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Abstract

The normal harmonic drive does not meet the installation space demand in the
practical application of the humanoid robot, so short flexspline harmonic drive is
introduced in order to maintain the performance of the reducer. Compared to the normal
harmonic drive short flexspline harmonic drive’s structure is more compact, lighter in
weight. Not only in the humanoid robot, in other areas there is an increasing demand.
But there is big gap between the domestic product and the imported one due to the
problem of design and manufacture.

Teeth profile of flexspline was determined, on the basis of pitch line method, the
conjugate profile of flexspline was calculated. According to the characteristic of the
short flexspline which is when wave generator assembled in the flexspline, the
flexspline has a larger tilt angle causing meshing area between flexspline and circular
spline declining, so using two-arc flexspline tooth profile as the flexspline’s tooth
profile and the circular spline with a certain angle was introduced.

A harmonic drive finite-element model for type size 50 with short flexspline with
contact pairs including flexible bear of wave generator was proposed. Equivalent stress,
deformation, contact stress and area of contact were studied. The design method that
circular spine with tilt angle proved effect by the result of FEA. The meshing
performance of the short flexspline with the circular spline of angle of 0.2<increases by
35% in the contact area.

On the basis of the type 50, the 1/4 short flexspline and circular spline were
designed and manufactured using the chosen angle 0.2° by WEDM-LS. The processes
of manufacturing were given in details. The prototype was successfully made.

According to the transmission stiffness is mainly determined by the size of the
meshing area, the prototype was tested in the transmission stiffness and hysteresis
experiments compared to the normal one. The result shows that short flexspline with the
circular spline of angle of 0.2<has a 39% larger transmission stiffness which means it
has larger contact area between teeth indirectly. Finally using the two harmonic drives
with normal teeth and tilt teeth in the transmission stiffness experiment, 2 DOF robot
arm has been made.

Keywords: harmonic transmission; short flexspline; conjugate profile; finite element
simulation; transmission stiffness
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LU, RSO 2N, R4 E AU, AR R A it 2k RS B ML R
SOxH L A A 1) 8 A7 BEE

2.3.1 ZR S ERLZLTRE

BN R R g T e R W IR, A Walt Musser fit
KA EZ KT, iUﬁﬁ?F%%*b v SRR IH)R B . XUEGRA . Bezier H
LS AT DA SARE NI o B CIA T ) SSUE AR A oK 1 3 G A ik
@%L%ﬁﬂo%ﬁ%u%ﬁ%ﬁ%ﬁ%ﬁﬁ%&ﬁ%l%ﬁ,#H%%T
B U ) A 1) . 1989 i H AR S.Ishikawa & B IR S 145 T8 S T 28 145 T
FERFFHUMBCRE AR KT, RN & LB w7 — %, M 15% 4T+ 3]
300N, U IR R B S Wi, HABRAD TR Z T . B4
WIE N H TR AR AL 2, ReA R msh & TERE, H ATBOA N2 — B
3 1 T L 10 o AR SO e 1A SR A B A L AN S B L 3 BE B e A AR

-9-



e 7R LR 2 L2 e 2 A 18 3

e G A R I XUR A T Dy dtE S SR e 5 MRS B8 07 A T30 14 TITAR R T EL 4k
B, HBR KK 2-2 fros. #ZSHEWME 2-1 Pros.

I

A

?E /i?gxi%rfﬁ?*h
@ﬂ\i

K2-2 e 0 IR B
Fig.2-2 Double-arc teeth profile
SRR e A UK B fh 27 R N

E

b S B
R, =(p, cos(e) —1,)i+(p, sin(a))] (2-2)

15 KA R -
R, =(l; — p; cos(a,))i+ (po; sin(a,) +b; )] (2-3)

R 2-1 R INSUCR

Table 3-1 Computation sheet of the flexspline tooth parameters

(RAFH#Ar: mm)
ZH Bl
M 0.25
h, 0.2250
h, 0.3030
La 0.2701
Ps 0.5145
I, 0.0982
I 0.0671
h, 0.1900
b, 0.0671

2.3.2 BLEIEK BRI BRI E AR
H T3 Ok fe k5 R O S, BN — S A 1R R R I A K A R
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BEATIE 2 ) T AL

(1) Fherp ety ihn th 22240, EARKRFFAZ,

(2)  ZREeHE R i e it £ phr 8 28 4% 1) TR Tl 7 (10 5 JBT 4 R E

(3) fEIR PR 4% TAFERE b, S5 58 1A A0 W RE 1) 38 14 IR T ARAS e A2
AL

(4) FRAK, HrARRER SRS TR, B8R ERR
2L 1) 55 B G

(5) e B A A% 58 4 WY .

(6) FKieATIFMERES, REZRRMNAF AT, MRk
I WA K AEAR T o

2.3.3 BLEE R K AR NI AL ik BR

55 HAh 15 6 A% B B WG A BRI A, 1AL Bl B WA A RIS 0 0 R SRR I
SRR A T o SR AR e 1 AN AR e 1A MG S IR RS I . SRS I AR TR AE HE i AR 2
DA 2R (A8 T il 2R R R R 1Y), IX Sk it 2R g ARV SR dh il 6 o SR UL 2%k

BSR40 1) L5 f”Eﬁ;kEﬁzeﬂEﬁéi“HﬁﬁﬁE£§£ﬂ>$§4hﬁjﬂ AR N IS
B — oy, B AAE B2 BR SRR R ILHE R Y « BRI ARl 3 R0 R,
ﬁﬂu%ﬁi%?umﬁﬁ%ﬂ,ﬁﬁﬁﬁ@%&ﬁ@TH@*%E ik
—FE, SRR AR R SR R

IRPEAR B, A AR MR R Fe L B i — M7 . B NS
i, Bk R AESREE, FEeENTAN, WG SO, B8R 28 1 %
N

S,

5F
okF
=3

i—_ %o (2-4)
Z

WHE 2-5 Pronttts & o ={o,x, I K A FAMIEIF MR EBIr R, by
A %,04, Yy} M{x,0,,y, Y7 il RIAIRE A S5 REAE — S . FEVIIRIT 21, =4
HERR BRI A RR B R B Ay, BATRRE G R RO R A, y, AR R R TR
RIXTAREEE o B o, SRIFE R AE B4, JRalo LTI HZ E. 2
5{x.,0,,y, YHER T UE I 2k T #35 Ban th 212 2, 46 2 s it 46 o il
LR, KX A LR AL R RIS A bR AR, 2 b 2 B0 0 4 2 RV D I 19 A
.
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2 Yo
Y

K 2-3 1A% B R B A R B
Fig.2-3 Teeth kinematics of flexspline in harmonic drive
FERFEAAR R { X0,y Y, FRECHIWN BRI S HO5 R AT LLR IR N

X, =X@{) vy =V () (2-5)
FERREHL o I, FRIGIEE PR AESRMMESI NI ZE), NS, F
RN IS B R — NI A AR # R P S AN SR A N S I B B B &

o AN 2-3 o, FRECAARR R B NIEE AL AR AR AR B FE M, T LSRR Y -

cosg, Sing, psiny
M, =|-sing, cos¢, pcosy (2-6)
0 0 1

Ref g ——Y, 5y, 2T S
p— 5 byl 2 B
y——g, 5 g, IS 2

T 7 5 4 5 7 P4 A B R o T 9

Xgr cosg, Sing, psiny) (X
Yo |=| —SIN@, cOS@, pcCOSY ||, (2-7)
1 0 0 1 1

Je ot EA3

Xy =X, COS@y, + Y, SiNg, + psiny (2-8)
ygr = Xr Sin (012 + yr cos ¢12 +,0COS]/

MR AL RS, WAL A A T B 9 £E I8 AR b 2 T SR FE 8 1A i £ Ik 1Y) (. 4%
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2, [ MRS 1A T B R L AL -

aXgl’ . aygr _ axgr . 8ygr
ot oOp Op Ot
AV

=0

2-4 RIZ R 2k

Fig.2-4 Cosine-cam curve

xR A A AR O AR sz e A, Gl 2-4 For

T LR WA, WS B R 2 B DI A R R G

N5 RE A LS
Pp) =1, +W(e)
X ple) — 4 i 26 il 117
N — 5 R AR T 47
W(p) —— 517 AL S 5
o ——FH AL v s A
Hp, MIERZLEEAENX, HE
W(gp) = W, cos(2¢)
N R VAL N A LIL VA -

(2-9)

o PRMECE Bk A

HAEHR A8 PR R
(2-10)
(2-1D

e 2-5 s, MRPESREE T ERA R AT LSRG R m g, V)
A fL A Sk . RARTRFRE HE F2 T ab R R AESERH TR, 3k
P ab’e HERERA A P B e . 58, @i ab #3h

Flabh”, Lo KEWHEEN.
a"b"-ab=(r, +w)dp—-r dp=wde

(2-12)

%, YRt R &SR] ab’, KL u K EEENL T

A i U 1) B2 A% 22
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ab—a"b"=(v+dv)—-v=dv

(2-13)

H A AR SR, ROT IR RIZ AN R AR,

wdp+dv=0
132 7 A2 m AL Y] [ AL Z T8 IR 5K &R .
ARG TUAT R AE 2 R, Y R U R R N

u =arctan (B)

V+dv
b’ b
v PR i
-~
P
7
7
Ve
a
2 B
=
2 Y
b
a
r
do

Kl 2-5 i A el B
Fig.2-5 Principle of central line
Wi R 25 AR AT SR A AN A B (B BT LA B A2 1 2 %
P RiE .
W =W, Cos(2¢)
v =-0.5w, sin(2¢)
u=15w,sin(2p)/r,
K @RI RV i e £ 5
v——RB YRR
BRI B A
R K R (2-4), FLATEE

SR FE AR BB AT

-14 -

(2-14)

(2-15)

- VIAALE . ki

(2-16)
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W& IR V5 TMb oK 2 T 50 24 A 18 ST

%¢=Lf4pﬁu¥d% (2-18)

FEHE PRI 200 = B I, BB i, e
o =p+Vvir, (2-19)

2, A (2-9) THFEREERHAR TN ERRER, HITAER
ZHHA TN A (2-9), 13 3BT )5 B 2 05 A28 A S A R AN
HH 37 HE T SRR i 1l 2 77 R P AR T 0 SR EBCHSEL AA2 SR A i 23 7 o B HIAL
(I Elﬁw /Ez%z:bxesd K, % T X AL 3 o A E 5[0, 180° ]Elﬁﬁaf”
BIAr. EaHEMAENEE, FUOERN—MEE, BREHLE
&ﬁ%@%%wgo@2@%MA&A&*%%?wEmﬁ@o
v

'

st s

'

MAFRUTE

v

PEATFEIR
=0

3
>
A 4

SRR 7778

p=¢+Ap i
WA T — A

A

A
BRI R
E20
TrERER

2-6 FLHE N JF R MR P AR K
Fig.2-6 Program flow chart for conjugate profile solving

B RIER I 2-7 fron, HEZIRERNURLH MK, —FE
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W& IR V5 TMb oK 2 T 50 24 A 18 ST

SMELERER, AR NS . IRAE R AR, IR 1 3L B0 A B 2 A R 45 26
I T N R L. AW A IR P I 2-7 Ca) P
s SRR NI A BR AR PR AE RS P AL B W 2-7 (b)) Frow. fEiRE
FCVF VG Bl PR e 8 1A A b 22 T EAT L S R BURE 2R th 28, PRV RIEE 1
HARILPEN B . BRI A REERMN A ERRK A RRMma R, HER
B RVEUI 2, AT A B0RS fr FEAR v i) S8 A7 50 B

a) R ELLL b MIl%E L HE U 3 T 5 R
a) Envelope curve of flexspline b> Conjugate profile of circular

2-7 BRI SR W 3L HE 4 5

Fig.2-7 Conjugate profile of circular using method of envelope curve
2.4 FERE ISR AN 5 IEE L HIE R & shhis & 45 S BV EL 3

T JBC Bl T % (R0 e A A W AR B LSRR I AR K, BT DL R AR AR AN
TR JE AE TR T 1 SR B R H e A AL AR R BRI R B AR I o SREEHSAETT
S R A A I B AL R K R AR, SR SRR R A RS AR AN R AR AR,
Pt CAAE I 11 S 5 5 A2 o ik R SR AR 1) W . S TR, SRAR I T IR B4
KANFFBA REZRMBE AFRADN—DRAE, el Rk 2 W E RN
TR AEAE B 2 45 b R0 R At PR3 2 3 A 1) B A ) P9 — A B R A AL
WAl 2-8 Fro, T R TR SR U IR U A il 7 B b B L AR LA A
BRI 2, X BT AP AR R E A RIS 0T, KRB RSN
TREC e, R T SR W I A A 1) SR A 1) A B TR PN BT A TR, AE I
RN O, ZRT 6,, IR A E RN IIAE - XA Bl S5l 17 K
JEE PRI U/ T A K o L SR AR il i P R U AR A S 95 1) AT IR S
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2-8 Ji fA] R He 5 1L W SR A0 B A Al Ak 5K A K/ x EE
Fig.2-8 Comparison of angle between short flexspline and normal flexspline

[Fy, il 2-9 fron, BT RERRR6MH 6t o, K, FRE K 5N
B8 U B G 32 B AR OR SRS M —— SRR O R O I R BN R, ERAR [ I G S
T BEANAL, (A BEXT A A SR 5 WIRS #8 1A A W 5 T AR KR T B, (85
L 1] SR B P JBOE A N 5 R R, KERE ST AL SN B 2 PR AR
AIUAE VR R A% R MG A RS AR 2, ERAR T A R W A B
R TR] (R G B T AR I AN Ko A i U8 U B 4% A A 5 2 E AN B 5 7 5 & R I
WS RO, I8 % R e 1 1A M S 1 T AR

a) R 5 KK A b) 1EH FE Nk A
a) big angle of short flexspline b) small angle of normal flexspline

2-9 FH 1 SR HE 5 IR W SR K A1 KN R G 5 T AR SR ) L 1R
Fig.2-9 Comparison of angle between short flexspline and normal flexspline
Pa kDR A 1 1 BOROE A MG A i AR, B S XS MR R AT B .
i 2-10 frow, WIRS 45 R AR W HoAT — g il A O 3, T TG 5 I SR 8 5
8 e 1 TA) B G B T AR 32 B SRR 5K A R 2 AR AT LUV, O WIVRS 8 1A R
A7 AU A L ] SR U R G 25 B8 B 1 SR EE Sk A BT R RS, BT AAH
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BT W A2 I e AT ) R e SR R R A, HOHs FL A B KA 8 AT 1] 432 fik
R, MNITAE AT B — E U A L 15 SR 8 1 B ol o 285 1) 7K 8K E 70 A A% 2 1) 52 2
(CEUE I

2-10 FAT — E M A 1A I FE 1A k15 1 0

Fig.2-10 Engagement of circular spline with certain angle

2.5 REING

AN B AE 45 58 R B N R R SR A 5 FL R BT IS A 5. AT
2390 3R A IR0 R 1) S5 AE TR AN e R D B AR 0 U A A A R 4
FHRRAIVME G H 2k, MRHE 0 AVE IS SORMRAR R WA BT . B e X 4
& SR ACE P AL B A MG S R PEEAT 120 M, AR 3 L 1] SR D Dy T 1) RS SRR
EE A 385 I A% 20 o SR Bl 1) RS 2/MIR 2, b 3 SR R AR sk BE R, P
SN FIHER, (R R A 22 A] R S PR RE R 2 PR R, SR T IR A A
HAT — % U BB 5 ik
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EI3TF EAEMMNERRRIERENBRTSH

3.153|8

A PRI SR P AL S E ET7vE . R T RN RS,
FAR I 5 P 52 2 B9 L7 73 A7 8 % A B T 0 ik M s is ik . (HE AR B 1
SRR T 2R, e BIOHEABIM SR IE AR . s
Wi A5 B (I B AN IR SR, N RE T (1 B N e IR T EL D5 iR R G L AR
e A A PR IT 0 1K U5 ik AT DAAT ) £ A I TR) P9 B A HE A 1) SRk A BT
HIIERA 5 . A B0 S AR PR A 3 SRk Sl AR A2 A 1) B 08 A 2 i x5
R A SR A B S A IR AL, X b — B iR A B — E 1A A K
Rty RIEAT A RO oA, BB NIRS B U7 IR e A AR — e
M5 A AT ) 6 A 1) G B, B I 3R B I M e A 1A A A 2 S RE A
RECHE UG 5 IR e A7 18] ) e & ] BRI K

3.2 FERERRIS KA B R TIRB A2

7 X 308 I U o % kAT A B T 00 L (AR R AR 7 o R B %, AR SO
fii 1 ANSYS13.0 Workbench 347 #H B B0t o xf T+ 18 A% 2 145 R oo 20 A L ik
AR KA 08T, FIFH ANSYS 42 il 43 1 Th B8 R AR L & A 2% ) R 5t i
B ) 5 o 4 B R SRR A U S IR Re Ui 2 R MG & . BT B R U S RIER RS O
2 V) P B ol 2 AR fch TR R B 5 5 i 15 32 60 8 U0 DR 2% Y AR B BE 1, T LA
1 A0 G 1 1) ) 4 ful T AR R FE R I, T A RO AN G F R AR T 5 A AR
NoFitEil. A4, BARNIE AR LM L R R H A K, HREIAGELE
FaE ST AT B AR R I A G 0 S 8 0 2 A 43 A AR S 58 A M A WK AL B, R
THAETAERIE EARZE T, MDA AR A AT . RS, RO
WAL B R A 28 VS AR R LA PR TR, WO AR A B R R
PR AR AT SR AR, T AN R B O AR A T A R D o A R A (R g AT
IR o DRONAEVE B RO 2% S bR ) TAE L R, Rt SATEH Thak
AT, IR B R AT AR J KN, HOR B T A

3.3 RIFLIERENREMEIL S MEX 2
AR SO R I | WK A A K T PR (1 S 7E Solidworks TS
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LRSI N B 2 T i VAT

W 25 BB TH I R AR UG R0 A R AT IS MATLAB SR A 00 W14 S 4 il 48 5 it
Solidworks H1 {42 b5 4 A i 25 D) 583\ Solidworks s 4 #6145 5 NIl 48 46 th
WG BEATRE T AR . 72 ST SRR Y I VE S e B B v P i, KRR AE ST R T
(DRI E NN N DN T RO ol K< v B TR E D VA= R N e
Fo b R B A S SRR R A SRR T 1, HREAAE A ANSYS ZE4T il /)
Brie, ANSYS & H sl #E AT i Kk A A 15 SR e 18] 1 SRR O 0 31 o R R A A 1Y SR P i
RGN RIS 5 D9 T SR SRR AR A AR AR O R B £, TR BRI A il K P Pl A A
Bl 2 [8) [1%) R T AR 4 40 0 2 B 0 A o R A PR T 23 BT SR A R IR A, FE
Solidworks F £ 7 [ R e A AR R BEAT 1 E BER faltk,  WIFE AN SR AR AR T 2 B
134 452 AL S il 7R DR 355 R 25 o I AR N 1] 3-1 o o

a) KA IE b) #5741
a) Front of model b) Back of model
3-1 ¥ UB Y A A A Y
Fig.3-1 The model of harmonic drive in Solidworks

HVERFE I AR DY 30CrMnSIA,  H SR PERL & i B Y 206GPa, H A L fE B
By 03. HAIENIRHIA KLy 45 580, Fop i i &y 210GPa, JHA A
BB Y 0.310 H T EE0 56 M8 32 ol T AR BEAT T2, SR8 H0 U A0 MR e 14 HY
A% I 12 T e RE 5, TR AE B O A o T ) AR 35 )5 T AL B TR A 1Y
BT SRR R0 1A 1 8 A0 1A 1) B0 R A i AR o B DIOR 20 B SEAR ) O 2%, K %8
BB H oK. L Mapped face B RS &I 7 5 R SR 5 NI B 05 R TR AT
REXI 73 BRI IF B &) 70 A B A% o 4 iS4 3 ) SRR 3 N ANSY'S
e ) RS I o 25 R ] 3-2 Fr .
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S

a) I A1 SR 5 1) 8 1A RS &l 2 b) SR e 2 1 1) 19X 4%

a) The mesh model of flexspline and circular b) The mesh surface of flexspline
spline

K 4-2 5 AN NS K RS &l 2y

Fig.4-2 The mesh model of flexspline and circular spline
AN ] 4-3 JT 7 S R R BR 5 P B VR AR A ) R A o 1 A7 B R A N A B
TR BR 00 G Ath 35 43 (1) DX A% TR 5 48 . YRR IR BIRE i AL () Contact Size A
0.1mm. Z& M 5 7& P JB AT AR B ) mesh size BN 0.12mm, SR Sl R R BR % B
J9.0.6mm, Ze K A R AN A B S sweep 1 A% Kl 03 T7 ik

B 4-3 A%k 7K A 19X A )

Fig.4-3 The mesh model of bearing of wave generator
3.4 EREMIMMERERRIERENERTSMEE
3.4.1 #EMBITHE X SEMI I E L

£ Workbench g iFHefl 5, 2 B3k AR A& MM R T, X3
ARG H s NS O A S B SR B 6 SOLID186 5 SOLID187 Hiyt, #filixt
F RN & CONTACTL74 T, NI %& 22 1 1 2 1 /2 TARGET170 H.75,
BT 2 i 3 T 3) ¥ B O R Ak — 044, T — I 4 i

W 4-4 FroR, WP s a8 AT IS T i R E ST E, N T
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PRI A% =TT AF PN T Ak, NS ST AT 45 i X
(1) PR A 38 A1 3 T AN S il 7 Py L 3 T 32 ik ke
(20 SRkl 7 PAY ol R SR e 7 R A ) (1 43¢ fi ot
(3D SR Al A VR B AN S il 7 A1 P M) P 4% fid 0
(4) Ak 7K A1 Pl 55 S 5 Py B 1) ) 432 Ak ox
(5) MIE e AT AT T AT S 6 8 A7 AT T[] F) 42 fish ot

A-4 WS -Z2 50 1 THI B fir )
Fig.4-4 The Contact pairs between flexspline and circular spline

SR AR SCAE VU R 2 807 B A R ION 1 SR I B R AR R, (E T 1
AR e, XS SRR AR AR R AT 1R i E . T RS T, AR
o PR HER IR AN S AR BN, T ] 2 AE R N B L X5 SR P R BR
W ORFF ZEBR A AE — AN [ A7 B ACAH SR, BT ARG (1) (20 I E NPt E
(Bonded), #Efiliit B 7k E NZ HARE (MPC). ¥ Bk A 244 Bl 7k 41 Fel
SR R A U T R R R Ak, FERRONT (3D B N BE R (Frictional), JFEHE R
#0.08, it 57 N E ST R H0E (Pure Penalty), 1 7R Bk 5 il & 41 1
[FEE B, R AL CInterface Treatment) i & A i % 248t (Adjust to Touch),
o VR BT T R T, T SR R R A P BR T o SRR P BE R S Ak el K A B ey
AR I BE AR A i, AT (4D WEONPEEEEAL, PEEEE R4 0.08. HT
TNl AR A ) 5 S e 1A SEAR T 7 AR B A o0 b SR 2 T o R A
L, P LR AL FE % B O w2 & (Add offset), fmfé 2 & E N 0. HHxE
& N BE T R A, SRR AR AN Dy A bR, A R RO Al T B D5 R T e i e
% B H % CAugmented Lagrange ), F5 42 fidt I 52 1 95 B 1 1 T 30 42 il ( ManualD,
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WIFEAE 1 E A 0.01. WIFCHE UG 5 ZR5e 0 o6 () 4 filont (5) o oy BE S 4 ik, JEE
RPN E N 0.12, [FRER FH 0o 1 % B B vk, 12 fl T Ak 2 0% B RN w2 i
WA RN 0, HEflNIFE FRIFE R B 9 Fahdah], WIEEER A 0.01. i G A
Pefuhimn, WIASHC UGN B AR . 783 B Z it iy, B TRIFR G55 RN
(2 oot BOR =, FRR SO AE AT DL B G E 1) 30%~40%,  7E AN a2 vHE A )
Mk 5 0T B I 75 22 22 3 — e 1 o W B ek o 7EARCSCH, DR ARIIE T 1S B 1
T AR RE 1S B HER I 25 B, W BT 50 50 U0 15 THI RN WIS %6 U 145 T & B e Xt
IX7E Workbench ' GUI #4F Eb & B, @4 F 22 v 2 (Run Macros) H 1)
Selectbysize T 7] AR 25 5y 1) <2 I 12 T 422 fik 1 1%

3.42 KRR ESHETENX

I X 77792 SR A 4 i ) RAT S5 e — A EE ) R, B A ) A ) A (R T R AR
A, BRI AE ANSYS HZ il 7 A B Bk BUR 2, F o6k 2 A () — 26 o] @ik
T8 .

(1D 42 finh T 750 P 52 B DR ) — A DRI 3R 30 2 v m) e I S i B, XM
2 — A 0.01~10 2 A B — AN 40, BUE BN, EAOBE S U s, (B2 TR
SHIBE SR, SR RUEREILSE LR, X ME MR L . — A DL it
N R KA T ) BB B — AR AE 0.01~10 2 [A] o 453 — AN 3 B A4 fidt ) J2F 3= 3
R R . g0 — MEMRIE, W H 2 Ssh, HURSUNM S & H 2%
FAAE o A AR B IGO0 hn R i I AL, L 381 e S P 485 2R
e — NN E N .

(2) §99REIE T (Weak Springs) ZINAEHT I E, BIRFTHFEZ NN
MR 3 A rp ok, (H2 BT o s NI AR /DN, A2 W0 DO AR ) e
] CLYE BRRIARAL RS . MR B elste 7 USesi it o 59 3 3 4 A S A 24 T 208 1 N
FERE R R e e R I HUE, AR A 5 0 A B AR R A S AR R . (H R R
A B S RE WALE SR, R B A R

(3) TEIEARI R Bt o B AR S R ARk, SEURSEE S T8, ¥
A —F7 A% (Newton-Raphson) & 1% &y full.

(4) I& 43 vk AR H A B T #Efiln) e s, —ANE BRIIEARIX
Hr— M AE 20 F 50 2 1A

(5) i e R R IR 8] 3 5 3 3500 35 AR RS E 1Y 1) JET S 2k 1 48 2R vk 1
(Line Search). [AJMf IS [A]2 OAREIE 4G, 73 WIXE LR R & M 20, Friltt
BT RE B IME R TT IS BB R 2 (Auto Time Stepping ).
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W SR Tl R 2 T2 26 1 ST

(6) WM LG T KBRS, BASMERRETE, HK
THEm R, HARS SRR, )8 K2 E (Large Deflection).

AR o i B B 5 4 R A A

(1) PR A AR [« oAU I ol Tk 25 1) S B AR O, 290K 1 [l
MR AR ALAE, KHZ W (Remote displacement) R R $I{E Z A 67255 .

(2) W% A TH [« 8P s 28 1 TAERSE LT, WI%S [ 2 78 80E 2% 5%
b, WA RENIR SN R T A B, KA EZ R (Fixed Support).

(3) MG RFEH: B AhiE s IRk 2 SRR e —
i, WO AR S BRI SE AR AR TR T 2k o ik Workbench BT DLE 2 LE 1
WA R . TR B Y Ay 2 — AL, VR 0L 1) K /N A2 A E e A
Wy —, N 7Nm.

3.5 MRIREIERENERITITELE R

IR S, IEM LR R . R RIS B AL S A REIEH AR
Ry fe BB A o AR IR A Bt b, 3l I W TSR A A9 R 7 23 A 1 DL AN A i
(B (10342 firh 52 77 R 1 e AL sh i iH iR S %

3.5.1 IR NEELRHMANMEELST

FE NIVES 30 U5 Jo A B IS 0T, BIDIE R B0 R R S e 1 U el e s 1 B 5 A
W= B K 4-5 frs

H S 12 BT, SR A5 008 0 S5 KA H B SR8 6 1A £ 14 AR 4,
XA 5 ¥ AL B 7 S s AR R H B R AR 9 55 R A0 S B0 e U U AR 8 o AH 1°F
Ho ARG, FEUTFE R — (0 1) 145 AR 8 1 &8 RN ST BER

M = B A A, RBAR AWK ESAHERILFEER T, &A%
TV Ak H B AE B R AR 2 ) A o B

TEP R AR BNF G RN I S50, W& 4-6 . AILLE B, R
RAEBBENTIIG . 0T LUE BN FE 15 5 F2 5050 04 75 5 R AR 48 1 b B T ik &
LR G, FHRA BB R ZE RO, U 7 R o 43 A I 0 2 i 2
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Table 4-1 Computation sheet of the flexspline structure parameters
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T AR EE R 51 (0.5~0.7) § 0.4
e JE B JE 3, (0.5~0.7) ¢ 0.5
B4 A I ik O R A R AR R, (10~20)m 4
B4 g i ok U T A R AR R, (10~20)m 3
e JEC e Y I A AR Rs (4-10) 6 2
] i I 2% B JE t (3-4) 6, 3
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Table 4-2 Mechanical property and heat treatment regime of flexsplines
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Table 4-3 Mechanical property and heat treatment regime of circular spline
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Fig.4-9 1/4 short flexspline harmonic drive

4.5 35 & SR AL 1E BORIR 2R FF AL 45 44

REe WIEE . PR A a8 VS PROE B =0, Al DUARHE S b /5 22 8] %€ A ]
3 TG A SR 2 AN [7] (8 A% Bl 75 3R o AN 3C LA 30 Dot 8 1247 P RE Ul 0 B A i it
FARLEIFERL o SR I S5 A T 2078 WIS [ 5, S N\ s o 5 R 2R 4 A 2
N B LB PR A Sl 1 A2 50 ) FH )R R i i 44 P R [ 2 o M1 1 R AE SE A
IR0 T MR SOZE B R R o i N el R i R ) il R R R P R 7 R
A R A R A SE R RO R BEAT S, P R e R AT S A ROk K T
i 7 i e A N 5 i s 110 U B R RS R 1) RS BEAT R B o BEMLAE R T AR
BEAT IR o fcJm 45 21 1 e ds FERL A H A 1 4-10 (a) P & 4-10 (b)
e U U U T 2 A AL ) S 2 T

IEA =

it

i L4 3 .

a) PR AR AR = 4 K b) 1B IR 2 S
a) prototype of harmonic drive in 3D b) real harmonic drive photo
Bl 4-10 18 300 & FE AL = 4 B R 3 O RE AL
Fig.4-10 Prototype of harmonic drive

-37-



e 7R LR 2 L2 e 2 A 18 3

4.6 KRB

AL R S U e A BT KB = AT PR T B2k A B, B
50 HLALNJE LI TT T R KAT LN 14 1R T J60 5 SR 40 W8 B AL 3l 1 R A A
Fe i BAT e Ml M RIEe, e 7 HOW N RN T2, B 40 T A R )
Beoohr, BT R

-38-



e 7R LR 2 L2 e 2 A 18 3

SE5E 7[RI 1E K BUE 35 BY & BN A S 10 i

515|5

MRIE S B = EAARoo i KA R, 3N N B A e bl
PR REL 5 DI 904 il 8 5 L ) R ) REL T2 53 s A B T 4% 1) s AT 1) 32 i o B 5K
K, BEA RS BALZWIEE I 4518 . IRHE L L 7 NIk % o6 B — & Wi A
PR REL 15 SR FE W BRI B AL o P B Bl T 8 (1 A% 3 I 2 I M e A A
55 SRR HE AT TR (R 42 e T AR, i i AR K A% S NI BEE RO . i AR B il A%
2y W2 X6 L 5 56 18] 32 6 11 W 56 8 07 B AT — 5 1A 110 A 12 S 08 108 Il ook 45 8 1A
T (10 42 f i R A I 1) REL ] 3 0 A OB Rl 85 2 75 A I BT

5.2 £ &M B )it SR 56

B YR il T 45 PR A% 3 W 52 55 8 R 3 AR R SRR iR AT IR, T AN RE A
JAsE P 3 A B AR Bl R (A S NI SR R TSR iR . R T R A ) A%
2 P RE T LU B SR B o — PR RIS 2 g Hm i I, A B N il S
WEPUE N, A5 HZETE R, KAk s oAl 5 I & A
FhAEASFAAE N ROHLEE M, AT B R B, TE SRS I e —
F 11 28 B A% 20 ) JEE AR 1 it 26

5.2.1 fEEh M E N SR 16 [R 18

&2 NI EE M e 56 () S B 35 B An ] 5-1 o, HEZHWE 4. H
o FLML I 2B B JH 2 ) o o R R ] R R U S T A D A L B g i 3
SEB R o HAEAM SIS, B AR B S U A 1) e\ il e
WA EER A 5 SRR RS o VR U DR A P A e 5 R AR UK R B R . R
{1 2 0 VR U T 45 F) i EE R o0 R PSSP AT A e T, AR K L e e T
IR 3 B3 e MR T R ey L b g A 1 E A

FESER I A T, A2 H AL S B A LR ] A L A AR R P A
XFETC T N0 AR B, T DL I S i e O Bl A% D LA ] IR AL B At
R R /AME, AR 98 B AL D FEAT LR B o6 R T S B AR T B N
o [ I 3 FELATL PR G R A 28152 HC5 R ATL el PO P8 A 322 118 JREL ] 108 9 B 5 R L
BN . EE R et NI RS emSBE. A5

-39-



I PRV bR T2 2 1 S

o FE e, SRECE N ) 7 R 5-2 FroR,  Jad M IE ) hnEk 20 A e i
28Nm, FHIZHEIEZE ONmo SR J5 S [ 2 1 0 28 2 B0 5 1 i de ) 12 T 1 380 % ONm
I oM T 45 3 58 B dt AT 1) A% 0 8 1) 5 1 I TR N R INm OB o R RN R 2 UK.
AR T N  EF  AfR0 0 RELAIT S B R, 2 AR S N a2

F \\ -
i 54l

rrrrr

,,,,,
¢ 9%

Bl 5-1 Azl NI B S 36 T il

Fig.5-1 Transmission stiffness and hysteresis experimental test devices

£ / \\
F N /
s Sz
N/
4
0 0.5 1 1.5
Timels]

5-2 JIN#R 73 REI 4 ] HEL UL A ot 2
Fig.5-2 Curve of control current of load torque
B R BB DRSS, R BN OE R, EE R R
I L A 119mMNm/A . HR U5 I B B S AR S R, JURT UK S i 7 R
RN 55 3 i S i

-40 -



W IRV Tb K T2 A e X
5.2.2 N E NN & B[R HiEF

(1) fEREHNL AR EBEPLEH MAXON RE35 %Y B fa AR ML, HAE
¥ 90W, &G A 493mNm, HLJL 745 R4 119mNm/A . 5 2 it N LA K
T 280mNm I ZK .

(2) fa iR ELIRB% iR ELIR3I 4 K Technosoft A& 7 IPM100
HRzh2%, FFoNIHARAL 5V A 32V B EIE. IPM100 X328 fr B 77 (1) AL
HURE 5 AT LA sz e 52 B ML A A B A B R AN B L) SE PR B o 24 K B 38
TAELE Slave B 30T IHAb T Fp 4= dil AR U, A RUZE T S b e i 2 ) B ATL A
AR RN, DT 428 1) FRATL T 930 2% (0 i N T %6

(3) Ymto2s  IPM BRBN28 ] LLSE i W I 4] AR AL A7 B, A 5 LIk T 4
W82k % . 1% MAXON HEDL 55 Yt M 4migas, H 8% 500 4, 4 IPM
UXE 2% 4 {54555 5] 2000 £, BN G NS A7 B 2 PR e Lk 3 0.18° , T
4t o 1) 3 HE S 2 0.108°,

FCr B ) 0 43 S5 A S B A ] 5-3 P, tHENLS IPM BKZ) 28 38 i 5 1A
E WAL ERA RAARENL, KEVFERS IPM K34 AB A E#E;
55 ALAR [ % 6 D 3@ 1 10PIN £ LA IPM 87 — g, J@id IPM IR
B4R A5 B B B B AR B ENL.

’—> RN - gD

LIV

>  IPMIKZ)ZS -

4

A

AL

5-3 AL 1% il i 45 14
Fig.5-3 The motor control structure
ey RE R, A IPM IRZh 85 EALHLRE Y R logger D RE, £EHEBLIZINEL
fHH 2 o0 28k ) TR R I R DL S T S X B A% 4 rTL B A A RRLUADRT HL TR £ ) K
1B, ¥ HHE 32N MATLAB BEAT G AL 2R, 2o H A% S I 2 26 . &) 5-4 52 logger
K ARHE B AR .

-41 -



e 7R LR 2 L2 e 2 A 18 3

o MRl IYR]
P
%

15

Acquisition time[ms] x1e3 Acquisition time[ms]
Position]rof] IQREF[AIYR] | Voltage[V][YR] IQREF[A]
Current]A] Voltage[V] | Current{A]
[T Application YPF /

5-4 logger ic. 35 ) o7 B A HL IS B
Fig.5-4 Position and current information recorded by logger
5.2.3 R E LI LER o h
22 PR MRS B A KA U4 INIE e U B 0.2° i B e 1 3 4e
T BRI A AL B I B2 an ] 5-5 Fro .

G (Nm)

op HE (Nm)

-1

0.2
#Mme )

Hr;{ )
a) AR b) 25 4 EHE
a) first group data b) second group data
jop HiE (Nm) sop HE (Nm)
005 0 i e o)
c) = HERE d) 25 P04H s
c) third group data d) forth group data

K 5-5 NIFEH A HAT 0.2° MU A 78R I sE— A% th £k

Fig.5-5 Torque—torsion angle and hysteresis of harmonic drive with 0.2° tilt circular teeth

-42 -



e 7R LR 2 L2 e 2 A 18 3

N 5-5 i, SRR ARARARR A A2 fan H o T B 0, R AR B AR B2 I
R ) i o PRV HTLES AR o T DU 38 A% ) M 2 ok 4 o i ) S o 28R 80 280 ) AR A T
JR 4% P I 2, 2 T L 3 S 0 I PRI ) — M 5, gy R S R 1 7
2o P BRL 32 B R e A7 5 IR 0 AT ) 1005 ) T BB i A i R SR R ) ) 1) B2 %
FRCHI AR B gl A2, Horb [l 2 1) T AR AR Be B AR AT .

SN DU 2RSS B 15 2 1 AR AR S B2 i 2, W T AR R R
AT T VB el i 2% 1A% Bh NI 2 A2 AR € () o IF B AR B SN 31 1 400 5E 288 qar I R ] S e 1
TSI i R A% S 2 5 A A IR AR Ak, i B i S /R B RE 0 K T E B AT
28Nm,

Xof EE IS He 1A 0 1B R A I A SN B2 &5 SR, ] 5-6 BT,

30 #%E (Nm)

301 #% (N

//0.1 0.2 //ﬁ o2 ﬁomz )
-30
-30
a) F—HEHE b) % —HE
a) first group b) second group
301 4% (Nm) 301 #1%6 (Nm)
10 10|
-0. 2 e 0.1 0.2 0.3
/0.1 0.2 g;::" : A0
c) A d) 25 PY4H Eds
c) third group d) forth group

K 5-6 WIFLHE A LW K S8 e — A A2 1 24

Fig.5-6 Torque—torsion angle and hysteresis of harmonic drive with normal circular teeth

-43-



e 7R LR 2 L2 e 2 A 18 3

Fe BN LR AR Sh NI R BORFRAE,  HRIEA N

c-2 (5-2)

do
X C——fLBhNIEME (Nm/° );
T — w4 (Nm);
o — AR AT ¢ ).

IRTHIZR TR, VYRR SRR A R — N e . Tl aT LRI 4y R A
BB 7EEE— AN B AL SR RE LU /N, B AT (0 3G N AE TA B 2L A 13K
2R, HEASE B, BRI . 4T I R R R S BRSSO
O VA 160 ) ) BRI e A B TRT A TR B AR 21 1 B, AR BN AR LR & . i it
B, HENIES = EHE B LS Rk 5-1 Aw .

* 5-1 LN R

Table.5-1 Transmission stiffness calculation results

KllEteztavsg (e E—rE (Nm/° ) MBS (Nm/° ) 23 [al{
fiify 0.2° 98.72 182.78 6.2’
IEH e 55.64 131.48 7.8

X238 [EME , S 2R AR L 174 (1940 1] 40 W R e s 2% 1) 25 R 6.2,
XA R AR T R+ 7o 38 XBL ) 6 HFH A HD A F] [F]2E 84 5= 5 CSD A1 CFD
23 [BME U~2 M LI A LB R 2200 . 43 B 3 32 B R R B — R mT RE 4t S NIFE 11
OV ) R0 B BU AR o 3 i SRR R A H el ] 1 3% R T R S0 2 HE A 2 TG )
BiEd:, LwfEftmE s — N2 A/NIAE, EMAmASPIOC 100 5. 28
AR N R e A= s D A FH 0 e TT e 3k s R I3 K

XA A — € WA A TG A& SR EERT AT DL Y, ] 5-7 53 5-1
B o WIS He UG BLAG — 101 A 1 1Y) 6 1 S 0 VS B R 28 7 PR AP B3 LA TR 1Y)
FESNWIFE, ARSI RE 28 — B BE 42 18 75 2(98.72-55.64)/55.64=77.4%, & BBt
(3R IR Ay (182.78-131.48) /131.48=39.01%.

RN BIE e FE 2 R FAESE B B, T DL MR & 7 LRSS = & 4 A R
T AR BRI AR = 35% M R B A LR o[RBT AE PR ANBY B A% 2 NI
FEE b, P 174 L) B J 16 B0 Uk D 5 250 e T Hh B v 3% XB1-50 HLAY )5 —
BB 11.2INm/° F158 [ B 44.1Nm/° . {H}E HD K CSD A4 5 R S ML 56—
BBt 174.53Nm/° FIZE BB 244.34Nm/° AAFERER I ZE I o 43 b1 0 JE [T T
RE R — R G 50 A R ), BPRLB MR RR T R 22 s i . B3R RIS
U A A R B B AEAE, AR NI B A A .

_44 -



I PRV bR T2 2 1 S

@ﬁOZ" 30 g Eﬁ (Nm)
- — — -  E¥XWf

K 5-7 WIFefiff 0.2° I ARTMIFE JC M i i) 978 Fa— A A% h 2% L&

Fig.5-7 Torque and torsion angle of normal and tilt angle 0.2°

5.3 BHIEK &N BTk B B ENME

IS F 1 ) PO 040 T 2 88 8 045 A — 2 A4
LA e 4 W D A D e B BT, KPR 1 AL, SIS PMAC 153
2 R 8 T LA S LA 3 B A . R GE P 5-8 TR <
|

]

\“u:\: i v y
Pl 5-8 F Sl = | i1k o IO K B el LR

Fig.5-8 2 DOF robot arm made of lab own harmonic drives

-45-



e 7R LR 2 L2 e 2 A 18 3

5.4 RE/NEE

2 S T 0 s B R B AT A B P 15 [ 2R, A5 T RIS ik
AT A T 128 e B B2 AL BRI A 145.86Nm/° 575 MY 6.2 %
PR 5 2 T 1 160 0 0 3 R B R 25 B 0 R 8, A 0 0 e st
Iy b 432 0 VIE I A7 LA A R 20 2 W D S 0 D) o o o Lt
TE 3 TR0 e W MR B8 BT LT . S, PRI LL 6 o £ R 6 5 1
46125 0 08 o 8 A I 145 LA — 2 A 00 0 2 VAl SR A A 3
SATHIE T TG AU

- 46 -



e 7R LR 2 L2 e 2 A 18 3

e

PLER N T HATHE R, BT AR IRGEIR T R AR 22 18] R/ Y 1 B e (1 2R
SIS I R el 2 30 3 T AN I, BRI A A 07 AL N SRR B ) 2256
oL 5 SR R VR YT 8 T DA AP A2 B R SR o (E A R SRR VR T A AN IR
HLLBE BRI 8, NP AR R HIARXS SR A AL RIS, SREE TR N A
RNGURIETE, TR A e 1 1] G 5 T ARt i SR 8 5K A A KT AR A o A ST
TR AR IPOBU S 9 EA 38, PV e oA A EBCELAT — S 1A B0 K 0T 3 1) 160 SR e T
ARV R EEM LW T:

(L) X SEME I8 o i 1 O F) B 2 IR s e ok A JE S LR Bk R AT 1 T
WL LT e SRR A RS, AR AR T SRR A LU IR N B . JFARYEAE
FECTEPAL AR =, SR T MR ILPese th BAT — e UM BT Beit Uik

(2) L T A POR AL AR SRR R Rl R ) LA 8 0 B Aoxt (9 5 3 A A% B
APRTT A o o LA IR e 1A ANV VR ol o R PAI e  AT F AT — 5 fu A 110 R 2
TR BIHOE AR AT T S 07 5, 8 HC IR R 1A A S0 0 1A 18] P i A
WrUE 1 AT 58 A PR VB YT 25 1) AT T 32 fi T AR L WIS SRR A — S fhi A (1388
PRk B AT AR B K . SRS ARYEMIAG 0.1° , 0.2° 1 0.3° M MR RARIER
SE TR BURIN A 0.2° o AR B SEai /&N A — 2B i
[ R FC VAL BB I R A I BAT SRR A i AN, e i AR i 1 35%.

(3)LL 50 HLAL IR AL v I 0 T H A e SRAC MR 1A B AT 0.2° i iRIEE
T HINT T2, BRI T 14 PR A A I RO AR A A .

(4) X 1] SRAC T IR IR S 2EAT 1 AL BRI EERT LS, seim 4 KR WIHI1E 1
AR 8 A LA A 10 R e DB T 83 ) A sl ) 2 A8 A MU A7 P R ] SR 1 D5
ok s BT 39%, [RIFRIGIE 1 WIS HE 1A FAT — S A PR o L AT ] 2
RS 25T,

(5) FHF L1t 56 A5 FH Fr) DO e AT L P R 32 I U T 4 T I 1A L
A2 WU PR 1 SR VB IR 25 A F AL sh e 1 AR 1 B el AL

R SR VW T A B S — B ] R A A B — PR AT T

QA kU W FE DA TR AR, S5 AR AT 1] [R] IS P 5 P k0 X J5ORI A 17 ) 19
P T AR B B K AE

QPR S IR /NS HSCRE TAT AT R 1) Ak RGN e 8 30 A% 3 RO I RS 1 AT

_47 -



e 7R LR 2 L2 e 2 A 18 3

S22 3k

[1] &R, RN RAS—RE, &t 5 T2M]. dbat: BB Tk R,
1982: 36.

[2] Akachi K, Kaneko K, Kanehira N, et al. Development of Humanoid Robot
HRP-3P[C]. 2005 5th IEEE-RAS International Conference on, Tsukuba |,
2005-11-5:50-55.

[3] . —Fhopr AL 45 1) 3 i el 2% B 7T [D]. e R e 2R VE Tk oK 5,
2009:61.

[4] The "S" Series Tooth Form[EB/OL]. http://www.harmonicdrive.net/reference/
advantages/stooth.php.

[5] B, HEFIEBAF AL BT FT[D]. KE: j(i_fEIj(%é, 2008:35.

[6] K55 ANEANH 14 LB ZEER AL SN A P 5 7M1 [D]IE /R IE G /R
Tk K% 2011: 21.
[7]1 /NS5 R0 [ 1 0 U e D 2 A 5E[D) K K%, 2008: 10.

[8] Sakagami Y, Watanabe R, Aoyama C, et al. The Intelllgent Asimo: System
Overview and Integration[C]. Intelligent Robots and Systems, 2002. IEEE/RSJ
International Conference on: vol 3, 2002:2478-2483.

[9] Park I, Kim J, Lee J, et al. Mechanical Design of the Humanoid Robot Platform,
HubolJ]. Advanced Robotics, 2007,21:1305-1322.

[10] Yu Ogura, Hiroyuki Aikawa, Kazushi. Development of a New Humanoid Robot
WABIAN-2, Proceedings of the 2006 IEEE International Conference on Robotics
and Automation. Orlando, Florida - May 2006.

[11] BA¥E. Bk R L2303 B N F R R Ee 7 Mt 7T [D]. A HULBRARL =T 7T
B, 2006:13-14.

[12] Fu, Junfeng,Dong, Haijun, Shen, Yunwen. Stress analysis of the flexspline
in harmonic gearing by using FEM. China Mechanical Engineering.2007,8(18):
2210~2214.

[13] Dong H M, Wang D L. Elastic Deformation Characteristic of the Flexspline in
Harmonic Drive[C]. ASME/IFToMM International Conference on Reconfigurable
Mechanisms and Robots, London, 2009-7-22~2009-7-24.

[14] Ostapski W, Mukha I. Stress State Analysis of Harmonic Drive Elements by
Fem[J]. TECHNICAL SCIENCES, 2007,55(1):115-123.

[15] Mackrell G. Harmonic Approach to Gear Technology[J]. Plant Engineer,
2006,50:24-25.

- 48 -



e 7R LR 2 L2 e 2 A 18 3

[16] Kiyosawa, Y, Sasahara, M, Ishikawa, S. Performance of a strain wavegearing using
a new tooth proile Source. Proc 1989 Int Power TransmGearing Conf New
Technol Power Transm 90, 1989: 607~612.

[17] =¥t e SR IR BA Fe AL sh F A R R vt e E LG A SE 22 555 6 3] 2011
3 H AN 9-10.

[18] a2k, fRdth. F kB M & F R W PAL RN k& EH 5412,
2005(4):51.

[19] mifgdk, BENI, Xo34. JET ANSYS MM F A0 4540 S 00t 258 8 17 1
JEPE AT O] AU T FE 244, 2010, 46(5).

[20] ZF 5. BB R AL BRI SR HE A IRIT b S A T IT 7. IR 7RI
ol K2t 22 A7 18 3L, 2008:  23-24.

[21] F2EE HLOG, Bl als (8 VB IR e A% B S e L 0 b B BB AR B 20 A B 58
Fe2# 4R .2000(4):317 — 32-33.

[22] MUSSER, C.W.. Strain Wave Gearing.U.S.PAT.NOS.2,906,143,SEPT.29,1959

[23] Ishikawa S, Kiyosawa Y. Flexing Contact Type Gear Drive of Non-Profile-Shifted
Two-Circular-Arc Composite Tooth Profile: 5458023[P]. 1995: 5-6.

[24] Ishikawa, Shoichi. Tooth Profile of Spline of Strain Wave Gearing: 4823638[P]: 3.

[25] EMA, STS Wi AL shmi &8t 5% w7 [D] M at: Mt TR
%£,2007:14-15.

[26] Y5 X Ty, BRATL & RS R AL S EOR T M]. AEaE: BB Tk H ok, 1995

[27] Kayabasi O, Erzincanli F. Shape Optimization of Tooth Profile of a Flexspline for
a Harmonic Drive by Finite Element Modelling[J]. MATERIALS & DESIGN,
2007,28(2):441-447.

[28] U.S.PAT.NOS. 4823638

[29] U.S.PAT.NOS. 5458023

[30] U.S.PAT.NOS. 5269202

[31] U.S.PAT.NOS.2,906,143

[32] U.S.PAT.NOS.3996816

[33] U.S.PAT.NOS. 4663813

[34] U.S.PAT.NOS. 4817457

[35] xi4hife, B, ARTFHL. T35l LA o 0 1 i th e 1 s LR 9IA T Ak
Wit[I]. KRR 54k, 2002,23(2):13-17.

[36] Maiti R. A Novel Harmonic Drive with Pure Involute Tooth Gear Pair[J]. Journal
of Mechanical Design, Transactions of the ASME, 2004,126(Compendex):
178-182.

- 49 -



e 7R LR 2 L2 e 2 A 18 3

[37] 750, for JUfTaE. dbat: =55 30E ik, 1988.

[38] £&%. Hlas NHIEB AR AL 33 B iz sk B0 i [D]. K& F ERF B
KEG A BN LIRS V)BT 5T HT, 2001:43.

[39] RFpFEL, WHCHA & JFER(EE AR), 7% PY AT RS ikt 2009:36-46

[40] Z=HE3C, UiEeE & REE (BB fRD, i RIGRMEREOR ki, 1984:12-16

[41] =t S WF 5038 04 S0 AL 3h M & SR BRI — BlOBY 7k 3] b = LA AR,
2002 13(3) 4-5.

[42] GedRNI. AT RALSIHI BT, BRI Tkt pikE, 1994:226-227.

[43] &R, WEPOARAE—— R, Bt 5 T Z[M]. dbst: ER Tk Rk,
1982:14-15.

[44] Pk FosC, WHRZE. WEPBOA A S IS BTt [M]. db Rt ALY sk,
1985:44-46.

[45] MRS, Z5t4s, XML, B BORGESS B, &5 MR 2B o4k, 1997, 18(4):7.

[46] Yoshihide K, Takahiro O, Noboru T, et al. Cup type harmonic drive having a
short,flexible cup menber: United States, 5269202[P]. 1992:2-3.

[47] Ueura K, Slatter R. Development of the Harmonic Drive Gear for Space
Applications[C]. Space Mechanisms and Tribology, Proceedings of the 8th
European Symposium, Toulouse, France, 1999:259-264.

[48] M. Hashimoto and Y. Kiyosawa. Experimental study on torque controlusing
harmonic drive built~in torque sensors. J. Robot. Syst.1998, 15(8).

[49] Ghorbel F H, Gandhi P S, Altpeter F. On the Kinematic Error in Harmonic Drive
Gears[J]. Transactions of the ASME: Journal of Mechanical Design, 2001:18.

[50] Ueura K, Kiyosawa Y, Kurogi J, et al. Tribological Aspects of a Strain Wave
Gearing Systemwith Specific Reference to its Space Application[C]. Proceedings
of the Institution of Mechanical Engineers, 2008:1051-1061.

[51] ¥H:de, T 4%, 1E, ANSYS Workbench 13.0 MATTEIAEIE dbai: iEEKE
H kAt 2012 :66-70.

[52] RAGE, 5K5. HATM G A Al B 15 B A% 3 BR TR AL 5 70 [3]. L
W&z .2011:4

[53] f+F 26 £ i U F 1 30 ch S 0 R AP T, AL Toll K 2 247 2
2007:3

[54] Masanori Kikuchi, Ryuuta Nitta, Yoshihide Kiyosawa and Xin-Yue Zhang, Stress

analysis of cup type strain wave gearing[J]. Key Engineering Materials, \Vols.
243-244(2003) pp.129-134

[55] TR, AR AL ZN[M]. [R5 ok Hiktd, 1987:32-34

-50-



1A ARV » » YA
7 /R Ml RS T2 22 18 5

[56] Bttt FHgZ& <. Hlbict FAHM]. Jbat: BUBCT ke, 2007: 28

-51-



e 7R LR 2 L2 e 2 A 18 3

BUEFAHAIE & RAVFARILIL

[LREE, T —F TR AR RS N SR AN T T E, K
WIEH] (PS5, 201210176679.0) .

1A E, M. B0 SREC 5K A in) @i 50 8 R e i e AL et A TR a A, HL
PR AR (245t .

[BIRMHHE, THK, BHAM. HEFREEEIH . TZ5E3INIESLR. bl
PR CFEAR (%) .

-52-



e 7R LR 2 L2 e 2 A 18 3

e /RET A R F M+ F A8 3 R ) 14 7 R

ARNFBE T AL IR S A 2 A8 S0 CHLES A e 5 SR 1 I e
W S PEREM LD, AN IR T T, AR 7RI kK S il =7 40 ) 4
SEIEAT ORI AR TS SR o AN NFT AL RS0 BR CERER 2 AbA B S i A
ARG TSR « AR FE AR B ormk g AR, 24
CAESC DB T G o AR W il okt 58 4 A A 7kaH

wrey. T BT Aw. 4 A H

e /RE T R F T F A0 S fE AR

CHLAS N e fa] SR e T R Rl AR ) S5 PERE ) AR AR NAE G R Dok K22
BSOS 2 A TR AE 3 4R 3 R 58 B L2 018 5 o AR ST IR 5 R VA S R
ELN R, AR RN EAEF B4 R ANEE TR
M IR LA K= R FORAE . A AR ST RIE , RIS R IR B O TR0 A SR 102
ARSI R EMEATHL FRRAS, FRVFR SO B ANE B, R R SA R ST
[l DR 5 T AT - 22 A8 SC SO 2 ) Mg N (b B RR SRR ) o AR NSRS /K
A REE, AT DR A SEED . 46 B B Al A 3 BUIRAF 1R 30, AT RA AR S0 &
BB A o

AR SR T AR L RN THENFT “ v 7 ):
fR#0, f£ AR el AR
AR

wrex. T BT A, & A 0

FIMLEA EEE £ H H

-53-



e 7R LR 2 L2 e 2 A 18 3

Eist

ARLTERZ bR, P BRI T R A E B om0 A IR
FEAEREIMEOIET T SR, AL TR SCHEAT Hh il 21 ) 2 o 1e] BRUERAS 2 1 A
HIfif . XIS, AR LA PR, FINBEDFEN, SEFES
ERR T, JFARER K. RAEZ IS EARNSE, R
IR R, A RHEEE 7 L AR, A2 b 1 R [ 22 IR A i 52
R o

BEAN, e LR S S SR IT 5 H BH T SRS i g — 4F 2 DUORAE AL i
AR 25 TR By o e o JEAu [R] i b A2 2 AR T [F) 2 — B SR 5 SRl Ak 55
I SL O HAT N I SR A o

B Ja [F) T R AR SCHR At 3 B (1 25 - I 2 Y Sl

-54-



	摘 要
	Abstract
	第1章 绪论
	1.1 课题来源及研究的目的和意义
	1.2 国内外发展现状综述
	1.3 本课题主要研究的内容

	第2章 短筒柔轮谐波传动齿形分析
	2.1 引言
	2.2 谐波传动原理简述
	2.3 谐波传动齿形分析
	2.4 短筒柔轮谐波传动与正常比例谐波传动啮合特点的比较
	2.5 本章小结

	第3章 具有接触对的短筒柔轮谐波传动有限元分析
	3.1 引言
	3.2 短筒柔轮谐波传动有限元模型的改进
	3.3 短筒柔轮谐波传动模型的建立与网格划分
	3.4 具有接触对的短筒柔轮谐波传动有限元分析设置
	3.5 短筒柔轮谐波传动有限元计算结果分析
	3.6 本章小结

	第4章 短筒柔轮谐波减速器结构设计与加工工艺
	4.1 引言
	4.2 总体设计思路
	4.3 短筒柔轮结构设计与加工工艺
	4.4 轮齿具有一定倾角的刚轮的结构设计和加工工艺
	4.5 短筒柔轮谐波减速器样机结构
	4.6 本章小结

	第5章 短筒柔轮谐波减速器的传动刚度实验测试
	5.1 引言
	5.2 传动刚度测试实验
	5.3 自制谐波传动单元构成两自由度机械臂
	5.4 本章小结

	结论
	参考文献
	攻读学位期间发表的学术论文
	哈尔滨工业大学硕士学位论文原创性声明
	哈尔滨工业大学硕士学位论文使用授权书
	致谢



