEH T OMEBA OMNIIRARAV IO L EZONS. FRICH LT, EAERKRXLI A
D LIFEHEREIRMNL, 5%10° Pa & 1.013x10° Pa CIXEREXH TV RN ENHNS. D= &
B, ENENPREIORETITERA ORI NIETEA LY S ENZO TP X E L2
bid., FU—RALWELET DL, KHETIEZ) —ZARBEFELICC WA, BECEmEE L L2
BHIREHIEIEF U CTH D, £/ 0 & 1.013x10° Pa ZHET 2 &, 1.013x10° Pa DA% 2~10 {552
RBIEHHIRE oo TWD. Fiz, TEFMAKREVENEEHNSBERIIAE 25,

LL EOE AR E B OMHTRERIE, WG/FS O3 & BV - B MEAI R T & ER~EHET
LRI, RERADOHPBH EETLEEGBHRKKFETENELDIZ EERLTWS. T4
DH, BEPTETTERANTHLREES ORI L DEBHIEEENR D2 <, MEEEIRZ REE
R D LTV EHERITE D, ZRIZH LT, REFTIHENZEIC Lo TH & NI EERI LS
SNT, BEERLID GHESERINSTWEEZ RS,
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O:0Pa, [J:5x10% Pa, [J:5x10° Pa, [1:5x10* Pa, A:1.013x10° Pa
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0.01 0.01 —
i 10 100 1000 1 10 100
Input rotational speed 7, rpm Input rotational speed », rpm
(a-1) ko =35 um (a-2) hy =16 um
(a) Grease
100 e 1005 =
g g
g E ]
N s 10 =
=
& =
5 &l T
= =] =
2 Q =
= =
% Ol ot
5 5 =
=% =W e
0.01 0.01 i U
1 10 100 1000 1 10 100 1000
Input rotational speed », rpm Input rotational speed », rpm
(b-l) h0=35,um (b-z) hy= 16/[[‘1’1

(b) Oil

Fig.5-15 Lubricant penetration length versus input rotational speed
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Hzed & KA OT & ENOEIEFIEFRER LT A0, ERBICHM L T WG 4 EHE
BLOFS NETHZ#BE L7z, Figure 5-16 (a), (b) iXFhFh, KEPTITo=FlHERE (A
JIi#a EHAE 63000 rev.) & AERROEZEHIEEE (A SRR EERE 45000 rev.) 12 FS PNJE % R
LeBERETHD. KA ERE CILFS REITHEWEBEAGFEELLERAZSH Y, BhTnad ki
BEINZ. —F, HEPERE TIE, KITERE LKL TREOMIEAIEN DA BT
WTWA LS ICBEINZ. INLOBE/ER,O L, BT RR L W L ClEHIX S RiEz
a0 od W2 EBRTRITES.

50 mm

(a) After in-air operation (b) After in-vacuum operation

Fig.5-16 Photographs of FS inside surface lubricated with grease after operation

(5) THVERAE D IREHKUE A KA |
TPRARREMATIC LY, WG/FS M OMRAIETFREIZT S N L EH L OEHZEICKE KTF
THAREMERE NS LR D otz ZOZ LD, ESENR WGFS oMMk & B8 5 2
HIZLENRTREND. 22T, ZITHFERKENEZZ A—F L LEEBRZITV, WG/FS oD
KL ~5.

EBRST A —F % Table 5-3 12, EROWNE Fig.s-17 1077, FEFSE S ILEEHI2 BT
PIEAZEEFRRICL, FHIAAORRAIEREER (GN) @ 2 FHE LTV 5. WL
BIIFRESE/KKPERBEOLOEWHEFL, FV—2A2BHLUTHEMLE. ERITESR, &
OIEIZATVY, TR EROERINICAEH TORE LT TV 5.
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Table 5-3 Parameters for environmental pressure experiment

Environmental pressure, Pa

less than 107
5% 10°
5% 10°
5% 10"
1X10°

Input rotational speed, rpm

10-300

Load torque, N' m

0,13

Ambient gas

N,
Air

Lubricant

Grease

@Vironmental pressure experim@

| Grease Spread & assembly SWG |

Running-in operation
Environment: In-air
Load torque: 0 N'm
Input rotational speed: 100 rpm
Input number of revolutions: 32000 rev.

Parametric operation in GN,
Load torque: 0, 13 N'm
Input rotational speed: 10-300 rpm
Input number of revolutions: CW, CCW 160 rev.
Environmental pressure: Atmospheric pressure (air)—107 Pa
—5X10% Pa—5 X 10° Pa—5 X 10* Pa—1 X 10° Pa (GN,)

Parametric operation in air
Load torque: 0, 13 N'm
Tnput rotational speed: 10-300 rpm
Input number of revolutions: CW, CCW 160 rev.
Environmental pressure: Atmospheric pressure (air)—10~ Pa
—5%10° Pa—5 X 10° Pa—5 X% 10" Pa—1X 10° Pa (air)

Disassembly & degrease SWG |

Fig.5-17 Flow chart of environmental pressure experiment

This document is provided by JAXA.
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Figure 5-18 & 5-1912, TNXNERN A L EKOLEIZET % WG/FS 020 EEF 57
T ETEHRERIA, BROMFIZBNTCE LD, BESFEOEIMIENBEET S5 A
STHEY, A b7 0 & 13 Nm ZHET 5 E 13 Nm OFPEFSE K ERE TR E0, BE
BB, ITZE, 5X10° Pa, 5X10° Pa TIZdhE 0 KE T2, 5X10° Pa bl b CIIRESE

WIKTELTZER RGNS, £, BEIALERERT AL, 2ERMRELL VD
P, FHHETE T 5% 10 Pa B EICHB W TZERO G HE URFASIESA ThHEBTIIET R X< 8o
7.

Figure 5-18, 5-19 726, FREKEIDBRKEWIF Y WG/FS 04 B b I LA B R Sh T
NELR D EFRDL. THIE, IBARRFERIT Con Lz X 512 WG/FS [~ 1M1 #1725 /s 55
%Eﬁ@i%huzz{¥b\k%<focé_kzn% FHRENINREVENT X TNICHEHINZ < 17
FELHEREE IS T NI L 2R L TWD EEbRhS. £/, AR Ly D 5 A FERE
JETMEAFMED R E < o 7o DI, Bl L7z £ S I IERIRIRO AR b 212 ko TRV 7RIER R
B DD, T%immﬁﬂfﬂﬁliﬁf%@ﬂfﬂ%%ﬁ%ﬂ\fz&)&%%_6%5.

A RES) CERA A & ZZROMICEDRAE U BRI O W TR 1T hy > TOZR N,
7V —ADRFORMHERER L CO D REERH S, 7)) —20KEMTHS MAC 1E, BEREET
ICBWTEZR LD b RRT OFRER-ES, BEEREE BISNE< 2% 0 B BRI
HZEPTIR0RBETHIOIZH L, KK TIL0.05 L ELEHTOENYU T Lo TGS -

AT, RET CRIRIEIC R S5 SORIEN B2\~ TR & BB R A ST 5 &
HEE X, ﬁwkﬂ%réﬁzf&;éﬁﬁ BWTHFRBROEWNEL D LB 2 5N 5. Figure 5-18,
5-19 428 T WG/FS I i @ @7 2R8I TH Y, ERE VT AT L LT LR
&ﬁﬁ%ﬁf@ﬁ%%ﬁ%%&i:%ﬁ%é ERETDE, BB D X9 ITBEEBREORE SITEFE L FS
DI & T WG S & FS OEARIRIEICEN AT, R L CRHIEBLISEVAEN - A8
MERDH D, Eiz, BEREIALERL CERERICERSND FUCEDIERN R D L35 L, Fi
P OBV BRETH S AfREE L B 5.
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[J: GN, (5%10% Pa), CW,
[0: GN, (5%10° Pa), CW,

1: GN, (1%10° Pa), CW,

O: Vacuum, CW, @: Vacuum, CCW
Az Air, CW, A: Air, CCW

B: GN, (5%10% Pa), CCW
B GN, (5%10° Pa), CCW
" 1: GN, (5x10° Pa), CW, M: GN, (5x10* Pa), CCW
M : GN, (1x10° Pa), CCW

o=
(¥}

(3=
<

—_
n

—
(=]

WG/FS voltage, mV

L

(Contact) .

50 100 150 200 250
Input rotational speed, rpm

Kl

(a) Load torque 0 N'm

|

—_
o

WG/FS voltage, mV

[

(Contact)0 0_

R R
50 100 150 200 250 300

Input rotational speed, rpm

(b) Load torque 13 N'm

Fig.5-18 Average voltage between WG and FS at various ambient pressures of GN;

[J: Air (5%10% Pa), CW,
- Air (5%10° Pa), CW,
: Air (510 Pa), CW,
[1: Air (1x10° Pa), CW,

O: Vacuum, CW, @: Vacuum, CCW
/\:Air, CW, A Air, CCW

M : Air (5%10% Pa), CCW
W Air (5%10° Pa), CCW
B: Air (5%10° Pa), CCW
M : Air (1x10° Pa), CCW

[
<

—
wn

—
(=]

WG/FS voltage, mV

wn

(Contact)0 .

50 100 150 200 250 300

Input rotational speed, rpm

(a) Load torque 0 N-m

25
o
> 20 :
2 3
& |51
E :
= T
-
o 10
=
)
2 5
(Contact)0 = e 5 B 6 = |
0 S0 100 150 200 250 300

Input rotational speed, rpm

(b) Load torque 13 N'm

Fig.5-19 Average voltage between WG and FS at various ambient pressures of air
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(6) FEFETZREICBE4 &%

R e REHPIZB T 5 WG/FS M OBEIEREOENIL, BEFEICRES BEBLE2 5L E2
bhd. TIT, KBREO WGFS L 5 BIfOBIE LTV EEFEBIC OV TEET 3,

T Fig.5-20 12, (a) RRHFHBRED FS WE > D ERERED (b) FS WEAK L (¢) WG
MR OREM S 233, RKEFRBROSTE, AHEEEE 100 rpm, B b2 92 Nm DT
ADhE 1.0x10° rev./fEBY S BICAE L TV 5, —HAERO G, BHZ, KKOREMKIC
B TADEEELE 10~300 rpm, BT FL2 0~14 N'm DERMAET TASEE ~—% 1 5.5x10 rev.
TFB ST %ICHGE LTz, Figure 5-20 (a) & (b) OAHDINC R 54125 BRI OMLS % L
T5E, RROALATEENSE (a) TIHIEFICHELNTHDHN, EETHLEBIIEE (b) T
b= NVOEHEHED (2) OESBRETHDICHP0b LT, MMBR LML R>TWa. Zh
i, 122 HTHBACEZER & RIPIEEIE TiL FS WA DERIREN KRS < By, HZediE
BEOTRRADTENNE LN L LRIETHLEZDNS. SbIZ (o) O WGHRERS L,
FS NAD L 5 EEERIZR OV, AHADRICETREI L 2o TN 5.

=h . Outputside | Input side
15— Pkl — b (a) FS inside after in-air operation
g —— Ml AL / , P
Measured surface profile ¢ 521w - o s A (input rotational speed 100 rpm,
P S S = \ L load torque 92 N'm, 1.0x10° rev.)*~'?
k3
FS = 5 Wear mark_<”‘ -
§ W e
e i —tp— T o (b) FS inside after in-vacuum
% ot s e and in-air operation
é S e ! = ~—1 (input rotational speed 0-300 rpm,
= — ———— 71 load torque 0-14 N-m, 5.5%10’ rev.)
apE ] i = = 1= L
0 1 2 3 4 5 6 7 & 9 10

Axial position, mm

Measured surface profile g ‘ Output side Input side
o = S1——T w1~ Contact parts x_ T T . .
7 P s o |7 S S —— (c) WG outside after in-vacuum
R N oeee e
2 " : B i s and in-air operation
d%) 0 e e L E‘ (input rotational speed 0-300 rpm,
WG £ 2T - — 11— load torque 0-14 N'm, 5.5x10° rev.)
e g ! |
2 0 1 2 3 4 5 6
2

Axial position, mm

Fig.5-20 Surface roughness profiles of WG and FS after operation
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#UNT Fig5-21 & 5-22 12, TNENARFERKIZ FS & WG &3 L CIE L7 FS WA L WG
SLJE D SEM # %~ Figure 521 (a) [XEBFITO FS ONJE SEM B4R L TkY, SA—=r7
INTAC L AHANE LWEFROERHERTE S, ZHICH LTRE (b-1), (b-2) OFEERE TIL,
VEENZ Lo THAE U BEFEIR & £ OWNERE L OVEIZBEAER OHERE ((15) RO D, 512 (b-3)
I RO BERE NS A B R TEE LB RCH Y, Fum UL EOBEERNZ Rbnd. (b-1),
(b-2) ICRONDEFRIEAED DI EOREREREMIL, (0-3) Ofum A — ¥ —DERNIB
M BEEFRDIRLARLKEL, MLosSh TS EZboEEbhs . Figure 5-22
O WGHEAERTHD E, (a) OEBRATCTIIAIME HMUITHSITIZEAEEDLLRWD, (b)
DEERHTITFS LT 2 E/hEVWE 00, BFREHOMNEFEICLDREORANPHERTE D,
Lo k5 pELE, KRREBRKIZBT S Lo 5 BEOREM S OiFEWIE, WMEHKQ TEEPRE
MR LR Z R LTS EBbND. KEH T, WG/FS BT R S o9 < EE Al
DWMAHNIEFRETH D728, FE LTZERDPEMmA~FEH Shed <, RO
BEREARREIZ 205 CHEE SN D . ZOHA OBERFE, RETHRTRITHEmAREOBEICE
WT 7Y — ARBFERORACL Y FBA~E L T2 b, BLERNERESEDLY
Ly F o PR SIRERTHD EELLND. —HEZER TR, ANEEEE, AR LI
AT WG/ES BNTIMEDS R S AU O WBIRAIR ZRAEL 72 5 Z &, FS WREHEH2 LA
U7 BEREy D i A ~HEH S ic < <, Fig5-21, 5-22 1R L7 & 9 2R RE DS 5 BEFEIRAE I
RHEMETED. ZOGEOERFEIL, RE~ORVEENOEE LRENPRLOND Z &
5, MEBENEERTHLEBEZOND.
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(a) Before operation

(b-1) Input side worn surface (x100)

1 mm

(b) After operation (b-2) Output side worn surface (x100)

(b-3) Wear debris accumulated on

output side surface (x950)

Fig.5-21 SEM images of FS inside surface obtained before and after in-vacuum and in-air operation
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T Input side

Output side

(a) Before operation

1 mm
=
(b-1) Input side (>100) (b-2) Output side (x100)
(b-3) Input side (%950) (b-4) Output side (x950)
(b) After operation

Fig.5-22 SEM images of WG outside surface obtained before and after in-vacuum and in-air operation
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(7) £&0

KREBRTHL Lo HZERB L ORKPIZBIT 5 WG/FS B O #EH#ME L Table 5-4 12 F &
. BZEHR T WG/FS IR FMIEIREE CH D, BERMIBIZ/R D A D = XNz TlE, B
T & ENIRE EH & DEEDNE EBHIOTA RS DT, & ERNEEHIRZ
KL RDI20TH D, —HREPCHETE EFMTHIERATER ST, (FBIEICEE L TER
FE O FASEEIREEE TR 5. BEHEEIL, B2y CIIREER, RRT Ty LryF o
TEEFEN TR E 2D

Table 5-4 Lubrication mechanism between WG and FS

Environment In vacuum In air
Input rotational speed, rpm | 0-300
Load torque, N'm 0-13 (arm)
Lubricating condition Boundary Boundary (low speed, constant load)
Mixed
Hydrodynamic
(high speed, sinusoidal load)
Lubricant Starved Non-starved
Wear Adhesion Fretting

5-2-3 WG/ F SHMMED Lw SBEI-E5Z HHE

AR CIL WG/FS O RAEDS Table 5-4 O X H 2 EHZEh & KRQT TRASFEKEZH 5N L
7278, Fig5-2, 5-6 \Zom L7 £ D12 WG PSR, FS/CS b EZEr & K& ClBIREEN R B 7=
DED AT =X LTS H0ENH D,

Figure 5-2, 5-3 B U 5-6 25, BEZEH & RTHP TR OEEIREOEV S KEVOIT WG/FS M
ThdEEA, ZOL IBEFROMIERED WG NG & FS/CS B OEEIRREIC L 8B A 5 2 T
WOHRREMD B 5. 2 2 CIEET WG/FS M@ < sl o1 (A 2 b F Wz o Tk,
AT A NS WG/ES MO BEAEIKAT L CEM L, ZOZE(Mho Ly 5 Bk ~%
BrBZ DA XL ONTEET DL, 2 LT, BRLEADN=ALEEFTLHEDIZTo-
FS ORIGIMAETREOHIE & WG/FS BOMIBIREZ 2> b —)L LEZEEAIRS - EiRigERD
FEEIC DWW TR

(1) WG/FSTDAZ A 7
—HEIC, B R OFEIRELC 1T Fig5-23 () ICRT L DIC WG L FS v b 2T R b A
F5 T AT A N F B IR LI B B A e & 5 Ay, B S LT AT
Ko ThRGD. RERTILEBHEIEE 2 ER L LTHER LTV 528, Al hLs &7 — L0
[EEECHIINT 2 B0 Fig.523 () 1R T 89107 —LOMEIZE > TAT 2 bAGE Hf
DET S, $70bh, T—Ah%RY LT LHEE (A-C) IZIER T A b I IsEds & [7 U H 78
HENChx, 77— 25RO FATE (CoA) 1T AT A | IS & [ U A5 (8 <
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—H FSIZEDRF L LT WG D OIERNZ5%0 5. WGFS [ RAFREIREO L&, A
FARIDORE SITROBYFHET D enTES >,

(%% = by, N) =2X (Af L2, Nm) .~ (20X0.00254) X0.07 X tan20°
=1.003X (&ff V%7, N-m) (5—13)

B RLZ 13Nm OBE, BEZ 13NDOAT A MR EL.

AT A MHOKRE S, AR VY OKRE ST T < WGFS MOEEREBICbIRGET 5 &5
Z B 5. Figure 5-24 13, WG/FS [# O BEEIREA B O ERED FS OB A IR LTV 5. WG/FS
235 AUBVE CE VB (M) AMB< 35S, WG & FS ORI 22 B AL X A
BB L7222, Figs5-24 (a), (b) AT EIICFS AR LIEREBEHFTEB 201 5.

Figure 5-24 (a), (b) D& 5 7REE T, BEEREDMEY VIRHE & ik LT WG ITIZ R & 7l 5
TrE2MB) X, FS/CSHIZ2WTIXZDIEASWALENELT HEEZX BN 5. Figure 5-24 (a) @
BA, WG O FS IZxtT BIRANLE A AN H AN T 5728, FS Bl Q#4267 & D3
K< 720, FS/ICS HAEIMDIEHAAEWRELLARY, HEESEZEIIELIEEZLOND. &6
2, WG OEERNARRICHLTH I oW REAENSE CHERE = 2B 85 L Eb
hs., ZokHic, WG NsHR, FS/CS MOMIERIREEIEX, WG/FS B OMIgRE (BEEEE) 10K
FLTELRTAEEZLNS. REATINDDRHERIEL T L.

Output

shaft FS House
CS

Friction force
applied to FS ™ Input

[ 7/ shaft

Thrust force Thrust force y
at reduced, |WG|  at increased Gravity
“opetationt | " operation
Rotational direction of
output shaft
(a) Direction of thrust force (b) Arm position

Fig.5-23 Thrust force applied to WG
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lOpen end
Friction force " | Friction force
- | Thrust force ‘ " Thrust force
i '*H ***** ~f— - - - “'7-":‘|- = S e R e =
(a) When arm raised. (b) When arm lowered.

Fig.5-24 Deformation of FS at WG/FS high friction
(Deformation of FS is exaggerated.)

(2) FS DG mEREORIE

WG/FS HOEEEEFREIKTF LT, Fig5-23 & Fig.5-24 (a), (b) 127 L= L 912 FS O %
EEENRRDETDE, FIRRER R DEZE R L KKT TFS Ol MERENRERD & PRl
Nd. £ZT, Xy 7BV E2HVWTEZ, KRFPCTFS O FREREZHIGE L.

Xy v 7 FIEMTRBRE E COBEMERNET S Z &N TE, BROBERICHT S
WNEMRETEOWEIZHE LT\ 5. REBR T, [BlEzH 0 FS O#iFMERELZBET A -DIc,
FRHEARAE 0.5 ym DX v » 72 Y28 Lz, MEFEIL, Figs25 (@), (b) 17T XHi,
FSIZX¥ v v THEDZ—H v FEeRABATF ULV ABREBEEL, TA YR Iy v TV
B0 3 TEE R 0 FS Ol G R A2 R 5. FE (¢) X FS OER G E Xy v 7240l
NEEV LOBFREZRLTEY, AF A MIMPR/NEL FS BEHFANZIZEE A EERLRWEEGD
HAOEEZ V), F—T vy beX xRV OMWEREE Ly T35 8, FS BANWMFEIZERT S
WAL V> Vo, L>Ly, HMAMHEICERT 258 V< Voo L<Ly k725, ¥¥ v 7tV OH
TR & BEREOBIRIZ, FFATIZ 0.1 V.20 pm IZFAEE L TWA. X 512, Fig.5-26 (ZRTHiETFS
~ENH AR ENEIMENIZRFOX Y v 72 oY O NEE & EREOBME 2R 7. B FAHE 0
~80N OFiH T, WEEHAEEOBMRIIITERTHY, 01V, 6N L7roi-. 2k, WE
DEIIME AT [ DI LT > TV, /N eSiIEZE T O fi T HE A dh 7 m ~H &
ZEIMLIZGE bWMEL HABEEORBRIL0I V. 6NREKY 2L EZ LN,
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SR ‘" ¥=Stainless plate (50 1)

T W % e 1A
(a) Welded stainless plate on FS (b) Gap sensor attached test house
V="V V<V
L=1Ly L <Ly
—! «— ,Gap sensor —-,:Eq—
_ 1@] Qe
Friction force Friction force[~

Thrust force hrust force

B ] - -

(c-1) Non-deformation (c-2) Deformation to input direction  (c-3) Deformation to output direction

(c) Relation between FS deformation direction and gap sensor output voltage

Fig.5-25 Measurement of FS axial deformation by gap sensor

Weight

Gap sensorI

Fig.5-26 Axial loading of FS to output direction
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Table 5-5 \ZRBREM 2R, WEI BEBIIHIREZS KRN ER LG O L 04 A L. &
zE, ﬁ*?ﬂ7i\)y7¢@%ﬁw,%%#K%MT??&?%%%LK.ﬁﬁﬁw7éﬂ
IMUZH AT, Figs-23 (b) 108127 — LE R EALE (B) &7 — AE T A LEKEAL
L(D)f%vy7%wELt.ﬁym7r£ DAL R

Figure 5-28 {2 v v 7 W J)&EIE & WG/FS RIOBMIEEER A2 7. v v I HA
S, Af b7 ORE S, T—AIBIEGET AR L 2o 37 — L0 FIFREKE
PLETHE, [ (@) XA M7 BRKREVFEHAEELRKE LAY, £7, KEF LY

LEENOH P NEILL 0.04~0.08V (AT R F I 24~48NFIY) K& < Aot RIZT
—LIETA Lﬁéﬁkﬂ?{i%f‘ L, [ (b) DL DA hL 7 RREVIEEHABEITNEL 720,
REF LD EZEFTDOHF A SIELEIL 0.04~0.08V (2T A b 2 2.4~4.8 N HHY) /&< 7o
7-.

Table 5-5 Parameters for FS deformation experiment

Environment Air
Vacuum (less than 10™ Pa )
Input rotational speed, rpm 10-300
Load torque, N- m 0,7,13
Lubricant Grease

Welding stainless plate to FS,
grease spread & assembly SWG

v

Running-in operation

Environment: In-air
Load torque: 0 N'm
Input rotational speed: 100 rpm
Input number of revolutions: 32000 rev.

|

Parametric operation in vacuum and in air
Load torque: 0, 7, 13 N'm
Input rotational speed: 10-300 rpm
Input number of revolutions: CW, CCW 160 rev.

v

Disassembly & degrease SWG —I

Fig.5-27 Flow chart of FS deformation experiment
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AR RV BREWVIZEFS O MERR (AZ7A M) BRELS RS2 EITHO>VTIE, —
EORBIEHEB THLNTVEAT A FABAN M 2ZIZHBIT D LW MR Ve —H LT
WA, E 1, BIIRITIKE L THAEESE(L L0, BB R ML 2 ZHN L 72354512 Fig.5-28

(0), (d) ITFTEIITREFDITH WG/FS BOREEEN S < @BEMEEN /D R2oTWH
Bz Lnh, HZEh B L TAKH CTOBRBREMNME o722 LIT XY Figs-24 THRELE
RN DORE SITEFELZFS OEREOEVWHE LD LBZDND.

Ll EDESBRRE RS, WG/FS MOEERE (BEEAE) OEWIZX - T Figs-24 (a), ) i
RLIZFSOEERELDZ L EHFE TS,

0

O: 0 N'm, Vacuum, /\: 0 N-m, Air, (): 7 N'm, Vacuum, /\: 7 Nem, Air, 0 13 Nem, Vacuum, @ 13 Nem, Air
> 02377777 TTTT [TT1 > ok i SERC IEEEEERRERRR. SRERD
F 02"*&—:::__?_ ' - :_ L‘?‘F"’#T?'" o 0'2_“-'%""_" 5!¢‘ﬂm ; i 6N
& 015t EEESERNEEE 9 0151+ AREE 28 :
!32. 0. "'Lh%_ L :::'A. . :r-z;t-_.,z.j_,_ . ! i
g 0 3 SERE [ !
5 -0.051+ & 0.051H
Z 014 H 2 0.1y ==
2 0154+ 20 pm | BN 8 -0.153 ] namNRNNEREL
=y | : 1y = T
-0.25++— — — ; gt BEEES R -0.25 11 i 111
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Input rotational speed, rpm Input rotational speed, rpm
(a) Raised arm horizontal position (b) Lowered arm horizontal position
50 mV (non-contaet)
0 N'm 13 N'm
£ 3%
o =
= 2
0 mV (contact) 960 s
Time
(c-1) In vacuum (c-2) In air (d-1) In vacuum (d-2) In air
(c) 10 rpm, CW (d) 100 rpm, CW

Fig.5-28 Results of gap sensor output voltage and voltage between WG and FS
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(3) WG/FS O MMEAI R Z /B g RER
Wﬁ%@m@%ﬁm%%%m,W@%ﬁmﬁ{#u(Ef%@)Eﬁbw&m#%é*wﬁ

TDH T EMN ot BrZ WG/FS 23k LU TR AR TR &\ B Fsmwﬁwgﬁ
BORRELRDZEND, ZOLAIZERNE LT X 512 WG NG, mmsﬁ®ﬁﬁ#

ﬁéﬁiéﬂ%@ﬁ%é.&Q*l@Tmbﬁiﬁuuiﬁkkﬁbffﬁﬁﬁi #NT@L
$ O BIER TR AR S AL T 7 o 723, WG/FS B0 A & BB 12 LVEMEREE L 45 - L CK
ﬁ¢?%of%ﬁ£$kﬁ%KT&T@L@oﬁﬂfﬁﬁﬁ%Wéh SWHRRBE 72D Z &3 7
BENnd., 22 CinEENDDZDIC, WGFS MoOBIBAIGBHEL VR LEES
(poor-lubrication) L LR & L723E S (no-lubrication) (2 DWW TRERF /ST X WY w7 EBE AT

, B L D B ORI &~

mm56’£% g, WENE RIS E I RTRORERIE N EREO L D& VRE L THEM L
7o, MIEJFEEIL, WG WSS OV FS/CS Rl omf@ﬁﬁﬁ%/ AP R E RO 7Y — R
BAiE S L, WGFS Bz oW TIEi b &0 E - 12 EMEE L L. BOEOMORE, F0OEE
MHME LT WGFS BIZB L Z 5 m OEIOMENTEET S Z L1k 0, T RS BT
THROLNIZTEEME (AT 35 pm, B0 : 16 pm) EHERL T 1/7~1/3 LD RWETHS.
¥, A MV OREED 14NM E72> TNBEDNE, REDOHMRBRLM L SbE TS0
Td 5. Figure 5-29 [IZEBR DA EZ T . HANT poor-lubrication FERZ 1TV, # D112 WG/FS i
DM &2 AT E LY no-lubrication R A 1T - 7-.
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Table 5-6 Parameters for WG/FS poor and no lubrication experiment

Environment Air

Input rotational speed, rpm 10-300

Load torque, N' m 0,14

Lubrication WG bearing: grease (0.1 g)

FS/CS: grease (0.4 g)
WG/FS: oil (less than 6 mg)
or no lubricant

@FS poor and no lubrication experi@

| Lubricants spread & assembly SWGI

Running-in operation
Environment: In-air
Load torque: 0 N'm
Input rotational speed: 100 rpm
Input number of revolutions: 32000 rev.

v

Parametric operation at WG/EFS poor-lubrication
Environment: In-air
Load torque: 0, 14 N'm
Input rotational speed: 10-300 rpm
Input number of revolutions: CW, CCW 160 rev.

v

Wiping oil at WG/FS

I

Parametric operation at WG/FS no-lubrication
Environment: In-air
Load torque: 0, 14 N'm
Input rotational speed: 10-300 rpm
Input number of revolutions: CW, CCW 160 rev.

Fig.5-29 Flow chart of WG/FS poor and no lubrication experiment
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Figure 5-30~5-32 {24 L @ D B OMPEEBIE & ~77. £ 9 Fig.5-30 O WG RAMG % BT 5 &,
[ (a) @ poor-lubrication TILMBENATZL S TR Y Figs5-2 ORGP ER L FIEORKRE L 725
/z. —J5 no-lubrication TiX, AR b/ 0 N-m KL poor-lubrication & 1FIFFEEETH 5773, 14 N'm
IF13 poor-lubrication &2V & REEFIIEL 720, BEERIITAMN T — L OMNEBEICEET DG
R igolz. Figure 5-30 (¢-2), (e-2) TR L HIZ, 7T—24dE BIFEHZITIESFEITEL oo 7
2y, AR TS URHITREERLE TS < 2o 7.

el T Fig.5-31 @ WG/FS T, poor-lubrication & no-lubrication {dk & < B AR &7 -7,
EPTVHELEA LT D &, poor-lubrication TIEAT h/L2 0, 14 Nom & 12 A Jy[aldzk o 18
MR 2ERIZH Y, HmV~15 mV 27~ L7=. —J5 no-lubrication ClL MR EET H
L7 1mV LT &7 o720 Figure 5-31 (b), (d) @ poor-lubrication DEERE A L5 L, ARk
V7 ON'm CEHELEZBNARKE HWPHEEZF L THD 0%t L, 14 Nm TIET — ADFLEA
B EEHEFHEDRTEWEREZ R LESEITIE 22072,

Figure 5-31 (a) @ poor-lubrication {Z331F 2 EHEE 1L, 4L E TR LB 21T Fig.5-3 mELZ
MORER L L TE< oo, 2L, WG/FS IS 5 um FEE OO0l S 2 53
N, REEERIC L @REMBIG A SEH AR LTS EBbS. SV 5
&, Fig5-3 1R LI BRI CIIENOEEA 2+ 08 L TV B b b &9, [RliEd
T EERICEH LT Sum KD W LMFEL Tl EX NS,

FS/CS FHZ DWW ik, FHMEEEIT Figs-32 (a) IZ/RT X 912, poor-lubrication @ J7 73
no-lubrication £ ¥ & @& < 72> 7. Figure 5-32 (c), (e) DA h/L'2 14 N'm, no-lubrication {23313
DEEWNE R TCHDE, T— LR EFRHOIBEEITE L 20, IR FA LBICIEEL 2o TE Y,
WG P95k & [EME R 278 L7z,
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50 mV (non-contact) CW CCW

50 mV (non-contact)
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(Non-contact)
E (O: 0 N'm, poor-lubrication, CW
o @: 0 N'm, poor-lubrication, CCW
_,,%D /%1 0 N'm, no-lubrication, CW
g A : 0 N'm, no-lubrication, CCW
%ﬂ ()1 14 N'm, poor-lubrication, CW
§ @: 14 N'm, poor-lubrication, CCW
5 /\: 14 Nem, no-lubrication, CW
= A : 14 N'm, no-lubrication, CCW
{Contac) 00 5b 160 150 260 250 300 Arm raised \ /Arm lowered

Input rotational speed, rpm

(a) Average voltage versus input rotational speed

Load torque

[=11]

g g

g 2

L = :

S :

= 1 :
OmV(coniact) P -—-_-------—---—-1.9208

Time Time
(b-1) 0 N'm (b-2) 14 N'm (c-1) 0 N'm (c-2) 14 N'm

(b) Poor-lubrication, 10 rpm (¢) No-lubrication, 10 rpm

roteepagassasser  cpespeaanpesssenss  IIRERAMANeears
%0 o -” i 1 % | I i ] t ?‘:
g & i I oS E 1 ! :
o2 T T | |
2 | : {
OmV(contact)"""_“ "1'923 192
Time ‘ Time
(d-1) 0 N'm (d-2) 14 N'm (e-1) 0 N'm (e-2) 14 N'm

(d) Poor-lubrication, 100 rpm (e) No-lubrication, 100 rpm

Fig.5-30 Voltage between WG inner and outer races operated in air under poor or no-lubricating
conditions for WG/FS

This document is provided by JAXA.



(Non-contact)

(Contact)

50 mV (non-contact)

WG/FS

0 mV (contact) ~

50 mV (non-contact)

WG/FS

0 mV (contact)

WG/FS voltage, mV

Voltage

Voltage

T HT BN o B LB o IR AR 12 B T D i g 123

e EER RS NN NS DRSO ERRE

40f-

35

301+

25_:. H

20

15

104

=N

: 0 N-m, poor-lubrication, CW

® O

: 0 N'm, poor-lubrication, CCW
1 0 N'm, no-lubrication, CW

: 0 N-m, no-lubrication, CCW

: 14 N-m, poor-lubrication, CW

: 14 N'm, poor-lubrication, CCW
: 14 N-m, no-lubrication, CW

: 14 N-m, no-lubrication, CCW

I~

. BON ¢

T

ol

Input rotational speed, rpm

(a) Average voltage versus input rotational speed

W o CEWE -

G- 50 100 150 200 250 300

Arm raised \ /Arm lowered

+ Pr——p

Load torque
i

1920’

v

Time
(b-2) 14 N'm

(b-1) 0 N'm
(b) Poor-lubrication, 10 rpm

(d-1) 0 N'm
(d) Poor-lubrication, 100 rpm

(d-2) 14 N'm

=== - -

1920 s

r'y
A

Time

(c-1) 0 N'm (c-2) 14 N'm

(c) No-lubrication, 10 rpm

. 192 s .
Time
(e-1) 0 N'm (e-2) 14 N'm

(e) No-lubrication, 100 rpm

Fig.5-31 Voltage between WG and FS operated in air under poor or no-lubricating

conditions for WG/FS
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(Non-contact)

507+

45

40

354
30

251

20

154

FS/CS voltage, mV

1038

5ifs

T2

i

0

(Contact) 0"

50 mV (non-contact)

50 100 150 200 250 300

Input rotational speed, rpm

(a) Average voltage versus input rotational speed

CW

FS/CS
Voltage

0 mV (contact)

50 mV (non-contact)

FS/CS
Voltage

0 mV (contact)

(b-1) 0 N'm (b-2) 14 N'm

(b) Poor-lubrication, 10 rpm

(d-2) 14 N'm

(d-1) 0 N'm
(d) Poor-lubrication, 100 rpm

O: 0 N-m, poor-lubrication, CW
@: 0 N'm, poor-lubrication, CCW
/\: 0 N-m, no-lubrication, CW

A 0 N'm, no-lubrication, CCW
C): 14 N-m, poor-lubrication, CW
@®: 14 N'm, poor-lubrication, CCW
/\: 14 N'm, no-lubrication, CW

A : 14 N'm, no-lubrication, CCW

Arm raised \

/Arm lowered

Load torque

-;“ oM

1920's

»

A

Time
(c-1) 0 N'm (c-2) 14 N'm

(¢) No-lubrication, 10 rpm

(e-2) 14 N'm

(e-1) 0 N'm
(e) No-lubrication, 100 rpm

Fig.5-32 Voltage between FS and CS operated in air under poor or no-lubricating
conditions for WG/FS
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LERL7Z X 912, WG/FS MOMBAIBHEOAREZEZH LT, BHEEBEEZ TWEWL WG
Mo, FS/CS ORI © 32N B, no-lubrication T poor-lubrication k& ¥ % M EETE
PME < B LUVBVRIREE Tdh o 7=, Z OFRIE, no-lubrication 12351F % WG/FS Mo e7riress
AT I o TRV EBGREDAE U, il U 72 BE BRI RTE L 72 FS OB F AZERIZ L it L w
IBERA~EL R 52220 EEBERAOND. AERTHER LSV —X (EMl: MAC, b1 )
Al o LT) i, BEREBIRERIZEB VT 0.05~0.1 FREOBEBEHRER LTHAR 315 519
no-lubrication TIX & HIZEWEERE Th oo LHEETE 5. S 51T, Figs5-33 (a), (b) 5T
I T 7 ANRN—Ra—FTFSHAOMOEMNEZBELI-L A, AT —L2ETAME (0 N'm)
LR L T7 — LR EKEALE (14 N'm) Tid, FSBHOE28 Fig.5-24 (a) IR L= L I AN
flizzex Tz, AJMll~® FS B &L, Fig.5-34 1279 X 5 I2EBRE D FS NE T O BEEEE
MEPOBEE Ilmm EHEETES.FSBHOEE | mm il A A~ZE &4 5 OIS LERTEL 451
N &0 9 FHERER S S TR Y °~17, Fig.5-33 (b) OIRAE Tl = O Ol 7 M E A WG/FS
BN TV EE X B, Figs-30, 5-32128 Lz & 9 77— o8 BP0 WG oG, FS/CS
MOREBLEDET (ERBEMEFEOHEM) 25| &R Lzt fETE D, ZhbDEREIT,
WG/FS W OifimRaE (BEELAED Mo Lo 5 EEoMBREICR b REQREBL 5252 L%
ARLTWAD.

. Cj
e 3 /Arm
Gravity | ¢ D @ 7 B Gravity
__./'
O,
Rotational direction of Rotational direction of
output shaft output shaft
(a) Arm position (A) (b) Arm position (B)

Fig.5-33 Photographs of axial deformation of FS operated in air under no-lubricating condition
for WG/FS (load torque 14 N-m, input rotational speed 100 rpm)
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Wear mark before
no-lubrication

Weap mgrk &}fter experiment
no-lubrication P o |
lWear mark experiment i R -

(2) WG (b) FS

Fig.5-34 Photographs of WG outside and FS inside surfaces after WG/FS no-lubrication experiment

4) Lo
AIETIE WG/ES Moo L wp 5 BhE~5 % 5 84 0 ~7-. WG/FS [R5 RE g & 7= 13 iH
VR EE CEEERENE WSS, WG & FS OBICKE il EN MEE FS BAER T4, ZhZ

L0, WG WG & EoEMFTEOMIN, FS/CS BOMASWMIEOERG &Rz &h, M
RREITE L 2 5.
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AFI TR EROER AL, HEIHEEEOBERENS L 5 B0 iiRieIc 5 2
LR ND . Figure 5-35~5-37 12, FNF1 WG N4 R, WG/FS, 7t 5 ONE FS/CS B o I E
BEATRT. FRICFBREEERBERICINZ T, BEo-oIlcsii (22°0) Cirbhi-BEEE
NERTOEZ, RKEAPHERLARLTWD. o, IR (110 : 422 450 : +80°C) M MAC
ORI 113 :12:3: 1 &E72>TEY, -10 £+80°CTIE 100 f5LL FHE 5

i

5-3-1 WGRAsERREDMEEREE
WG WO REREL, EEICKRE RTFT /R E -7, £9 Figs5-35 (a) OFHME
BIEERTHD L, AR ML 0 & 13 Nm THIRIER UM TH D, -10°C T 10 pm 0 5 40 mV
Ut®%wmﬁﬁﬁ%%bﬁ%ﬁw’fwﬁmﬁhémmﬁbwﬂxw%TMém%mﬁxn@
S L THIEEEREIRAMBREL o7, EENELZ RS &, Figs535 (b), (d) ©-10C
“iﬁ%(d(@Oﬂwckmﬁbfkﬁ%@E%VﬁﬁﬁEwﬂbT%<ﬁofhé

IBE CHEED) OZAbIZxrd 2 & & AR O IMIRE & 025k i%, Hamrock-Dowson 0 /N E )
B e fET s LN TE S,

H iy =3.63U G0 ] —exp(—0.68k )} (5—14)

ZZT, Hywn=hR,, G=ak, U= nu/(ER,), W=w/(ER?, h: MBE X R, : [k [H 040
B, omo o FREE, o (it )2, wy, o 1B OEE, o $£f@r77f+§i E: MR E, w:
WH, k: BEARHARBLEROLTH L, K (5—14) ZHWCTHER (113:12:3:1) Mo
BhEZHETLE, 25:54:21:1 L7720, BEICE > TEE NSRRI OMIEE S 13k & < fip
D, IBENEOCIZ LM< 22D, Figure 5-35 (a) 12T XL 91, +22°C Tt 100 rpm LA F CiiAE =
REEL>THD Z MO ME (=HRES /RO S) X3 U ETHD LESH Y, FL
BRI CIR AR EEIZ & 5450, SOC TITAED+2 CORSLUTTHAE L EL BND. F7-
SIOCTHEEEOEBNRE L R R AL, 7V —A0MERGE HEI LIS AL L &E L
PN OIS S D IR S IZIE 52 NE LT, AN RIERICCE S MBS S o)A 4
UleleheEZE2z N5,

5-3-2 WG./F SHEIDEEIREE

WG/FS flld, BAEZE0ClE Fig.5-36 (a) 1R & 9 ICEVMEIRE, B4 M2 ICIRTEE S RlEE
JE1 mV T ERY, SSREERECH 7. MoOBMEAL (Fig.5-35, 5-37) LB LT, gL
WL YERRIETH D Z M5, ZOMKERIE, 83 ECRUAEBMmEE 2L 2 - 2180
W, REEIZARTT L C WG/FS [ oo ik 1, EMEiﬂﬁm#émﬁkikéﬁﬁ&@ot.:w
JRRNE, RR L7z K5 IS EZEh CIRMBAIR ZIRIE L 225 = L e, HIEBAI O E I K EE
WG/FS O @ BEAIENRE DO EEZOND. £, Figs5-36 (b-2) 1274 L 912-100Cl2
BOTBHMIZEE LA SR 5NTZR, BHRERBO O —EOERBIZEENET S & BF
FHIR BN o ZAUTERMNTHE U7 R 1T WG/ES BN M AI 23 1E Lo 7 23 @
Tz, FERZHED T < D BIZT X FNAEBAIKCZIREE & 70 0 T @) 2572 < 22 o 1725
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EEZBND.

5-3-3 F S/ CSRHOMEBIKE

FS/CS MO R EELIL, Figs-37 (a) (-7 X HIc22Chfkbm<, -10, +50, +80CD
NG A & 2o T, +22°COMEBTEN R bEL o2 B I, FEOREWV-10CED b
W~ OB ARG MY B <, B R 50, 80°C L D LEWHBESIER S L2720 & b
%. Figure 5-37 (b) ~(e) DEERFEE R THDLE, HECEMIZ LD &b DR 72 E A
FEMELTED, BEEBRETCH- B2 LS.

5-3-4 F&®

AECIE, B FEE OB RRE-10~+80°C OAETERE FICBIT 5% Ly 5 Bl OFER
e R L7-. WG PIZMmE L TOVFS/CS B DWW TS, 12200 & b &R EEftElE o/ SV Bk iE
LY, RENEL RS EEMERITIENT S, WG/FS FIZ DWW T, BEZEF CIIMEAl R 2R
HE L 70 2 7= DI AR IF T B FEIRIRRE & 72 0, BN B OBEME O TR b LV L
I THD.

B ZEREE TICH DN EN R EAEE IS BV C, B ER bR LOERITT R TO Ly 5 BENEE
REFTESHBIREL 25 &R (180°C) Th Y, FWTEIE (-10°C), WIRTH 5.
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O: Vacuum (+22°C), CW, @: Vacuum (+22°C), CCW, /\: Air, CW, A: Air, CCW
O: Vacuum (-10°C), CW, @: Vacuum (-10°C), CCW, O: Vacuum (+50°C), CW, @: Vacuum (+50°C), CCW

: Vacuum (+80°C), CW, @: Vacuum (+80°C), CCW

(Non-contact)
> >
£ g
& 8
=) G
> =
on =)}
E R=
:
8 2
@] &}
= | z i
(Contact) O
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Input rotational speed, rpm Input rotational speed, rpm
(a-1) 0 N'm (a-2) 13 N'm

(a) Average voltage versus input rotational speed

50 mV (non-contact) 4_CW__, ..ﬂ.

0 mV (contact)

(b-1) O N'm (b-2) 13 N'm (c-1) 0 N'm (c-2) 13 N'm
(b)-10"C, 10 rpm (c) +80°C, 10 rpm
50 mV (non-contact)
i<
5 9
o2
=

0 mV (contact)

(d-1) 0 N'm (d-2) 13 N'm (e-1) 0 N'm (e-2) 13 N'm
(d)—10°C, 100 rpm (e) +80°C, 100 rpm

Fig.5-35 Voltage between WG inner and outer races lubricated with grease

in thermal vacuum environment
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O: Vacuum (+227C), CW, @: Vacuum (+22°C), CCW, /u: Air, CW, A: Air, CCW
(: Vacuum (-10°C), CW, @: Vacuum (-10°C), CCW, O: Vacuum (+50°C), CW, @®: Vacuum (+50°C), CCW

' Vacuum (+80°C), CW, @: Vacuum (+807C), CCW

(Non-contact) 50— -
> 5
g i g
o o
g I f &
S + it =
> 11 >
[72] 1 T [72]
& sl 1 &
@] Ll 5]
= 1044 {e-1 =
Shb-D) () ]
0“"’*’: .. '.-: T + G % ".: H ‘. & : ! | i
(Contact) "G~ 5o To0 150 200 250 300 6 50 100 150 200 250 300
Input rotational speed, rpm Input rotational speed, rpm
(a-2) 13 N'm

(a-1) 0 N'm
(a) Average voltage versus input rotational speed

50 mV (non-contact)  CW __  CCW |

WG/FS
Voltage

ot = el

0 mV (contact) ~ T 060 s 960 s
t—p 44—
Time Time
(b-1) 0 N'm (b-2) I3 N'm (c-1) 0 N'm (c-2) 13 N'm

(b) -10°C, 10 rpm (c) +80°C, 10 rpm

50 mV (non-contact)

WG/FS
Voltage

0 mV (contact) TTEmTTTTTTTTT _;6 g 96 s
+—> ——p
Time Time
(d-1) 0 N'm (d-2) 13 N'm (e-1) 0 N'm (e-2) 13 N'm

(d)-10°C, 100 rpm (e) +80°C, 100 rpm

Fig.5-36 Voltage between WG and FS lubricated with grease

in thermal vacuum environment
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O: Vacuum (+22°C), CW, @: Vacuum (+22°C), CCW, /\: Air, CW, A:Air, CCW
O: Vacuum (-10°C), CW, @: Vacuum (-10°C), CCW, O: Vacuum (+50°C), CW, @: Vacuum (+50°C), CCW

'+ Vacuum (+80°C), CW, @: Vacuum (+80°C), CCW

(Non-contact) 50—+ ; T T L T B |
45+ e 45 e
> 40+ e > 40T
E 35+ 5 o
& 304+ e & 30
8 14148 i 3
3 51 e 2 BT
207kt et 201-+--+——fe-2}—
8 1s{Er T 8 15{e2) 44y Lly
% 10(?').'.—3 e 2 10db12)L e
S = - = cm== e
) e e S e 0% e i e
(Contact) "9 50 100 150 200 250 300 0" 50 100 150 200 250 300
Input rotational speed, rpm Input rotational speed, rpm
(a-1) 0 N'm (a-2) I3 N'm
(a) Average voltage versus input rotational speed
50 mV (non-contact) cw " 4&

FS/CS
Voltage

0 mV (contact)

(b-1) 0 N'm (b-2) 13 N'm (c-1) 0 N'm (c-2) 13 N'm
(b)-10°C, 10 rpm (c) +80°C, 10 rpm
50 mV (11011—0011tac_t) ________________________________________________________________________
82
€3

0 mV (contact)

(d-1) 0 N'm (d-2) 13 N'm (e-1)0 N'm (e-2) 13 N'm
(d) -10°C, 100 rpm (e) +80°C, 100 rpm

Fig.5-37 Voltage between FS and CS lubricated with grease

in thermal vacuum environment
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—_

5—4 (mEHE

A CIIHEIREL SRR FEER Eé B, 72 50N WG/FS VAR Z /i v I e s 1
ELGEDE LR L, FEg # 5, TREE, WG/ES B OB IRENGIERIZE é%ﬂ
W2 oW TIR G,

GEEMNROHEET L E LT, UTOXMNERERSA TV >,

77 — TOZ/I (5_15)

(T, /(RN s, )+ NLRT {R

T, niARENER, T, 71 bV, NLRT: A GO A ) /b2 (No Load Running Torque),
R HOEEE DML, Do : BEOUEAEVDETH D, NLRT XL B A E O X, Bk, WG
NSRRI A L 7B A ORSHEIRBUR ST T 5. — 5 e 42OV T, T0H B #CIE 98 % LA
LCehbEEZONS-HT, X (5—15) IEEAIC

T
out (5__ 16)

T.,+NLRT R

out

L. —iRS, WENHREEEEOS L D BEOEIREN BA THULX, AR b s HUNRED
EEEEIER 5-16) bR BZEnTEs. 22T, X S5-16) ZAWTFEISAR S
DFrRT A —F LAREDBROBURIZOWNTERE L TV, Z2ds, RERIZIBITHAM L2 0N'm
1, ERICITRMERIE S — e POBEE RV (035 Nm) DEIIES LD 03, oAf v 787
13N'm &t LT/ & W28 NLRT & LTH 9.

n=

b-4-1 %umﬁg/x—utp%ﬁﬁ

Figure 5-38 \ZHIREZE ARG EBREFCHE LA b7 BRI U RERE, AL
FLZ ONm DA S 06 K (5-16) ZAWTEIE L7ZA%T hL2 7, 13 Nm OZRZ 7R
4. Figure 5-38 (a), (b) (R T & D10, (mEMRIIEHOEE OB, AR~ ORI,
BT DML o7z Eﬂﬁk%ﬁ¢ﬁrikhkﬁbﬁ%mbfkb Fig.5-2, 5-3 BLO
5-6 DIFHIK ﬁﬁﬂ“bt’ébz@ I ENERIZ BT DR EEOE WL, RIS, AR by L L
T, BEDRIIZNEEALEFELSZ2VWEE2D. 7Y =Rl 2E, 7V —RADF
25 B Vﬁﬁ%#ﬁ%<&0T%D IR E D BRSEERPIRRE WD EEZLND. F
7, U —2, MEBIZAR ML 7, 13 Nm OIREDHRIL, 0 Nm (VLRT) 7 HEME L7-fE &
FFRBETHD. ZDOZEmD, REBRTIE e (T 100 %TH Y, AT~V FINEO{RE
THERIX NLRT D OHETELHEEZBND.

5-4-2 BEZEEER

Figure 5-39 |ZBAEZ2 EBRRE O(REL A /R7 7. Figure 5-39 12777 K 912, BEDRITRE O
TIHEWRE KT 5. Al MLy 0 Nm BEOEEMNROREAEMER, FIZ WG PSmEIZ
B LT ) — ADREBILIC L > TELTWD EE X BND. £z, AT F/V 7 13 Nm OfxiE
ZhRIL, 0 Nm O RELEESIZEFRECH L. 202 Enn, Aff b7 HIIRHZ OV TS
VI RAE U TSR R O 2 RIE, WG NAMGRIZEBAG L7 BE A ORMER B L T D & D
no.
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5-4-3 WG/ F SHORBFIRZ ~&EiHBER

Figure 5-40 (ZiIEAIRZ ~#E¥E I25RIG OREZFE AT, £ 7 poor-lubrication D% BT
HHL, WREZE/ RIAFERLIZEFRKRTH Y, AR ML 14 N-m OZFRIE 0Nm » 5
RLIMEEIZIEREETH S, —H no-lubrication D EHFHE L poor-lubrication L ¥ & KIFIZIE L 72 - T
BY, HREMELES TRV

WG/FS [#]2% no-lubrication DFEITIREL RN RKE X T LZFREIZOWTERT S, £
Fig.5-40 D FEERAE S &3 (5—15) % VT no-lubrication DA D e ZRIH L2 L 25, 67~77%
EIEVME E IR o 72, TR Fig5-33 IZ7R L7= X 912, no-lubrication TlX WG/FS iz KX A5 &
MBI E FS AEMRMICER T 5729, Figs-41 (b) 7T & 912 WG ~D il a7 & Hm
& FS B A EROFF LRI X A VIRFLOBINA S 22 sh, #REE LT WG 0fFE
RHHT (A1 b)) OB L AEEDROBETHECTEEZ NS, 2, HETRXA
& LT NLRT % poor-lubrication & no-lubrication CZAUE E R ERER R LNRN. ZDOZ b,
%ﬁ%wﬁmﬁ#ni“mmsﬁmﬁbwﬁmﬁﬁfbof%m ERORERETIFE TN
AlREMEDS &

5-4-4 F&&H

RETTIE, (EBHSRME, w,mﬁ,ﬁ%o WG/FS M DiEIFIREENBIENRICE 2 BT
waﬁ“t.%ﬁiﬁﬁkﬁﬁf IERCCTH DA, ANEEEEE, Af by, B, 1
@ﬁ@ﬁﬁt&#bf%k#é.Aﬁ@%ﬁﬁ-ﬁﬁﬁ%<,ﬁﬁbw&ﬁméwﬁe,%$m
&< 25, F£7=, MEELY L7 ) —REBOHREREOBERFEMET R X .

WG/FS HDOMEIRIREED BIF THAULK (5—16) TERIN TV HIEENHEEIEE OIE SV 5D
B (Meen) W XIFEIT 100 % TH Y, AW b2 HINREOGEDRITEATIRO A L2 (NLRT)
MOFETLZENTED. —F, WGFS BMOBMERE L K& ZX T2 AN BEITIT,
WA EVVRNR TO%NREETIETL, PRIINRTIZEIVHELAELVEL KL 5.

O: 0 N'm, Vacuum, O: 0 N-m, Air, A:7 N-m, Vacuum, /\: 7 N'm, Air, [J: 13 N'm, Vacuum, [: 13 Nom, Air
/07 Nem, Vacuum, eq. (5-16), /v: 7 N-m, Air, eq. (5-16), [1: 13 Nom, Vacuum, eq. (5-16), []: 13 N-m, Air, eq. (5-16)

100 100 T
X 90t = 0HH i
3 801° & 80|
5 70i S 70| i
= 604 g 604+
() 4 (5] : B 3
g 501 g 500
% 40 G 40}
§ 2 g 0
5 20{ g 20H
R Sl gaas = TSRS RS Baasansatsss=ss S=SmS S SES RS
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Input rotational speed, rpm Input rotational speed, rpm
(a) Grease lubrication (b) Oil lubrication

Fig.5-38 Transmission efficiency versus input rotational speed under in-vacuum and in-air operation
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O: 0Nm, -10C, O:0Nm, +50°C, O: 0N'm, +80°C, A: 13 N'm, -10°C, A: 13 N'm, +50°C, A: 13 N'm, +80°C
[J: 13 N'm, -10°C, eq. (5-16), [1: 13 N'm, +50°C, eq. (5-16), [1: 13 N'm, +80°C, eq. (5-16)

100 T
80
70- 5 R
601
5014
404+
301K
2011
10
0

Transmission efficiency, %

0

Input rotational speed, rpm

Fig.5-39 Transmission efficiency versus input rotational speed in thermal vacuum environment

O: 0 N-m, poor-lubrication, (: 0 N'm, no-lubrication, /\: 14 N-m, poor-lubrication, /\: 14 N-m, no-lubrication
[J: 14 N-m, poor-lubrication, eq. (5-16), [I: 14 N'm, no-lubrication, eq. (5-16)

100
904 ga
80 TP
70- LA 1—-H

Transmission efficiency, %

0 50 100 150 200 250 300

Input rotational speed, rpm

Fig.5-40 Transmission efficiency versus input rotational speed at WG/FS poor and no lubrication

Low teeth meshing High teeth meshing
resistance / resistance
FS e oD - — - - FS — X -
Low thrust force ] High thrust force \
applied to WG applied to WG
f J | Elliptic deformation f ) | Large elliptic
WG of FS WG deformation of FS
(a) Low friction at WG/FS (b) High friction at WG/FS
(FS is non-deformed axially.) (FS is deformed axially.)

Fig.5-41 Mechanism of transmission efficiency decrease
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5—5 F&H

AR, W AEE OB (H%,KK), ANEGSEE (10~300 pm), A hv
7 (0, 7, 13 N'm), L (-10, +22, +50, +80°C), 72 b ONCIMMHIOMEE () —2 /i) %
T A= E UTHERET, WG NS, WG/FS 36 XU FS/CS [ OTMIE A 7 = X 1 &~

FPRIREZE KA P ERTHE SN R E LTS R

(1) T X_XTOLGHIEBIBTELIRGA L VREEE @EhESER) A/hE <, BT
el U CHBESTER SIS WEREETH 5.

(2) “@ES%@,E§¢T1¢@mﬁ,ﬁﬁﬁ®ﬁ% IR TR CH L. —F
REPTE, AR FV2 ON- m OBEIXEZEH & FERICIEE A EBEATER SRR
VR EE T 523, Ehﬁ%@ﬁﬁ%wﬁ%kaﬁai@%ﬁﬁ@%m&&%mﬁﬁﬁ
BN GIRETEIIRIE~, S5 ) — AR ORI REEE CBERT L2 L1 H
5.

(3) EZed T WG/FS M5 FEIEIREE & 22 B RIANE, & FA5 U= RISy i U 7= B &I,
BWZRC T E EFRENICRE > T TEEAIRZREL 25D TH D, —HF KT T
TEENBERFEEE DOIEIIZEIZ LY WG/FS BUSTHEBAIDMER SN D, ZORXA =R AT
DWTHE, T ANRERRNT & SHSE N ERIZ L Y EIF L7

(4)  WG/FS BIOBEEFETEZ L KA CREL S, T X FRNICEEHIDMERE Sz WEZgh
T, BREDAHELINTRE~OBS « RELBRY RIBEBENTEREL L. —Fk
[T, BEMVBHEH SNSRI 7Ly F o JEEREERE 5.

(5) WG WoMRIEL, KERHFCIEADEEREE 50 rpm DL T ORE CIRATHEIE, & etk
BVEIREE L 20D ZRICHT L TEEF T, fﬂ#&i&bfﬁ&ﬁ%%@%@ﬁﬁré
D LTI L 72D, 24U, WGO/FS MOBEREBEIZL>T WG IZRKEH LD b
R 7t MmO < 72Dz E T 5.

(6) FS/CS L, BEZE, RRELICERIITEAEIBREL L, HICaM MLy ankxn
%é,ﬁi$@ﬁ#iﬁ%%g k&< 725, Zhit, WG/FS [EoBEREEIZ L~
FS DSHFMNCETE L, FS/CS BIOMA B WA E S SHHF-HIZAELS.

(7)) mEZRIL, BEEPLERIPTIZEALRCEEA/RL, EESEEOMN, Ak L7 O
DI, BT 5. U —ALITIE, 7Y —RAOFRRPEREIA R E VD S, 5
ERNRORBIESRERAAMIIRE 2D, £, AW b7 HUNRORESSRIE, 0 Nem #F
DNEPBHET HZENTED
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(8)  WG/FS M LMIE CEEAER B WSS, HEAZEBA L1256 & ik L TREFEIT
K< 7ed. T, WGFS BIZE< mWAT A Iz ié\M}@%ﬁ@ﬁi@ﬁm&
FS/CS 1D AEWEBLOEIMZ X VAT 5. KR &M MV ZEINL72561218, mE
@ﬁﬂiﬁﬁﬂwuﬁONnﬂ%@ﬁﬂ%%%%wﬂﬁELfﬁﬁib%p§L<ﬁEF¢é.

F72, WG/FS MO BN SARPUE D HHEE U742l & 5 3 moiR GBI SR & A bl L
RN T N OREE AT - T, FOFEE, UUTFDOZ ENgno7-.

(1) AT T VL WG/FS BICEEmA - SN REZEE L TBY, 5 E000HiE
T RS R D A R (A IEEREEE 30 rpm LAT) T ORG-S 2 1
Tn5b. i, §£$i@%kﬁﬁ@ﬁﬁ#%iﬁ&ﬁ@ﬂﬁ%%émé_&ﬂ%,ﬁi
HEBYOMATIZ0E LTV 5.

(2) B TOARFITETILORE LA ESEA70I10E, WG/FS BOBBHIR ZIREES
i bV EEEBRTDLERDD.

BT, BESERTHE LN R E U TIORT,

(1) G AR OB R BB I EMERE IR & <IERTEL, -10, +22°C Tl XA @ aE]
%ﬁﬁﬁfmmﬁm&ﬁé@ﬁwAm%®%ﬁfm%§@ﬁTuiD%ﬁ@éﬁﬁ&u
RETHWEREE 2D,

(2)  WG/FS %, BEERE T CILEBRIRZIRELE 25720, BEIERTFE T EMEE R
LB,

(3)  FS/CS ML, @EIRE+22°C The b MIEDSTZR S o3 HREMEIRIE & 0D, Thizk
LC, fRIR T FS/CS M~DEEHI O AR <, 7z @il TR E O T &0 s
EEMNEA L, MiF & b22C L i L Te Bl el RE< 2

(4)  BEZEBRETICBT A2EREDRE, BRECK FIZHEVE T2, 2k WG R4t mH o

TEHIREEE BN & - CEHIRPIR BN T 2720104 U5, BAEZZRE BV TCHEm b
0 EINIE DA EZDRIY, ONmBOERNLHET AN TE S,
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5—6 ZHEXE
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Ee6E FipilMitR

AHCH, 2 BOREEEE N LT L RRH CHMRRETTY, ThEhORH
RUCHT B HEMEREA Ty = X DB IFT 5.

6—1 HEREH

FRBRS A Table 6-1 1 RT. ANLZ U —2 & L, BHZE, RRKENEN OB
K ES UEls (AAEEEE 100 rpm, &4T V2 0 Nem, A EFREIEREL 32000 rev.) %
Fot., AETIE, HZEPERRP COEMBZEA N ALEMATL L0 Br G, {FlIS
RIE5E 5 EOFEBRRE R A2 TTICEZLH & KET T L ) BMOBEERECEVIHARE THH AT
[EfEEEE 100 ipm, 7 — LIS KB AR b2 14Nm & Ui, 7238, Bff b7 fED 14 Nmid, B
15 JAXA 3T » TV 558 A Bt B E O AR ER GFmikBdeth - AIEEHEE 100 ipm, &
WL Z 14Nm) & BT 5720, [ UEICERE Lz, BBk EZE, KRen£n 480 (L
FIER AL 3.8x10% rev.) & L, WENVREEEENSHMICEE L HAITEBRAFLIEL 2 L
& LT, HMHEIEIFHATIEIAT b BFHIRIND Z &b, ERERIZET DAL bV
7 DEARMEDRERIE O 1.5 (5 (GIEZFRIT 23 LT IS8 o T RpZ I ENE LT & flRr L7,
FARBR OIS F — 1, —FREEEOH TIE WG Mg & FS OF TR0 IZ8 0 WG FMi
C@%Lt%iﬁ#@bﬂfb<ﬂ%ﬁ#%étb,lﬁ%uﬂnw(ﬁﬁﬁﬂnw)%KE%
Tl A s S H .

BT, EARESEEL, A b (BEZE), CS OIREZERAICEHIIL, 77 A3
—Z2a—72X 5L ) BEREEOBIE HAT o 7.

Table 6-1 Lifetime test conditions

Running-in operation before lifetime test

Input rotational speed, rpm 100

Load torque, N'm 0

Input number of revolutions, rev. 3.2x10* (CW, CCW, each 1600 rev.x10 set)
Environment In air (laboratory environment: 20-23°C, 30-60 %RH)
Lubricant Grease

Lifetime test

Input rotational speed, rpm 100

Load torque, N'-m 14

Environment In air (Iaboratory environment: 15-23°C, 30-60 %RH)
In vacuum (less than 2x10 Pa at 20-23°C)

Test period, weeks 4

Life criterion <1.5xMaximum input torque at initial operation
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AT, FarRAN T > 728 6 LERPIZBS T 5% Ly 5 B oMiReE & 7' U — 240574
WEEDZACIZDWTR L, B D LIEBIRO RISV THEET 5,

6-2-1 &L >HEDMHFIRE

Figure 6-1~6-3 12, 5 LIEELPIZBIT 54 L 5 BRMOREEE ORI (N S filfaEEz)
Atz HEO (a), (b) 12i%, ThehEzE &R FmaBRaiom & Uings 2 R
LTn%.

(1) WG N4t

Figure 6-1 © WG WAMGOHITEEEZ LD L, (a) EERBATE (b) KEABRETCIIEZH)
TR D Z LR H D, (a) TN 30~40 mV O PREEZ R L, FEEEEOHE IR
T LT 14000 rev.h ECHEILFEMMEILZ 45 mVEE LRV ITEAEEN Lol —
J7 (b)) THEHAMNSHEHE S 49 mV OMAZEB L, KREEEOBEINC AR EEZL TR 2 & <
o TWERTH 7. 1BS LEEE THBOELE, (a), (b) & HITIEIEREET 45 mV R
ThHY, WEEEIEVIREETH o 7.

Figure 6-1 (a) & (b) TEELEEMHEMN R - -REE, FiokERNEOBICEBA L2 Y
— ZADHHIREDENZHH EELLND. Aﬁ%@@%*&i%ﬁwﬁmﬁf%w(wvmi
EERNMGORICER SN AHBE S NEH L TV E 260, 7)) — 205K EIZIES
ERbolmboEbng. B LEiE THIEET (@) & (b) @‘{Eﬂﬁgﬁrﬂﬁﬁpfiok
D7 U — ZABAIREN B> Th, fFEIZL D 7Y — AN AWM EZ T TR O R0, W
BLRT < Role /) —ANEE NGRS — 120 LIERATER St E2 b5,

(2) WG/FS 3 L UVFS/CS

Figure 6-2, 6-3 ® WG/FS, FS/CS Bl CiE, b5 () & (b) TRMEmMEZRL, E
BEH mV U TOEREERECTHoT2. 728, Fig6-2, 6-:3 Db T REELENL, S L a—
LD EDlED L, BERH /A X THD EBbhb.

W@%&FMBWT , 1B LEERIZ X DR BEMEIS O TR o7 Zh

O LB R D72, OF ) —200HBE— (LS T2 &, OISR REN

ﬂménfwé_&mﬁit%szé.ﬁ@ l B AEE D F LR RAZE S LEIRSRIFIZ oW
T, SHRAETINERDD.
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(=3
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=

=

—_
=

WG bearing voltage, mV
8 8

0 0 mV (contact)
0 3000 10000 15000 20000 25000 30000 35000
Input number of revolutions, rev.
(a) Before in-vacuum lifetime test
60
=
E, 50 49.5 mV (non-contact)
[*]
& a0
E
> 30
.5
=~ cf L gl b R LI THEEE ) HEEERLMEL
g4 NG AN < R [l A |
fia] T g
O 1|:| : oy | ]
= FlE-+13 [t J
n — — 0 mV (contact)

1 T
0 5000 10000 15000 20000 25000 30000 35000
Input number of revolutions, rev.

(b) Before in-air lifetime test

Fig. 6-1 Change in lubricating condition between WG inner and outer races at running-in operation
(in air, input rotational speed 100 rpm, load torque 0 N-m)

This document is provided by JAXA.



5 B B o A O Ve B B i %E 141

(=)
(]

49.5 mV (non-contact)

Ly
[

&

[EN]
=

b
()

WG/FS voltage, mV

—
[

el Loidddad

0 mV (contact)
0 5000 10000 15000 20000 25000 30000 35000

Input number of revolutions, rev.

o)

(a) Before in-vacuum lifetime test

(=%
=

49.5 mV (non-contact)

Ly
]

=
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b
=

WG/FS voltage, mV

—
]

MWNWWW 0 mV (contact)

B e e
0 3000 10000 15000 20000 25000 30000 35000

Input number of revolutions, rev.

o
|

(b) Before in-air lifetime test

Fig. 6-2 Change in lubricating condition between WG and FS at running-in operation
(in air, input rotational speed 100 rpm, load torque 0 N-m)
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(=)
o

49.5 mV (non-contact)

Ly
o

&

FS/CS voltage, mV
(W8]
o

20
10
| bt bi...l s - Gl.3, o-qé-443- o F R T B " 8 i
] 0 mV (contact)
0 3000 10000 15000 20000 25000 30000 35000

Input number of revolutions, rev.

(a) Before in-vacuum lifetime test

60
50 49.5 mV (non-contact)

30

20

FS/CS voltage, mV

I 0 mV (contact)
0 3000 10000 15000 20000 25000 30000 35000

Input number of revolutions, rev.

(b) Before in-air lifetime test

Fig. 6-3 Change in lubricating condition between FS and CS at running-in operation
(in air, input rotational speed 100 rpm, load torque 0 N-m)
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6-2-2 1) —RAHIIREEDZE

Figure 6-4 & 6-5 12, ZAERAIIM & HAMN DR LI-18 5 LIEIERITE 07 ) — 2540k
DEALETT. TRERORD (a), (b) 1E, HEZERBRATE REERBRITICR T 318 S LEEEOR
RERLTNDS,

9 Fig.6-4 DANAITIZE, HO LEBIERIETY ) —A0MRERRE S B D500505. [f
X (a-1), (b-1) OED UHEERHGIT, BB)H BELEE O TR LI S 7= 27U — 2 WG/FS,
FS/CS DT X E£2H->TWVHA, (a-2), (b-2) OED LiEEEEIZIL WG/FS X ) — 2|28
PRTWLOIZHL, HifiZE-> TWeZ V=R IR ONT FSAMIMRTE 5. 7=, 7V —
ADoK (a-2) & (b-2) THOTNITEZRY, (b-2) OFBN WG/FS Mz2EH 7Y —2A0&
NEL 7> TWS. (a2) & (b-2) TEIZHDN, ELLDFEAICBNTH Y —REY 0@l
B<EMLTEY, WG/FS, FS/CS MITA LB ERBHEH SN ) — R B IZIBALEZbD L
BEbhs.

WG/FS interface FS external teeth
covered with grease

Accumulated grease by assembly

(a-1) Before running-in (a-2) After running-in

(a) Before in-vacuum lifetime test

(b-1) Before running-in (b-2) After running-in

(b) Before in-air lifetime test

Fig.6-4 Change in input side grease distribution by running-in operation
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Accumulated grease by assembly

(a-1) Before running-in (a-2) After running-in

(a) Before in-vacuum lifetime test

(b-1) Before running-in (b-2) After running-in

(b) Before in-air lifetime test

Fig.6-5 Change in output side grease distribution by running-in operation

2T Fig6-5 OHAMTIE, (@) & (b) ORICiZE A EETRL, 18O LERRTIZREFR
EA~MIE LTV —AMEL LEERICITES 2o Tnad. Zhik, ELH LEERIZ WG W
SRR~ A LTz e EZ OND.
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Accumulated grease

Increase

FS FS

N Decrease

o
......

— : Migration direction
of grease

¢

(a) Before running-in (b) After running-in

Fig. 6-6 Schematic of grease distribution changed by running-in operation

1B LEEAEICET 5 7 ) — ASMmIKEEO#AR % Fig6-6 (Y. R () 1%, 77 A
PN= A AT ORFER LT A b ARG OB DHEE LIS LEERIcB1T 5 7 ) —
ADOBE S A2 RKAITRLTWS. B LBEAERICKIT 5 7 ) — 20k ki, i<
R L S NIz 7 Y — 2RO KIS HE & LEIRFIZ FS/CS 11 £ 7213 WG PISMR B ~FEA L7=
TeBIELTEEEZLNS.

6-2-3 E&oH

18O LERRE, P WG WAMRRI D 7Y — A GARIZIES & RH-Th, 7Y —REH—IC
TEENITIS THEE RS E20R5H 5. WG/FS, FS/CS BIC oW TIE, b cA TR
R 2 7 ) — AL LOIZHH S 29 RERH D, Fi, HEHEEEROMT CHRICKITS T
—ABMOMDITHOE PN TRICER SN D 7 U — 2B BROE WL, B LiEEL1T 5
ZEICE VKRR —AHREIZTHZ ENTED.
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6—3 FaAkk
A TIIHFMRBR ORI OV TR~ TNL.

6-3-1 {miEXhE

Figure 6-7 IZHFMRABRHPIZBI 2 RESFEOEE =T, BEDHRIL, A 32000 rev.fgd A
HENY OEREPLEHRLTZ 2y hLTWA. Figure 6-7 IZRT L 912, BHZE, RAEbICH
MICBIET 2 2 L2, ANMREERE 3.8x10° rev. 2 L1z, 72k, RBHIzEIT 5 CS DR
FEIIRIB L IZIERICTHY, RELETINTIRA LRI oT2.
FPFREPOEEDRERTHDE, IHIT 62 %REERL, ASEREIREAHEMT 510
WA L8 LT &, 700000 rev.FREE T 67 Wil L. —HFEZERO@EERRL, |
BARRAAY) © 440000 revAREEE TIEAG S LIZIER U 62~67 % Th o725, 440000~489000 rev. T
52 %E TORMARIETRE T, 489000 rev. LARE TIE 67~68 % E THII L7243, 960000 rev.fFiT
THEEMETALL, 1330000 rev. F TRV Vil A HERF L7222 L7=. £ LT, 3000000 rev.f T
HORROET MBS R i,
BEPTEEDRMET LEBRICE, FSRANFR~ERLTWELZEE 77 A /=R a—7
OEENGHERLTEY, Zhit5—4 8 TR L7z WG/FS MOBEEBIZL D AT A NOIERIZ
karEzOND. BikT D L2, WG/FS MITEZEPHEMRR CIIENEmIRETHY, B
RHIISCR 6—1), 6—2) 75 0.05~0.1 THoT= L HEETE D43, 440000, 960000, 3000000 rev
FiREDGEDROBE TR E SICEVEBERER ThHh o2 BEX DN D, BiE TR L7z WG/FS [#
O VEEREHNIAE LT EEDRIIB LT 5% TH Y, 2hRIETRAICITERE LD bEVES
B THoT=mREEN B 5. 20X 9 REZEPIZEIT 5 WG/FS MO & WEERED A U FIEI,

[J: In vacuum, O: In air

40——_ — - s, ——-,.,—.—‘.__—_———-—--_—-.---.pq—

Transmission efficiency, %

30
20 Lifetime criterion
10 ; it St
0 i i T :
0 1000000 2000000 3000000 4000000

Input number of revolutions, rev.

Fig.6-7 Change in transmission efficiency calculated by maximum input torque at lifetime test
(input rotational speed 100 rpm, load torque 14 N-m)
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5—2=2 T~/ A T = XL E DA Z O 7= DI\ BRI DI A~ R S P IoEm
~DkEE L EERECRDIKL, FREEEL 0 L X SICHEWIMBL LOVEE LAV N2 WG 5k
A& FSNEOMITIZERE NI EBEZ LD, EimEhENEIE L=l WG & FS 2
HS S AESIBC TN 2 2R 0, FSEO L 5 B LT =27 ) — 2038 WG A4 E
AT LAl ~ G Sh, BEBRREAERAMERE S TR hozizn t EZL b S,

BUE JAXA DT 2 TV D FH I Eh o S B OB R IZ BT, Aakbh & 7 CVEB S (AR
BAME 100 rppm, AfT hL 2 14 Nm) TEHZER L ORKFHEMRBRNITOI TS, Bk
AR CIE, AR & AR OGEEOIET - ISR S TWA. 20X 5 7 WG/FS [# 0B
FREHEIN « AT LE D FS OB M OETE, (REROEENL, EEham by 2200 5 iE
LEOBRZERFAORMETH L EEDID. —HRZPHOGRR T, SZEDROE T AR
A [EHEE 2.6%107 rev. & 220 LT 5.,

6-3-2 F Lo dBEOEBIKE
Figure 6-8~6-10 {Z, FaaABRTICHBIT 5% L SBEOMBRECE(LZRT. £XKD (a),
(b) 121X, ThEnEZEd L RAPFEMABROMBRE R LT D

(1) WG PNoMig

WG PSR X, BEZEd CIERRERBA A 5 2000000 rev.f2 M £ CHRIEEME 4 7 LR S8k e
Tho72D, ZRUBITEEOGR KT O4A UEAMBIRETH-7-. —HFRKF T, #k%
B B3 L% 21000 rev. F TILEATHIE CTH Y, FNLIEIIRAMEIRES = LT,

B 22T 0~2000000 rev.Z361F HEELTL, HAENCER D 1) AT — L DEERC R LT
BY, TR ERTOECTERET, TRTABICEEE EFR4ET TV, 2L, 52
—3HETRLE WGFSHIDAT A FHOEMIC LA EEZ B, 72, 30000 rev.fTUrH & IE4z
EWRECERELREMEMIZENE L), WERRHI MR S < < 2o 7. 2000000 rev. i
TEENED LI T-BRIZIE, EOFR@MICAHEF L TN =7 ) —2RAE1 5 B~ 2L T
o7z, ZOZZEME, OWG/FS M THRAE LIZERRR 7 ) — 2 & & 612 WG WG ~EA L& B
ERR NS 2 &, QFNE TRGEEIREICZS o2 F ENIMEORM TIE LT BEEm 35
A2 GHEH S RV BREAIMESE/ 2L, DO2H8ICEVAELFEELLNS.

(2) WG/FS

WG/FS M EZE P CIIEfEmRETh o7z, —H KR TIE, 0~16000 rev. TlE Fig.5-4 & Jd]
BRIZT — b ERBHIZEREN, 7 — L TRECEERD ORAEETH Y, 16000~224000 rev. T
T rev. TR D BIRE~EB T 2REG0NBEM L, TR AR EZ R L.
RAFUZ BN T AT THHR BIREEL D FEINC (& SR B A EI A 2380 Ui A ER L0,
FEREIZ J 0 R A 7 U A CHEMmEENBD L, WESER ST hatlb e ZEZ LR 5.
7o, 522 HOMBEBARSMT TR LIZL 21, FEEAEAEICE Y & FR~HEHIR
RFEF SNTHISEIRIRE A MR Lo bo L Bbinb.
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(3) FS/CS [H]
FS/CS fix, B CIHERBIRETHY, KREP TIEHEREE) S Uk U X 24 BEFEmm
AR LTV IRATHEIREETH - /2.

Mixed lubrication 1. Boundary lubrication
60 :
> . i Fae | ; | -
Eﬂ 50—l ; il |tk -1 : | 49.5 mV (non-contact)
[P] p i |
&
g
on 304 :
.g - " | g 8 v
g 20 =1 |r I T} l
S | !
(s, 10 T m
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1] 1000000 2000000 3000000 4000000
Input number of revolutions, rev.
(a) In-vacuum lifetime test
Mixed
lubrication
\ P Hydrodynamic lubrication .
60 b -
= T U g - b
Eﬂ 304 Bt i it et 49.5 mV (non-contact)
O FEELE.. 3 . H Rl b [Gaisedh L.BE [ ALIMR LN i BAALER ol W L SO
) I : 11 it t
.1_'(:! 40 ...... 5 I | [ e i 11 B
g = | 8 En T
Iy A0
E= il
= 20
Q 1
= I
o 10
B |
o+ 0 mV (contact)
1] : 1000000 2000000 3000000 4000000

Input number of revolutions, rev.

(b) In-air lifetime test

Fig.6-8 Change in lubricating condition between WG inner and outer races at lifetime test
(input rotational speed 100 rpm, load torque 14 N-m)
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(b) In-air lifetime test

Fig.6-9 Change in lubricating condition between WG and FS at lifetime test
(input rotational speed 100 rpm, load torque 14 N-m)
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Boundary lubrication
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FS/CS voltage, mV
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(a) In-vacuum lifetime test

Mixed lubrication
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60 1 I T FI -
| i W (LI E RN - LERLILE......... 49.5 mV (non-contact)
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30 - i l |
20 | y “|Hi Jrtedy
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0 T ; i : . . 0 mV (contact)
0 1000000 2000000 3000000 4000000
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(b) In-air lifetime test

Fig.6-10 Change in lubricating condition between FS and CS at lifetime test
(input rotational speed 100 rpm, load torque 14 N-m)
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PlEDE ST, BEEFIRRELBELTTRTOLY IBEICBOTHBERER S NI L, B

LB L e o7z, RBIEET~E AL, WG/FS MAEZEF T

IFEAEHE THHDITRL,

KEAF CIIZERTMEMITRE~ER L2 Ths., 0 L3, BEzed b kS Tk WG/FS
MR EEDELCMO L 5 B OMBIRE~SE 2 DHERE 7= B0, HEIEEEBOHEN

BEAN=ALLRERDZLETF LTINS,

6-3-3 T —RIKEOZEIL
Figure 6-11 {2, FMEBRPUIZADMNE 7 74 =2 a3—F 12k

B L) — 2SR EE

ZrY. ETEZEPEMRBROLSNE R T &, RBAETIZ 2N T WG AHinfllE & FS B0

(a-2) Input number of 156800 rev. (b-2) Input number of 108000 rev.
in vacuum in air

(a-3) Input number of 300800 rev. (b-3) Input number of 268800 rev.
in vacuum in air

Fig.6-11 Change in input side grease distribution at lifetime test
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HIcAE LW ) —ABOR L L CricBL<EkL T2, Zhid, WG/FS, FS/CS T
EUBERBB T ) —A L EbIZHah, 7 —RBPVITRALEZZDEEDNS. L,
7Y —=2ADBEITETT rev. THLEX, ZORIIT 7 A NRXA—Ra—T7OEG ETIHTLEALE
BIXR 6oz, ZoOEBEE LT, WG/FS, FS/CS Mk Fig6-9, 6-10 (a) ([ZRL7=2L 91T
BEREEIRETHY, —EBOEFERN ) —R ko THEH SN RITERGHREELTH Y

U =22 X BB ITN 2L 25720 L Bbhd. T RKIFTEMRBOFTEZRD &, BIE
HERBRIZZ Y —ABITES B LT -2, ZOBRLITEELEBR L TAMTH-7. 7
TAN—AT—TOEBERRLIZE ZA, KRRUTEZE L BB LT WG/FS, FS/CS b0 7Y
—APEHBMIEFETH Y, ZHIZXV 7Y -2\ ORMREARELZEXZLNS. Iz,
Fig.6-11 (b-2), (b-3) IZRT L IIT, WOMENRERABLEALTWVW-,TEY, ZHEFRKFTO
FEHRIC X DR OARE R LT D EBbhad. 7 U —RREDZE(LIE, 300000 rev. LA
TIRIEEAEBEINRL otz ok, WD 7Y —ASFHRBIZ OV TREBREIZT 74N
—2a—7CHERLEEZA, Fig6-5 (a-2), (b-2) DEDL LiEkE & RKEAB(IITET TV d
-7, .

Figure 6-12, 6-13 1T, TALENEZE, KA HFEmBREZICHHRE Lz WG HME & FS WA OEE
PRt ETEEFRBREOFERTAHDL E, WGHE, FSHAE & LIZTEBEDORPHER T
T, REIRNTWe, Fiz, BMEICME LZEER, 7Y —2ABYOaiB{2oT:
— HREPREBRE TIE, WGHME, FS N & HITERB A ONIEFITH->TEY, FS NEICITH
3 D WG/FS BIOIRATHEEMHT (NDEFEHEE 100 rpm, AR RLZ 13Nm) TRLEZLIRA
FEEAMO 2 KOBERENSAONZ. F72, 7V —RABORKAIEALLTEY, 7LyF
R0 AER LI KB R OBLERER SRS ) —RITBALTZLO L BbLS.

- BB UKD ARBEEE RRICBT DERE - 7)) — ZAREOEWE, MRES TO WG/FS, FS/CS
B OMBEERIREDOBEWNI L~ T EEZINEZEEXILNS.

Black grease Black grease

(a) WG outside surface (b) FS inside surface

Fig.6-12 Photographs of WG/FS contacting part after in-vacuum lifetime test
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Blown grease

Blown grease Wear mark

(a) WG outside surface (b) FS inside surface

Fig.6-13 Photographs of WG/FS contacting part after in-air lifetime test

6-3-4 F&

BERLOKRETIZEWT, AJEEEE 100 rpm, &# RV 2 14 Nom O 50k Tl B Bk i
DF MR AT o7z, B2, KR L bICBEEDOEESR WO 2/3) LLET AT diid EEs% 3.8x10°
rev. e L7z, UL, HZETIHERMEETICH S WG/FS M OBEBEEREIMIIE > EESFED
ETFRABI, SEMICKE L e L UEDRITEL 2oz,
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6—4 HEGIEFEAH-XL

KECIE, BOHRBOERNDEZE L KRG TOHFMGEFEA N = A LIIOWTELT S, 22T
L, EEEEEOFMAEZEDR, KT E LI WRO L L CRESENRELIETL
TIRRE” LEERTH.

6-4-1 EhHEMENEA N =X L

E§$%ﬁﬁ%fi WG/FS [ D BEELREIEMIZLE D RIZNR O —F 72K T AR S .
A, WG/FS B CHEMMEIIEVREEE CRVERADSRZ L2 2 ICERT 2 LHEE SN 505, FS
WEINZ 7Y — 2380 B8 35A 121X FS Q@i mZERIZ L 5 WG/FS BIOHEXHEERNC L0 7' ) — &
DA SN, BEDROEENRAEND. ZN6DOZ ENLEZER T, mEENMET L
FEEE LA DR, T772bb, “WG/ES B~OEBEHMGIRN < 20, T &% FNPIME
I ODIREE” 1T o B ICHFM~BET A L B2 N D, 1220, KRB CliHapELESL ‘5
$%$W@%@ZB’ﬁoﬁﬁ”&&Ebf“ﬁt@ﬁm“LLTVﬁwkﬂﬁbﬁ# Bl Z 1%
KA “IGEDENSYIMIL D 10 %K T LR L5%E LIS I A il e 55 480000 rev. T
FM~ELLIEIWIRD., T2 EhD, ?ﬁ%&%m$&%Ti¢@$®# EREOEE N K
XNWD L EAEB LT —AE N O D EREIRSEE D,

6-4-2 REFEGIEAHN=XL

KA FMRRE T, RBPICESEO L) RIBENROK T2 <, TNT®L@5@%TE
IR IR A HERE L7, FRICE P CEE IR T O K & 72 5 WG/FS [, JiAii ke
RO HEMERESND Z LG, ZO Ly ) EEOMBETI S R CEEDEME T TS ATREME
IHMEWEEZOND. T, WG NS, WG/FS i & R RAHMIEIRETH 5 FS/CS ML, &
Lfo@%ﬁﬁﬁbfw<ﬂ%@ﬁ%5ﬁ,rﬁ—safﬁ«tio__@bwoﬁﬂmgﬁi
FICANY 7 7y O L DMIEDKRT A &EZ$EEZND. oz thns, REH
Tl “WG DR YIRS X D REBENE UTIREE” 1272 » o R R ME T L FEa~F
ETAEEALND, BEEHEEON X n JICRHEBEN TS WG OFMFERK 0 oA
BREPE (AAEIEEEEL 100 rpm, BT RL2 14Nm) TOHFMAERD S & 7.6x100rev. & 720, =

L, HEGOTEBRIKET IV GCEDROENRKEVWESER LB L CHMTRBIZENEE
ZHiID.

6-4-3 F£L&&

HEDFEORTEHFMEERL, HFHRBROMBREITICHEHZE L R TOHFMEEA I = A L2
DNWTERLE., BEE KK CILIREIEEEBEOFEMEEA V= AL RECERD, HZETHE
WG/FS B OJMEDIN, KK TiE WG QIR VIENLFEMEEER THLZ L E2R LT,
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6—5 F&H

ARECHE, BEZ2EH 2x10%PaLLT) & RKFITIVTA N EELEE 100 pm, AR L2 14 N'm
@W%%#Tﬁu—xﬁ%éﬂtﬁﬁﬁﬁ*%@ﬁﬁﬁ%%ﬁw BB U 7 R Rh =R,
% Lo o B OBEAE SN b ENENOFREKIC BT DEEDROIETIC &L 5 HhmElEA b
= ALEEBLE L. Fi, HaslBREnc iﬁﬁ@?@@%b@%(lﬁ@%@fﬂ%mm'ﬁmﬁ
V7 ONm) Z1TV, FOHRIZOWVWTHHELE L. Bon=MmAIBLFOEY Tho.

(1) BEERIUTHEHHERESEOFEGREA V=X LIRES B A, HEZPCE, FS N
JEo 7Y — xﬂ@b%“@msﬁm@ﬁﬁﬁ@,wﬂ<ﬁb,ﬁﬁ@nﬁéuf%w@%
L 7 5 TR ED R NE T LHMIC *ﬁf%ﬁ?i WG OFRH O LA

U ATy by 7 3L, s xﬁ%%ﬂi?éﬁf%

22 TIE, WG/FS MIOBEMREEIMIIVVEESNR L ERT S, 20D, FHHT
LIENROEEEEB LT —FHE N O~ — D BEHBNETHD, —HF AT
TlL, WG/FS RN HBESREF SIEBEBRENTIR <, BH28 b il U T EIR O Z & 11/
L,

2 =
I

(3) BSOS LERIE, WG NMmICEBA LT ) — 22 FE L NGO O X FI2H— 12000 X
B0, WMEZER I ENH D, £7-, WG/FES, FS/CS MTCHRAE LEERR Y 71 —
AL EBICHEH S AERH 5.
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F£7E RFab - MEHERICHT HiE8

FETE, THETCRLEAT A MY v 7 BB L OER, SOFMRROGEND, T
PR B o BB D R AL & MR O T B8 AT Ak, AE TR S KEIE
HOEBORMIT, IEBIM L ot L CEEEAE L KT Lok 28T 5.

7—1 RHFabLD=HDEE

AH CIIFHAEREBHEEREORFMLOTZ DO OV TELET S,

S A B B E OREDE DK TIE, WG/FS M23EE LV VMR EE CEEEGRHNE <, Ehk
FOBENPRKESBRBEAELDED, ZOMREFT A= ACER LUTO L ) it 242
£13.

(1) WG/FS BRI E fRFr S & 5.

WG/FS SRR 2 REF S & 5 Z L R TEIURTMIRAS TR Sh, BEEAREEL T 5
IERTEDHEEZOND. £T 1 2B0FKIX, FESKEHOaY bu—AThHD., HZ
PCIIHBENIC A EFERAEET THRARZREL 25 2206, AEOENEZEZ LY
DL Thm < MERFT 2 Z ENTEITAEABENCH T2 WGFS 7% TNOAFEIC L 5HE
AOBAERIFFTE D, £z, RELR L THTOLRENEFEETIRETTOI vy a v
CRBWTIE, HEREEEOFEMIEZFT LY LE LA TRERHS.

2 2H®GEE LT, Fig7-11om T X 512 WG/FS R OHIE I & Qe doA 472 ek 72 2 7L
HERCLD VP —R"2RIT, MHLLD ET2HBHZRENCEE DT (=1 0f)
SEFIET), TEERNCRFESELILEBEZIOND. MARBAALTEY F—3, 1EH)

CS

Lubricant

P Contact

Contact

FS

L2 p a *——— Qil reservoir

Oil reservoir / (
Gluing Gling
r WG \

Fig.7-1 Concept of lubricant reservoir for WG/FS interface
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MICKREENC L > Tl T & EFA~ET2HEEL 2. U — N3, Fig7-1 7”7 L9

MBRIRO S D% WG SMGO A~ EET 5. ZOHEE, V- oR&Ex2%
Zé_&kibﬁ%ﬁgﬂﬁgpﬁﬁﬁéé,W&m%%ﬁﬁ@&?57U~X@WGW%
B~ DA & DR PLOBN AR < 2 &M TE D ERlmhk o, £, WEhT 527
J—A L LC, RHOBERICBWTOER —AMalificEseELOND. —TF
RARE AL, U — 38 FS AR & OB CAE U= BEEN DY WG/FS I~NRAT 2N H D
&, VY —RoOMYE, BEFECOWTHET OLERD AL Z LR ERETLND.

()  EERIOBEREBEEE AR EXE 5.

WG/FS HIMREEREEIRETH - T, BEEMAED/ DS ITNE, ZEDROETIIAEL LW
CEZLND. BREBREE T HEE LT, MERIFTY OHNEZOND. K
EBCHEM L7~ MAC 1%, MERINE TCP (tricresylphospate) DI LY, BZEHRTOER
FEBAZHEDY 0.12~0.15 D2 BB L2 H50 0.06~0.07 12D Lzt W BERHSH 2. oz
EEB, MAC 7'V — A 2B W T HMIERINAI O FIZ L AR EREB OB TG TE 5.

E 1) BEBREROEMEANEL, TN EENRI VS TICRWT, B - BEELA D S8
BEfL X AL A BE 428D, HBHIOMMERE L\ FSE A0l s s{ba? T,
W 0.5~10 %M LCEmEns Y.

(3) EHANZAKK[HFTIES LiEERE1T 0.

g, Bz # DIEMARC WG/FS flO& BRI & 2D S 2988 HH EEZ 6N
4. KREHFIE, WG/FS H» 6 OMBAIORAMNEZRER LY bIEFRTH L7720, FELRZY)
R 2T & PN EER09, RAEmREBAHERS U TES LIEELIT) 2 &R
TEDHEEZLND. TORE, WG/FS BT & EWENTERR D 220 KR TR E ik
BEOEBMERIBECE 2 LTRSS, 0B, fE/oE o LSRG (BEHE, AR b7,
REEED 17OV TIEEERS TIE 00 » TR\ 20, RS & RO - Afdft T,
REERE I F MR L 5 2 70 VRE (BERFGOHNLUT) LT L50BRNEEILND.
(4) AW LT EHIRTS.

WG/FS Bl < 25 A ML, A Fvs ofineE & L2825, #oiH, A by
O EEIRT D2 LA T A NIEFIRTS 2 & EE L, WG/FS O BEEMGEHMZAE S (=
ESROBETAMZADZENTEDLLEZLND. RPFRTHEG & Lok EEE 0SS,
WG/FS fi O M1 EER A 5, Aff b/bZ 0Nm (035 Nm —EAHM) TIHEEDFEOL T A
FEAEET TN Ehn, AR 2 1 Nm LT O LU ThiVERFmn T
TELETHESND.
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7—2 MLEREROERAEE

A
!

AEICII T B BEE QMR O H T IEICHOWTELRT 5. /N5 2 — 21T,
FS, ASEMREE, Af Ly, EEmEE CHE) 04-5Thb,
W By AL B A~ LEABR S CE 20T 5700 EELZ DU TO LI IZED A,

3

> IEATRE T db 2 9> f iy He v
I & IR R B T
(1) FakEEAr (WG NS, WG/FS, FS/ICS) RRELTH S Z &
2) B Lw 8O (GREEMEIS) BR%ETHL L

T ) ZOWTRHRHROZEELEZ D L, H6BETRLELHICEZED L KA T ClHME
EEAN =X LNERIR DT, HE R EEEO R P EERREL KAT CREET S - L3 e
EFEZDLND. LinL, S0z b e EHER T ANBEGEE, AR b2, i mE e %
72 < WG/FS IR AR EER (REDFEFOHER) L7225 0 EENE W20, MR E
& FIREOEZEE L TR iﬂ)iﬁiéﬂék%zgﬂé.é%_,sz 2D
FRUE D SRR Cili =72 K 512, X 10°~10° Pa O#iBE TIX WG/FS Bl OB LITIE RSO 85
FEEREBTH D720, EFEREENEEEZ (10° Pa) Th-oTh, MMEARSE #%Mﬁb%
HEEZE T HMEIT L, B 10Pa DIREETHRIER W EEZ LN A,

BT (2) IZDWTHEZ D, H3ETIHE, WG/FS BOMERBRINEED 0 s D354 & [FREC
AT EERIR T & VR DFE (rp ) 38 KUV 8 4 S0 AR & IEGRBRIG & C— B X5 = Lz
LM (HEES) LRBICTELZ 2R LT, ZOFENREIEEEBROMO L 56
FICOEMTE D057, 5 EOBEEERERE TS, Fig7-2 12 nu 2850, 2
ZERZBIT 54 L D RO EE AR 7 2 v b LCRY. Figure 7-2 1%, EBHEIEL &L
@ O B OEIE IR ORISR 2R L W E BB OG-~ v SIoxtit T 5. FPEmREERC
H D WG/FS HIZ DWW T, Fig7-2 (b) (07T K DI e (EICHRAFEFSE00E T 13K < 3R
IR TH Y, BEREEBITEEEREN R LD, 2RIt LTRM ), (o) ® WG W g
& FS/CS HZ W T, “PHREEED nu B EkFT 24600, RUAHK b2, pufElzstd
HPHEBLEDE L SIS, TREDEEGLED Z LI2L Y L 2 BB & B E|
BLRAFEICTHENTEDLEEZLND. UEDZ Ens, KEHEEBEOS Ly 9 BERC
WTHERAS D Bl & AERIC nop= const. 33 OV B — & D ILERBRSAE DS I C & 2 AR E .

VL EDZED GG BT IERER A % ”ﬁm&%w$£%®%%i ~EA L7256 o fl %
PIFORT. IdEsERE, HEMA SRS B2 E, FRSES 10° Pa, ASEESEE 10 rpm, AT
V2 I Nm, BFIRE-10/+50°C) (&%t LC, MHATH% CRBSE S, AW L7 #EIRICE L,
AT AR &R E OfE 4 — 8 (B 20, ADEEEE 50 rpm, BIEIRE+10/4100°C) &
T ). ZO%ED e EIE 0.6~23 rpmPas & 72 0, Fig.7-2 7° 5 WG RZMGILIE S, WG/FS
BRI, £ L CFS/CSIFRA £ ITRGTNEESIC S TN D 2 L0915, £72, RS
ERVARNE TE R Il
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(O:0N'm, CW, A:0Nm, CCW, O: 13 N-m, CW, /A: 13 N-m, CCW

(Non-contact) 50

(Non-contact) 50 ,
o 45 454
@40 o 40
Q> 35 & > 35
& E 30 S E 30
a8 2 5y a5l
g2 20 =2 20
S g s Hl L g S 15
(Contact) ¢ HHEMEREL., .- T | (Contact) 1 —st e i
0.1 1 10 1 100 1000 0.1 1 10 100 1000
(Input rotational speed, rpm)x (Input rotational speed, rpm)x
(viscosity of base oil, Pa's) (viscosity of base oil, Pa‘s)
(a) WG bearing (b) WG/ES

(Non-contact) 50+
45 BL L
404—-
35
30
25 i
204——-
15 :
10

BL: boundary lubrication
ML: mixed lubrication
HL: hydrodynamic lubrication

voltage, mV

FS/CS average

; sl
(Contact) g+—&- sgeeil PSS PETE
0.1 11 10 100 1000
(Input rotational speed, rpm)x
(viscosity of base oil, Pa‘s)

(¢) FS/CS

Fig.7-2 In-vacuum lubricating conditions at various operating conditions
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7—3 ZEXm
7—1) HAREETS  EEFEE, 288 (1981)

7—2) NEETE, mIE—ES, e K, HERE, BT EX: FHAST U 78 L ONEEm
D K~T AR TR R, 47 BFEER A E A #ES (2003) 478-482.
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ARFFELE, WENEEEE O L 9 8 (WG NG, WG/ES, FS/CS) Oifiatis 2 gL,

FEH A EN M REIEE ORI BWTHREL 2> T A KREAH & B Lo BEZEF CoHFMET
(BEDROET) OFRINFER L, NERBEAEORHE TR LD THDL. BT, H
22 GG L DERRIERNF LW EHEE SN TV D WG/FS BIZIER L, £0OEBHE Lo Ly
5@%@%%% , GERNRAG X DB

ekt & L-Dik, FS 23 Iv 7oy MR TEONEBELRED 50 mm, BOELEDS 1/160 O E)
[ﬁﬁ%iﬁf‘%é WwiciE, AU EAKTER MAC &, 2zl Lo L7 28broAle L
77 =2 R\ EEE - EBRSA L LUL, FEARERE L T RHORE N iR E
&l U - AR AT O A S EERERFE 0~300 rpm, AfF FLZ 0~14Nm & L, EfEREF-10
~+80C & L7z,

AT CE LN FHICH EREERER AL TICENT 5.

WEN HAEE O% Ly ) B OMEREERE, FHKE)), AEEGHE, A hvr, @R

mﬁfbfﬁm¢é REHF T4 L ) BIERIZ B W CHIEN AL S LT, RE E i A
BIREEICH Y, ASEESEE ORI & & b BEMTIS RS T oM A2 R T, T—AILEY
ﬁﬁ%mﬁ%&#ﬁﬁFW7ﬂWMéﬂéﬁu,éb@9%%®ﬂ/\%17 LD EENC H%
L7=Z8 b&R U, $52 WG/FS L@ EESHE - SAafT v 7 ST & EEBO R THERIC
DIHES R ENT <7D,

EZEERR E B LT, WG/FS MBEARE D TXTD L 5B CHBAA S I <<,
G BIEAREIA ORE WVEE LUWDEIREE L 72 5. B2 T WG/FS BT T & ENITTEEAI Rfs &
NPRZRIEE 720, FBSM, DRREICRFETREABBREL 0D, TORR, KK Lk
2L C WG/FS BN < B AR E 720D, FS B# G AIZET LT WG £ & WS i Ol 8

DN, FS/CS DEAAVMIEO TN ESI ZEZ L, WG N & FS/CS BIOME bR L <72 5.
B Z2h O WG/FS OB, BN OB MENTENZ & s, Bfim CERR MR LT
WS EREBEFEL T 5.

BEZEEREE T I, BMEIRE, ANEEREE, Afr b2 TS WG/FS IR SE AR
L%, —J7, WG RAMRTCITIRE O & & HICEE S 1384 L, FS/CS BTV TIEHEIE
TR b IENEE ST <& - @I TIRWEME - AR TIC X 0 &R EMES3HmT 5.

ARFFECHES L T2 WG/FS R OIRATHE I E 7 /U, T & ERICHIEDA R ST 0 R,
EEIESEE G0 mpm UL TF) 0BT ARAEBERED I 2L —va i@ L TWnb. —F, HiE
ﬁki%&;%@%TWE£¢@%E%@ELKVT1,WM%%@?%&&K@LTIBMT
ISR S 3 ELS D L EBETAULERDD.

IWEN EE B O RIE, ANEEREE, A brs, BIREE, 785 UNT WG/FS O
FERRRE (YRR (CKET 5. gL, ADBREHEHE, BEOKT, Aff hrs o
RPN 5. £7-, Bl L7z WG/FS 725 WG WIS O FS/CS IO IREBIZ R E 4 5
ADHANZADILY, WAHAE VRN EL UREDHFE S EEL ST 5. WG/FS [ OBEERRED
MAC@fﬁWﬁMﬁ(mzﬁf)quﬁﬂim$ﬂ+ BEEE 2 0B, EEEL LI
ZIUSITVIRRE D BB E T e 2 LB RITE LR T T 5.
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H2E L RRATIXEBN I B LEE DO FEMEIEA N = A LIRE S BAR S, BERTIE, FSHEO S
U= 56 WG/FS F~OTIBAMSR S 72 0, WIS U T BEBRIRE L 7o - 721
RN FEPMMET LAEMIZED. —FREAP T, EFsEEO D & o 2 ici@#ishns &
I WG DI VIENDE UMz Em e b, B2 L g U CRIBICHMITEL 2 5.

WE) IR E DR Lo ) B OISR L REDEROR T A D =X 0% Tl2, FHAEEEH
P O R FH b & MERBR O 7Bk AR 2 RE L.

B2 TRAEMERTDIDIZ0E, WG/FS I HEZ R S8 CHERIE 4 B2, BEEG
BeMsEnnl EAEBETHL. ETHBFEOEFIC L39S LT, SEREEIC LS
WG/FS D@ WEEZCZ & Th D, WG/FS MIHIZ o — UV REA FF > ) F— AR T & F
WICIEVER 2R S8 2 2 &, IRIFIOBE I L 0 Ei8Hl 05 BB 2 1 E Xt 5 2 L as
Fons. LT, EHLOMKL LT, WG/FS RO BEMEAS 2D SE5-00 KK
TOEDL LIEIROE &, FSIZE BB ZEMAD-OOAM L7 ORIREZERE L.

BB A E ONERBRL, LUFD 2 2OFMEMESES Z LIck v EfTx AHENENH
L. 1 2R, EETOBELOY LY SEMREZRKESD (Air, GN,H) TlIf#ET5 2 LR T
RN, EMAGM L FRRENE B EE DD, HDVITIERABRE O R SE S %4 10 Pa
UTOBEREZE T2 THD. 2 DHIE, ASBEREE & BB HEE OB LA by %
FEMAGFGE —HESEL2ETHY, ZNIZLVEEREHREEOS Ly > Bios/BEmEl s %
M%F&ETH2 &R TE, ANBEREE O X 2RI OER S TX 5,
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HitE

ARERNE, AT RFE N EE R T H AU OMIST A TEGE N T A AT 9T BA J8 A o0 )i 4 R Be i 0
EEE LT, BEEO—ATHLMBEOE AR E LTI MATZHIER R TH D, KFFEE
HERFHEA KT BREBRIZOZHREOL L ED LN LD TH Y, R < BHv
mLEYT. E7, REBEBEEEORY FHNEOWTHE, &t~y s s FTAT - R
T LA BTN TEY, EJBILEL EIFET.
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8%
A—1. EXHRTOEGEEE—FIZDOWT

ZITIE, %6 ETR LI EZEREMmHIRERE I A EEE i E 2 M TEL, HFhd
E (BEHE 40 %L T) ETEBHERTZHEEOE L 9 BIOBERREICOVWTRT. o, &
BITEZER CITVY, (EBEIRMAIE Table 6-1 &[R— & Uiz, F72, FHMSIMRICITIEBIBIER OB
34T, U —R35MRTE R CBAREE L.

Figure A-1 [Z B ZE R ana P BRPAG > & 0 fif, Z L CREEH) b EMBE L TOREDRD
Tlezrd. RBREMESE (ADEREEL 3.8x10° rev.) ICEEDEO LT IR EAAR SN
23, 43x10° rev. TRIRIT 32 %E TIR T LEMICEGE L7 &ML=

Figure A-2 |[ZF sl WG SMEH & FS WA mOBEFERES, FigA-3 ICEE®KEZ=T.
AL D WG/FS L 9 BhEIIFHEFICHRNTEY, BLWIERETH o722 EBH15.

Figure A-4 [ZF il FS 4 & CS W OEEFERRER 7R3, RE OO PRI A AL
WRLBNADHLOD, WGFSHEHELTEHLLRWEE LS.

VI EOBERER?P G, ARV THEIEEEER L, WG/FS BOMEGICE V&R ES L
DEFEFEARAEC, FERAERRL ) bRWVERREE 2 EEDEMET L THEMBELE S
DERDND. 7, FRBRICE VGO HEEFEEOHFS (AN EAEESE 4.3%10° rev.)

13, A2 THE LT WG/FS HD 27 ) — X038 U S 7z 8N X 0 @i OEBIRE & bhi L T8 <
ol REERH D.

Disassembly  End of lifetime

100
o0
&0
FO yromrdoden ke
604 a "
50 -
A0 e e e .. e, . 0., . i ., ... . ... .../ s iy, ool
30
20 . Lifetime criterion
10 ¢ I
1] i i —
0 1000000 2000000 3000000 4000000

Input number of revolutions, rev.

Transmission efficiency, %

Fig.A-1 Change in transmission efficiency calculated by maximum input torque at in-vacuum lifetime test
(input rotational speed 100 rpm, load torque 14 N-m)
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Output side Input side Output side Input side
*—— > +— g

|——|1mm

(a) WG outside surface

QOutput side Input side Output side Input side
— —_— «— —»

(b) FS inside surface

Fig.A-2 Photographs of WG/FS interface after in-vacuum lifetime test
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éMeasured surface

Measured surface

—: before, —:after I, —: after II

l Output side Input sidel

Open endl
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fbﬂ 20
i
l
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=30

-50
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(a) WG outside surface

4 6 2 10
Axial position, mm

(b) FS inside surface

Fig.A-3 Surface roughness profiles before and after in-vacuum lifetime test
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Output side Input side Output side Input side
4+ —— — —>

{1 mm

(a) FS external teeth

Output side Input side Output side Input side
+— —_—> +— e

Imm 2mm

(b) CS internal teeth

Fig.A-4 Photographs of FS and CS teeth surfaces after in-vacuum lifetime test
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A—2. RERTOWGRSMGRDEREBBHBIZONT

Heh i T, Fig6-8 (a) 1R L7z X 9 1c WG WAMRRT LR G A & 15 50
HIREE~BR Lz, ZoOFRREE LT, OWG/FS B CRAE LIZEEH N 7 ) — 2 L LI WG N4k
i ~EA L@ BEMA NS¢ 2 b, @FNE CIRATHIBIRIBIC S - 72 F & WAMG O T %
A UT- R AR O HEH SN < e DV ERAZHINS Y28, ©2 AREZLN, #Hic@

WER LTI 2R L 7 oAl R m ot 217 - 7.

FY, Table A-1 (R T A7 0 L AGHOMAL (L . AT L RAT —X 7w 7)) 735, FS DFE
FER DSEEITIZ WG PIAMRIFI~TRA L7202 <7 WG NS, EITIENI & Cu BT AEE
FNTHRWD, FSIZIZZN G0 2~5 BREGENRTWDIONRSGMNE. bbb, FHamlak
D WG ERMED Ni & Cu DR SN, FS OEEFEMAHA L= AlREMEN E W e =2 2.5,

Table A-2 [ FMaRBRETZ IR 5 WG EF A & FS WEE O EESHFE R4 =9, RO WG
EFmH D Ni & Cu OB S A, FS ORI HEAN LI REMEN ST E BT,

foev T Fig.A-5 12, BBRETRIZHI1T 2 WG ERE O SEM 44 ~1. #BE O EREIZIT, um
LITORUNR ey SPVEEITHFIET D 2 ENahnd. 2k, BRI WG/ES 817 & BEEER 3
MALTDIZE LT B2 o0, FRHFICGRBEML Q2 2R LTV A.

Ao X Hlz, AR CIL WG/FS I CHEUZERBL N 7 ) — 212X T WG WAV ~EIT

I, TOEBINBICEREL LA TSN D, CoREE R T 7-HIZiE, WG/FS Mo
7V = 2BABEEL T, 7 ) — A0 WG IR ~TA LWL 2 R TREMTLERH D,
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Table A-1 Composition of stainless steel used for SWG

Material | C Si Mn P S Ni Cr Mo Cu N

WG 095 ~ | <1.00 <1.00 <0.040 | <0.030 | <0.60 16.00 ~ | <0.75

(SUS440C) | 1.20 18.00

FS <0.07 <1.00 <1.00 <0.040 | <0.030 | 35~55 [ 140 ~ 2.5~4.5

(15-5PH) 15.5

Cs <0.07 <1.00 <1.00 <0.040 | <0.030 | 3.00 ~ | 1500 ~ 3.00 ~

(SUS630) 5.00 17.50 5.00

Table A-2 Result of qualitative analysis

Element WG ball (before) WG ball (after) FS (before) FS (after)
Cr 16.23 % 18.86 % 14.78 % 15.80 %
Fe 83.28 % 75.45 % 76.46 % 76.70 %
Ni 0.49 % 3.18 % 4.71 % 4.12 %
Cu 0.00 % 2.51 % 4.04 % 338%

(a) Before test

(b) After test

Fig.A-5 SEM images of WG ball surface before and after in-vacuum lifetime test
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