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Kinematics analysis on the serial-parallel leg of
a novel quadruped walking robot
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Abstract: As the robot based on a directly serial leg mechanism has great walking inertia and a larger
weight/load ratio, a novel series-parallel hybrid quadruped walking robot is presented. The robot
consists of a load platform and four serial-parallel legs. The kinematics characters of serial-parallel
legs for the robot are analyzed. Each leg is connected by a hip, a thigh, a calf sequentially and the hip
joint is a 3-RRR parallel mechanism. By considering the least energy-consuming posture as the optimal
posture, the forward kinematics and inverse kinematics are derived based on vector method and they
are verified by ADAMS and MATLAB softwares. The velocity Jacobian matrix and acceleration
matrix of the serial-parallel hybrid leg are obtained based on vector method and differential transform
method and their singularity is analyzed, then the workspace of the hybrid leg is figured out by
MATLAB software. Calculations show that when the linkage diameters of the hip and thigh are 22
mm and 50 mm and the angle of knee 6, is within [ 105°,155°], the workspace of the hybrid leg is part

of a sphere, whose radius of the inscribed circle R is 400 mm and altitude H is within[ 500 mm, 900
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mm |. This research has great significance to a series of further studies on stiffness analysis, dynamic

properties, mechanism optimal design and system control of the novel series-parallel quadruped

walking robots.

Key words: series-parallel robot; quadruped walking robot; forward kinematics; inverse kinematics;

singularity analysis; workspace

1 3 7

AR FUHLAS A T 7% 2 A2 B RRETE R R AN
AR SN R R R AT A OB P R S AN
PRI T LA T g 014 3k s AR B RE Y e R LA
AN, PR AT AL s 2 R AR e T A BE A
TR ALES AR e, SRS TN R ALER A
MU B TC AR A 2% 1 R AE B A 2B AT Bl e v oy
AAR KB L E, TEAR R R g HE TR L B ER B 55 7
T B R4 04 0 i, 2 AL & B9 S0
Az —

IAT B D R AL A B TR BB AL Ak 45 4 K 2 45l
ER IGCATL A 2H 1L, 40 56 [ 98 - 3l g 2 20w ALY
BigDog""*! | LittleDog"™ Fl 4 %) Cheetah, 111 % K
SE & (AR 3R Bl DU R O AR ML N R ORI B
TR HyQ ' HLEE A, B AT 1 TR K
56 B WF I (9 Hyperiond™ ™ HL#s A5, X Fh
R REE A Rl o R R A S (0 3 /2
KR AR SR, IFERRE AL LI A ES/
B Lo/ R EEARE TR R E PR T R R AL A AL
M SR A AT ML NG T R I R DL AL Y
LURE RN 2t NS A B | PIPRSS U R % e
HAZR G Tl K22 Para-Walker 19307, [
P Al LI A2 T ke AR 4R s A O A2 /T R T R 4
AT A AR AR, 5K AR A B ) 3 T 3-RPC JF:
RN VP R B NI < S N
2 H BT (U+UPR) P+ UPS HLIJ (1) I BE HL I
TR, ABALAG A B AR 25 ()45 /0N e e 6 i e 3
AT 38 BBEAE M

Bifi 5 DU 2 HL#S A JE AL AL SRR Fh OB iz
(TR A R AT D2 AL A 3 L ML 3
P A A R T R R R Y R, e L K
O ARHEAE . A S T IR AL g iR Ch T R
BLES N A 5% 25 22 AL 2 N TR R O o 1Y 3
filt iz gl ER A 6 0 2 AL N 1Y 3B 3l F sl ) 2
fEHA EE A e R, R Y AL 28 R (1

B HCR T V0 R Bl g N e 3 s L Bl M s Bl Y
SRR 2R R T i R I R 45 ) R O 1B R 25
& YR BRAE o P A 2 35 5 0F 5 H b i 1]
IR 25 4 . A AR DR IR B ALY B A
5 AHLES N5, 8 3 T N JE AL &8 A 5k
M Ye Ruihua %510 48 787 8 19 B OF TR BE ML 2%
N T T 4l B i 41 & 07 5 Pisla Doina ™ 4
WTHTE S F R 5-DOF JREcHLE A, 1
VO AL AT Bl N BILBR 45 A 5 3 Dy T, TR B R 45 4
FHEELIFBEALA T H AL AL (0 O A, AT 7E 2 5 AL
i NZEE /[ T L R s 6 e SRR S e N ) T
SR o DT 52 3 v IR B FE L AR 2R Y is By, 2%
A R W AR RS T A DU AR AL N A TR A AR (7
Bk, 32 T 3 F A [ 9 YR I SR A 78, I % L 3
177 57,

S ¥ T EEHLAG NI B A A /R b, A SCER
T — Ao AL R AL AT HLAS N XTI AL AR N B R
IR BRBR AT T 328 2 2% 43 B 9F i 47 T Matlab Al
Adams i & .

2 R ALA B L

B4 R AATHLER AN 4 45 58 2 A TRl Y
FOR TR BE R AE 307 & A R 1 FTs L B4R
HB SR R A DG BRI /N BB ZH B, an i 2 B,
HE O 2 3-RRR JFERHLK , Wil 3 fros, BA
3AEEE H TR 3 NS 9 g
R AR A T3P G iy £, TRy 3 N IK
SHHLE E T 6 b IF SP0E A A %
BT ER R Ha R 5 48 S T HLES AT E R
AR E PR, OGSk ] A L BT BK B, HL T
(A o B 5 R IR A )N R B L R T R OC T
VLB Y/ T AN B X T G B A s
AT B 5 7 TR A R 36 1 . 12 R O TR IR JBR Y 5 G
TTHR A AT LASE RO — AN BRE RO T B 1 AN
SAME, I AMES 4 MAHRE, ZHR
HORIREE 4 AP ATHLES A B9 25 BR AR SR A H3 I 1R



e

%114

HESE L A OB RLI R AP AT HLAS N R R IR IR 1432 22 o A 3149

HR 4548 AT I R ML 45 AR PR IR K 32 gl 5 o
/IN 3 BIRE FE v A ER IR AL g N AR s T R AR AL

Bl 1 Hrmpy R S AT LA
Fig.1 A novel quadruped walking robot

K2 BREEHLA
Fig. 2 Leg mechanism

K3 AL

Fig. 3 Hip joint mechanism

3 EFHF R

AR TR D HR T TR B L 5 AROR AR 1% 0 2%

TR 119328 2 2% I Afk , T LA SE SR 12 o 2% R ) 4 G 1 1Y
18 Bl 2 S TR DG Y RN B AR TR 1 R /)N TR
B A R B A A SRR 12 R T2 4 11038 Bl 2 A L bt
T 2R 28 2% R IR IR BR AL AR (1432 3l 2% A .

T R AR R E TG RIRR N
(A} ETABPRRT Zy filEE T2 76V
0T, Xa T EACH 58, 37 5 4845 RN {B) L ¥)
WAL ER, AR RE S, BT 3 MG L5
) 52 A M IR] o 35950 43 A o 45 43 S Z TR A 22 120°, 7]
BT D-H kst me iGi=1,2,3) 430t
SEAERRFRGUNE 4 i, 5 iGi=1,2,3) D 3k
br R W8 LT T B M P& 0L Es R 5
(AR B, XK 5 S 3 A5 3h 8l #E 37 Ak bk R
S ALy A2y R 3 B AR B { A LU B ).
{1 A2} A3 A b i S A F3h P B a ol
Op fo N T FRIEE A4 A0 b5 R 43 517 B 1
FEAS A B ZR 1 T O AL AR SE B 45 AR R R 1Y D
MEBTE Op i, B — XM ETELIRRIA).
TG RIB) 5 S & RAeR R (A} (B &
G P E o RRMIE Z,(Z) 5l 5 B )
Jeff,0=45",

P4 BT AR R

Fig. 4 Coordinate systems of hip joint

TERRMPR R T 3% X-Y-Z ¥ 1) RPY fA
IR B G A XS T E S 5 0 e B R BE T, W) 3R
NN :

CaCs CaSpSy ™ SuCy  CoSgCyt sesy O
N | SaCp SeSpSy T CuCy  SaSpCy— Cusy O
s T=
— 5 CpSy CpCy 0
0 0 0 1
(D

N T RIETTE AT RRA



3150 e KEE TR 5 23 %
n, o, a, O S:=—cai—esjtssik
n, o, a, 0O
AT=1 ’ ’ . 2 S, = {LC)_@L‘sﬁgJ i+ [EL2+ con}J_’_ ss2 k
n. o. a. O 3 2 2
\
0 0 0 1 532{ £(3s3Jl+[—<3 (5\3}J+%\2k
BESE S iGi=1,2,3) 40 3 1Y 5K 50 fl il 28
(4)

SRk AT A BT 2 18] 5 S B B2 Ok B

AR BB G T MLAR A5 M A R e, AT AR

N CONC WG L LR

S+ S:=0 (i=1,2,3). ) IR EEEFA 0,0, .0, T 2
tan@1= Ou
5507 G0y
ol — (f3n,—0,) T3 (S3n,—0,)
), —
ﬁt‘s(@m*ol.)JFCa(oy*ﬁny)JFZSB(OZ*J?HZ)'
- ﬁ(ﬁm+ 0,)— (3n.+0,)
tan0; =

V3¢ (W3n,+0,)tc («/§ny+ oy)JFZSs (W3n.+o.)

(ESuH

W08 O T9 B5 CH — 3K EI  JE OC T H R A K
FRIEHLAS , B2 H I TR IR T LLAE 30 — > SR
B X% SR LA # 7 Ak b R L 2 F & AR R
{AY B TV-6 b R 0B 5 5 b & UM, i
KATHFR R N{CY, Zy IR AR M 55 8 G0 C, %%
BT ChAR RN Xe #OPAT Tl P65 2458 R
() Xy B R0 UG 07 B B, Xe T 400 mah . Ze
6 1) B AR S P R AN R 9 BE 4 S Ly AN
L, WA 4 Fis,

A
RS

&5 BRARHLAG AL AR &

Fig. 5 Coordinate systems of leg

(5

(6)

SR RS- 13 2 180 5% 50 R0 028 56 ik 53 590 S BRSBTS S0°F 60 2 R B B 9 D R
Se SN, S5+ ey » S 43 2
W i=1,2.3 B BECT 3 IR S 2 ik “EET Sy =f T T TS,
Sii+So S A BIH ¢ i
511:Oi+85j+(‘5k 35’3:[0 0 1 O:IT’
1 0 0 0
J3o.1 .
J8217s317\'31+cak (3) - 0 0 —1 0
! o1 o o
3 . 1 .
831 — *g55l*? Y + (‘ak 0 0 0 1
FEFFE A S A Z B 5% sh Bl 4k K &= S s 5, T=Rot(z,—0.,),
S22 ’SSZQ%U%: ﬂ"f‘%‘::
Si;=—o0,d—o0,j —o.k
. ) L}-{_@ L}-(_ﬁ 1]
Sas { 5 n.+ 5 0 i+ 2 n,+ 5 0 J+[ > n.+ 5 O:Jk'
)
Sy = §n1.+2 }lTL[[nHr%OJJ.TL §711+%()1Jk

1 3 4

€))



11

e R, A BT R IO R AR AT HL AR O E IR KR (912 2 2 0 pr 3151

T 5 ORI R IHLES N S548,18 8
S FRAME— L% 5% R iz Bl i) % 2% R 1Y) A
/R H bR R R SR R B MM C A
F I AR AL B, BK ) 4% S5 R 32 B0 i 7 1 RE FE IS,
Bl 5 7N o R B G 1 Ak 1) 5 sh il 48 X 0 3 B
T m=0,0,1), [FE#E XL X h4& R
ET OP, &% /i s A bR A Cpos pys po) s ATAR

Xc=0PXm=(p,,— p..0). €D
EEEHEE TS 4. O P

X,
{JM{%TU o 0 o] (10)

X =Cpyr— pos O BN AL, SR J5 {1 LA 45
(100 AT AR S FR 4L, AT ff A% o FIT B 1 A2
a=arctan(— p,/ p,)
{Bo '
i OP.OC #l PC # i —A> = MR 48 =
B4 5% 50 BT 44
cosl = (LI + 13— (pi+pi4p2))/ 2L L), (12)

an

0,

HFaksh i AL D47 R A Rl 0, € [105°,
155°]. 4540 (12) , Al 15 D AT .
L=VE+1E—211,cos0,. (13)
AR R T R P AR BRI L R

P
[J"\T‘ST[O 0 L, 1], (1

e
JPI: Lia,+L;(s,0,—cia,)
py=Lia,+ L, (sio,—cay). (15)
p.=Lia.+L;(s0.— ¢ a.)
XA ADRAKAS AT ft
tany=(—a /T bp)/ Capot b /P TE)-
(16)
Hrp:
a=Li—Li+ (pi+pit o),
b= VALTL;— (Li+Li— (pi+ pi+ pi))E.
g5 b Al A5 9% HR OF IR BE AL A AR 1942 3 %
fi# A -

0, =arctan —————

5507 G50y
) f (f3n.—0) H3(3n,—0,) J
, =arctan

ﬁca (ﬁn,, — 0, ) + Cs ( 0y —ﬁny) +2 S5 ( oz—ﬁnz )

s a7

6. — ﬁ(ﬁ71y+oy)*(ﬁn,.+oi) J
s = arctan

V36 (W3n,+0,) e (£71y+ o),) +25(J3n.+o0.)

Horp
N, = C,C
N, = $,Cp
n.— — 8

, (18)

02 CuSpSy ™ SaCy

0y, = 5,838y ¢,y

0. = GgSy
(0(7 ,85 }’) ?ﬁj/@::
a=arctan(— p./ py)

p=0
] (—a/potpitbp)/|’
Y—arctan
(apHFh v pE pf)

E

L=Jl§+l§— L (L3+15 Ifif‘* D)

a=Li— L+ (pitpitp),
b= /ALTL — (L Li— (pih pit p))7.

4 BEFF EMHSH

SRAZCHR I IR R AL &5 A JBR 09 1F i B, 28 04 O
W3 AR LA 0.0, .0, IR ST B
XS TV A5 s i M B o0 B AL v, 8 OG5 3K
Sy B AT R4 O B I OGS 19 % 3 A B 0, kT
19 i RO IR AL 2% AR Y iz 30 2% 1E 1 .

4 tanb =t .tanby =t .tan, = 15 , K 2 (8) &
T



3152 b=

T TR

5 23 &

JUJ — 1 50, 11 c;0,=0

(1_\/§63t2 ) 0,1 (£+ Colo ) O_NLZ Ssl2 O»zfﬁ( 1 —ﬁcatz ) n, *ﬁ(ﬁJr Colo ) n,— 2 ﬁsafz n.=0
(143 sty ) 00T (=34 oty ) 0y F 25585 0.3 (144/3 55 ) e /3 (—/3+ 515 ) ny F2 /3 5515 1. =0

KLAD A 6 ARAELH A 34T,
PR AR (19D oY 6 AN oK J 8 I i 5
N3 AL RT5 AR e R I A L AT S
T 3N RT L

0, 1l 0.1 1 ;0,=0

o+ =0
0.+ o+ =0
n,0,+n,0,+ n.0.=0
25t 00,0, 0, (ME , 1] Matlab B fig bk Iy
FRE, Al A5 ) 8 Al fif, Horh 4 oM B EUR . i TZ
BILAF AR IOL B4 T ik 07 kg S50 PR IG  25 4 2 R A
filt . MRS A C18) X R Y 4 4 T2 B oK i
Cas Bs VAITH:
Ja: arctan(n,/n,)
{p=arctan(— ./ 2T E).  (22)
[VZarcsin( 0./cosf)

R B=0 I, & i 1z 5 I 5 FE &5 /N 7 i B B
ANEET 0 B AL % BT AL A O B
RRR 73 3155 — A g | 7E 0~90°, Bl 0, € (0,
90°) M 4l b 2% A7 X 05 Bk ) Ab — 2 AN Wl i Sk A
) SRR S R0 B — 2L i 2 0 2 K SR 0 Bl i) B
FEIR /N 0 0; 05 X5 IO 18 B O 49 1E A o

i o By ZJE B e By A0 ARA AT
BIRT A5 2 5 0T TR R SR ATL A A I S

5 St AT

ZALER R R RO IR B 4 L 3 B A Sk
I 800 0 E OB R SO 0 V3 TR R
5.1 BIXTHRMESN
XRG4 .
Sy + Ss+8Sp+ S;=00i=1,2,3). (23

(19)
=1
Jé+ﬁ+&=1 . (20)
n.0,+n,0,+ n.0.=0
W2 (19) TR (200 B2l FR 4

(130t 0t (34 ot ) 0,258 0.3 (1—/3 eyt ) =3 (3 + 51, ) my— 2 /3 512 . =0
(1+\/§('3t3 ) Ol’+ ( 7\/§+ Csls ) Oy+258t3 O:+\/§(]+’\/§Cfgt3 ) nl+£( 7’\/§+ Cols ) ny+2 \/§8513 n::O

(¢AD)

BT Sis s Sos s Soa HISE T BI°F- 6 B9 H 0 45,
Op s G Sis s Sas + Sss 19 i€ 5% 7T LU B2 58545 [7] —
AT, SR R f T LU vy RO, N 6
TR .

85(1)

[l 6 Ff B B ] ek FH AR TR ] UG R
Fig. 6 Cross-product relationship between angular

velocity vector and linear velocity vector

Ss (A0 RN W 2l B S, (0 G5
OBy BERE T 2 A A JE RO E AR Y Y
MK F A 1

Ss=7XSs. 24)

XFE (D3R 15

$,=6, S, XS,. (25)

Forbro 0.0 — B S ECROR B2 5 | A HUAL E g

R A R B 3R (24) L (250 AR AR (23) Hr, B
CIEGE

0, ¢ (S:X8y) *8;=0(8,X8z) 7. (26)

Xt 2 (26) 47 4 B AT A I HE DG 1932 2h 2 3



5511 R AE BT R DU R AR AT LA N HR T TR IR R (1442 3N 2F 43 Bt 3153
5] 5 Sy 0=, 0, 0",
6=1J."' -7 Q7 Y= B D",
Hrpr,
J;l:[<s(s>1<2;<s>l3-)s (s(s>2<zsX S>23-)s (s(s>zzs><s>fgg-)s T
11 12 13 21 22 23 31 32 33
X2 (27) E 47 B B AT 4545 5C 1 1Y 98 Bl 2E 1R ) B 2% R AR HE AT b R B B R
N [9p. Ip. Ip. TP
y=1J.0. (28) Ja I Iy 9h,
Jo=Hh (29) J— |22 by TPy Iy (34)
b0 B HLH 3 292 B 2B A S 2 Je B9y 00
BES R Y X-Y-Z B RPY fi . Bl y (056 5 ol T ol
i J, M A E R &N X-Y-Z B RPY 5% o,
WK AL B HE T LA R . HE s R EE O, ,
AL AR | g L0 B 5 | 0 BT o= (Li—Loc) (—spes T as) +
LESSEL Lo st (— 85,888y = CaCy) s
HERE W S BT B R ), T 5 SEPESM A B 47 "
7EIE A Mg TE RV A Q,€ RV i ag ~ (e gt Los ey
oo, o hAR. <0 97%*(14 Lyc) (— cospsy T secy) +
o1 Ly si Ceasgeyt sesy) s
A= o ’ S ?72:': Lo ci Ceaspsy™ saCy) 1 Lasi Cegspeyt sasy)
O3
Hepo I, M3 HREIFH 60 =0=0,H 9(7—12’:(14*14 ) Ceaspeyt so5y) Lo s Caspsy™ 8269 5
H 6y = Gin s 01 = O o IATE ST AILAE () SR A H5 X
k(J,)=01/0;. (32) 7%_(Ll Ly ¢y secpey T Lo sy s.cpsys
i ML Y A5 RC L) B PR T AT L 4R 7
M J. HER] LLAE I J, R E B8 F R8N 7;* (Li—Loa) (— saspsy— cucy) +
ST 28 Al 0+ 7 1L 0 1 B b T R I 5 Lot Csusptrmcusy) s
BF 28 kD) WA N (] B 3 B R R o e /> p
SRIPER LB R TR A AR 0p, 2O Cew T ee) Tl Gl e
HIAE 61 L P b,
5.2 BERNERES Ja
Fh T L0 A% B 1 2 A 77 7 TR T B X I aﬁ;*(h Loe) (— e+ Los (— 50
it R AT IR 15 B 8 A5 R B SR o R
H a By #RazRADHH I o, Lay . a. aa—p;Z(Ll—Lzu)(—c,gsy)+L251(qgcy),
If X AT 10 AT 15 2p.
A p, apr Ip, Ip.T aGI‘ZIlz s1 ey Lo ¢r sy
b ;p ;f ;py zz ; X1 5 B 0 28 R T A FLAT 240
b =100 g oy a6 || g0 BB EEM 0=0 S0, = 180°MY . B FSHLE L7 A
I’ o ¥ 6,=0 5% 0, =180°f% A (34) L B 3iE 7]

L« I8 dy a6,

5 0, =0 B HE s LLAE B 0 0958 4 A 3 511K



3154 ﬁ%%

T TR

ANAH A 55 R, AT A 0, = 180° I, e 7 Lb A B4
J BSR4 SIFNERS 3 SRR, d T IER 2 0, =0 BL
0, =180 W}, iZ BR ALY 55 4k T4 S 6008 L B LAY
SR, 2R 1A AW, St P e RO
Ab Bl 5 £ 0, € [105°, 1551, DA T e Jil ML 4 2

B AE.
5.3 BXTMEESH
xTMz:s) — 2L X i [ 3R S AT A5
Sy +28, + 85 +S, ¢+ §,=00i=1,2,3).
(35)
20 (24) 3K S 7l 15
Ss=1XSs+vXSs. (36)
H 2 (25) K AT 45
S:=0, 8, X8, 10+ S, XS,. (37

et f:<24> (25).(26).(36) (3D A B

2008, X85) «¥) » (Sqy XS X8Siz) 7

8= ((8,XSy) * Sy)* +
% Y. (38)
B IS O A S LU R B Y 1 — B S 5
Fe B AT LA 55— T Sk A S — A B R B
[ZANHIESN
@ —2C(SaX8s) + 1) » (8aXSpxXSy)!
’ ((SyXSp) * 8Sy)?
(i=1,2,3). (39
ML) AL Ry .
o=@ v+J,' -7, (40)
Hrr,
o=10 0, 0,7]",
o=[o' @' o'],
Y= B ',
7= § D"

A EVAT 3 A IR Bl H ML A B 3 AR O g
KM fMmEE y, W50
B )y 4y T ek T R R

¥=J,(0—@- 7). 4D
5.4 EEEZBRRYINEEE S
M =0 (33) Al .

%23 %
ap +91‘?}l‘8+9px +9P131
y:m&ﬁ%@ 12y +7P>91. (42)
pf’pfﬁpﬁﬁﬁp 4550
X2 3 (42) 3F — 2 X B ) 2R S w15

Taef)

a=[p. b, p-1",
H=[H H, H,]".
H,.H, .H; } 4X4 A Hessian 4 [F .

=

[%p. Pp. Ip. Ip.]
aaaa 9‘8(70( a'y(’)a (76,1(70(
Fp, dp, IFp, Ip,
I IPP 1B 0,9
H, = ’
dady IRy Iydy 90,da
Fp, Ip. IFp. Ip,
1920, 336, 2y6, 0,0a)
[p, Ppy py p, |
dad a (73’7(1 (7'}’(70( 36,130
’p, Pp. Pp, Ip,
dadfB IR IYIB IO, da
H =
S Pp p P
dady Iy Iydy d0,da
Pp, IPp, Pp, Ip,
12020, 320, 3790, 90,9a
[Zp. I*p. IFp, Ip, ]
dad a 9[3(70( dyda d0,da
Pp. Pp. Pp. Ip.
Jedf IR YR 0,0a
H. —
S Pp Pp. Pp P
dody dBIy  IYIy Jd0,da
Pp. Pp. Pp. Pp.
19000, AP0, 3y, I6,9a

43 AN Zly ALY 5 Bl e EE O R DG
TGS MEE y CAE L E AR @D AT
DASE 4 0G0 3 7 5 e sh M m s E v, 45 A IR
WY B B A B O, AN AR i B0, L a5
(43) . (44) . (45) gt A] LA 45 23% 52 - TR 00 R 1Y) 2 iy
PN E a, %00, v] 15 2 5K 2 1 2 B A H O
TR IR ML A5 R (0 2 S 1) AR I B 2Z TRl 6 R



114

v EE UL, A R R I R AR AT HIL AR N B O IR IR 1Y 3

T S 3155

6 ITAEEISAH

BLAS B TAE 23 8] 2 48 DL 1Y R s AT A 53
S i T RE IS B 1Y 0 &, HLA T AE 25 (] J2 i 4t HL
HVERE L 4 W E B G br . IR IR BRAR LAY ,
TAEZS A A 52T 1Y 3 AN IR shE R 1 Y 1 A4
9K B &l YL E .

B2 R TR 6 IR iy A2 o v O A A L i 1) 2 5%

WL OCTT IEFT BN d=22 mm, RERFT E 42
D=50 mm, 0, € [105°, 155°], % J& N AT 14 T ¥
J& AR BNIZ R IR BEALAL A AL a5 A A AR 2 [ By
Bl 7 fros . TAEZS (A 2 3Kk I, e R 32 B 2 42
R=400 mm, & 7 HE[500 mm, 900 mm],

1000
good.
600
400
200-
1000 S
5007 LT e
0 o
"500 e
-1 Oﬂﬁ“ﬂ] oS00
7 R IR IR A T AR 2 [ i R

Fig. 7 Scatter diagram of workspace of serial-parallel hybrid leg
7 B B 6 B GE

7.1 RERWIE

# Solidwork ##! 5 #f iy Parasolid # X, J5
FA Adams LRI E W AR JE .18 17 Adams
(9 B Sk DI BER B AL B B i 48 8.9).
AL A% N S BRI — A~ 32 Sk . ] Matlab 53
SRSl BT Akispl B 52 g B B8 0 2 %5 1 1Y)
wahr,

X2 £ I TR AL g AR R — > 15 22 B 1) Oy
10 s (Y [ A B RSN AR, 12 i 1B B 0 o0

JX 0
Y=345—201 (44)
Z=750—201¢

HR A b3 4 5 1Y 12 AR O TR I IR A 05 S i

JEE SR Aok 0 J00 3 SR i 1 B A AL R T Matlab
%‘Mﬁfr%/\%ﬂ 5 % R Y 9K 3N H AL AR L EK B
B A 3 0 3K 2y Fi AL A 0 3 B I ) Y 722 A ith
2, 10 pros . FIH Adams B RUEENLDT B A4S
Bl iz R T TR E IR (%) 1% B8 1 3K 2h e AL FE f IR Bl
B A 3 3K 2y Fi AL A S R B I ) Y 722 A ith
i 11 Frox. BT HAL 1AL 208 AL 3 =
HREAL 4 19728 AR AR 22 R KR HL AL 4
P, A 10 AR 11 AT AR L (T R
R B AFEDLOT B 53 B 9 45 R A, Ui 1A S
P T 1) AL A R SRR S R B SR gk A =X
B IE B .

K 8 Adams fE%EY
Fig. 8 Adams model

| tuibujisgouds

Apply | Parent | Cnumren] Modify |I— Verbose Clear

VERIFY MODEL: .t

Read from File

ibu)iegouds

This constraint

]

Amonnnenn
R bR e e
GoODODDDDDD
BoBBBB D

ssarily removes this DOF:

bujiegouds. JOINT_2
.zuibuiiegouds. JOINT_2
.tuibujiiegouds. JOINT_3
.tuibujiegouds. JOINT_3
-tuibujiegouds. JOINT 4
.zuibuiiegouds. JOINT_4
.tuibujiegouds. JOINT_11
.tuibujiegouds. JOINT_12
uibuiiegouds. JOINT_13  (Re

wesn 2i & X3
san Zi & ¥
een Ii & X3
ween 24 & ¥§
ween 21 & X3
wean Ii & ¥)
tween Ii & X3
een Ii & Y3
ween 2i & X3

ERdggsisd
T
gEREDERED
FEEEIEEID
£ % %

Mcdel verified successfully

Ko g

Fig. 9 Detection window



3156 e K LR %23 %
8 _— 140 —
= =
6 FLHL2 1301 |
— i3
4 1 120} ]
2r J
> <110 ]
50 =
o ~— .| |
g ~— | 2o
™~ 90} ]
-4 ~ an 1 X:10
A Y:79.95
-6 Y:-6.588 |4 807 &
) 34 5 6 7 8§ 0 10 Vo1 2 3 4 5 6 7 8 9 10
1ls tls
() fafi B i £k
(a) Angular displacement curves
1.5 " r -4 v v : v v 3 .
’ Rl us
L2 =T
it =ik s
E ' 5.5t
~ 05 1 .
< g 6
2 o 265
(] ™ 2
=} =l
2 ~——_ 2 =Tr
37 e 1 2-15
2 — 2"
< ——[x:10 < -3
- Y:-1.084 |-
1 -85
-15 N . . N . , . -9 N s s . f | | | |
2 3 4 5 6 7 & 9 10 0 1 2 3 4 5 6 7 8 9 10
s s
(b) 2 B th 2k
(b) Angular velocity curves
0.4 : 1.8 v . - - : - . . .
—HLHL
031 HPL2 1.6F d
&~ — L0 P
":” 0.2r E 'c_h 14f 1
< ol | o2t ]
R _ o — Er)! 1
Y ol i
E 008389 £ g ]
8 0.1 — - 8
2 - 2 o6 1
L") ]
» 02 1 % 04} Y0 |-
< / < ¥:0.174 2
—0.3¢ 1 02t B
_0_4 L L L 1 L L L L 0 L I L Il 1 L L L L
0 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7T & 9 10
tls tls
Co) ffy Jim s B i 2%

(c¢) Angular acceleration curves
K10 Hi Matlab 1545 21 (4 5 IF 1R B R 112 3l 4317 1 48
Fig. 10 Kinematics analysis of serial-parallel hybrid leg obtained by Mtalab



= N P > 4 AVIRRY YN Py TR
5 11 1 e AL A R R O AP AT ML N ER DT TR I R 1442 Bl 2 43 B 3157
135.0 —
—JNEE JOHNT Angular degres
65982 1250
'S 1150
%;n %]05.0
< < 950
TTTTte--6.5713 850
100 s 79.9644
00 1.0 20 30 40 50 60 70 80 90 100 '8.0 10 20 30 40 50 60 70 80 90 100
tls tls
() FAPL i 26
(a) Angular displacement curves
- [ =~ 40 R e 87007
w w — JONEE_JOINT Angular Velocity Mg e
oo 7 50
£ 06429 < .
S 02143 - 360
g-o_y?-g i 2-10
S -0.6429 S - 2 ol
2-1.0714 T 8162 T
2 -13 gﬂ—q_% I | I |
P 00 10 20 30 40 50 60 70 80 90 100 P 0 1.0 20 30 40 50 60 70 80 90 100
tls tls
(b) ffy 7 B2 il 42
(b) Angular velocity curves
7035 7
< 02333 >
= ~ =
5 01167 g
L i
L*)
= -0.1167 - =
o ] o
2-02333 .~ 20
™ Y T T ———— 01743
k] _0.3%. I I I L1 I _u.% I I I - 1743
%ﬂ 0 10 20 30 40 50 60 70 80 90 100 g" 0 10 20 30 40 50 60 70 80 90 100
- 1s - s
Co) ffy i 2 BE ity £&
(¢) Angular acceleration curves
K11 H1 Adams B3G5 E A 2 09 5 T IR B (92 3 43 47 it 2k

Fig. 11

7.2 IEfRIGIE

%R IR IR B ML AR (Y 45 0 S50 0=45°,
Li=426 mm, L, =448 mm, [, = 300 mm. [, =
100 mm, MY 7.1 75 0] 1S A A . 7EI%
JEIRIEMLEF A BR 09 TAE 25 [ AR B — A (— 6,
57,843)0 P i By A bR fE 8 3 X (19) 7T LA i
I IS X 97 49 R AR 0,4 0, 0 FI Lo i+ 45 5 N

J@1=13.288 5°

02:9. 058 40
J . (45)
{03=5. 361 9°

1.=2385.770 9

X — e LIS 0, 0,, 0)IC AR
(23) 9, Jil Matlab >R i , 0] 15 12 £ 9K zh 50308 X i
B 8 4 R 25 4 2 oM U X R Y 4 2SR

Kinematics analysis of serial-parallel hybrid leg obtained by Adams

fHRETT IS Cay By VBMEINZE 1 PR,

R (0, 0, 0)XFRZHY 4 AKHRE

Tab.1 Four groups of real solution to (6, &, 6) ()
Wldl  Hodl  ®a3d Had
a 0.781 0 6.009 0 0.781 0 6.009 0
B —21.6507 0 21.650 7 0

Y 35.559 0 20.186 9 —35.559 0 —20.186 9

MR B=0 B, R 12 3l B B FE S5 /N7, T B
51 MG 3 A AR RS 4 2 8RS W R AR
1 0, € (0,907 FREBRES 4 4.9 T 5E 2 4154 1D
B R 12 B BE AR B /)N B N A 8 OC T E A7 S G B
Cas BV H(6.009 0, 0, 20.186 9), H = (15) AT
SRABICIE L XTI 0, =135 06 Can s 7 00 A



3158 e KE TR

5 23 &

LT Hp, AT g3 50 4 21 33 P 2 9K gl B4 X 1 #Y 2
Ui Py 2 P A IEfRER

p.=—6.049 5
py=57.470 8 . (46)
p.=842.780 2

KO PEMAER P H(—6,57,
843) AR AT L TR 22 AR/IN  th g AT IR B %42 Bl 77 1E
fifk TE A

BEX IR 4 RALAR AT AE B K, A H /3
PR B IR 42 T — Rl B 4 B AT LA A

Xz AL N B9 H I R KB BEAT T as 8 o
Br, BEEBWT .

(DFETREWE IREFE R/ N LS N R L3S
OrBT T ORE R BR Y dz Bl o OE R R S g, OF i

S E k-

[1] WEIDEMANN H J, PJEIFER F, ELTZE J. The
Six-legged TUM Walking Robot [C]. Proc. of the
IEEE (RD).
1026-1033.

(2] SR9R. xR KA. . — oL IE T 02 5
LA AR ZEIOE S A o s [T]. #Lss AL, 2014,
36(5): 584-591.

EMCH, LIU H, ZHANG X L, et al.. Compliant

International Conference, 1994,

gait generation for a quadruped bionic robot walking
on rough terrains [J]. Robot, 2014, 36(5);: 584-
591. (in Chinese)

[3] FHX.ERFT.HFMAH.F. WEHESANPRER
45 [J]. LB AL2014, 36(1); 21-28
LIMT, JIANG ZH Y, GUO W, etal.. Leg pro-
totype of a bio-inspired quadruped robot [J]. Robot,
2014, 36(1): 21-28. (in Chinese)

(4] T, RO, B4, F. TH N HIE )R-
EAEMENE NSRBI S8 ox (1] s
A,2013, 35(5): 582-588.

ZHANG X F, QIN X SH, FENG H SH, et al..
Design and experiment study on a quadruped robot
single leg with composite rigid-flexible configuration

for gallop gait [J]. Robot, 2013, 35(5): 582-588.

Matlab 1 Adams #5568 0E T B 45 15 /% 0 2 i 7Y
TERTE

(2) B TR BRI A8 ¥ 1 TR 5 vk, i
ST TR IR 2 g B R I 2 OC T B =[] ) B
SRR MW TEMT RPY # #E 00l
e v FO R B, S BT AILAR DG Y A )RR o A A
[i] 32885 (1) — — WS

(3)HEN T ML R I B oy M R Gk = 15 3 T
TR IR BB 4 5G9 25 ] A2 s T A 25 (] 3 B i) —
— MR OC R .

(OXIZIRBE IR FEAT T & o0 B, SRR
BT Y0 0C 7 HE v LU R O R IR G B Al O
5% 180°Ht . iz B 45+ th P41 5+ .

(5) M LA HEAT ELAE d=22 mm, KBEFF
B2 D=50 mm, B 0, € [105°, 1557 ],
Z IR TAE 25 18] 2 BROE IR e RN BT 42 R=
400 mm, & HE[500 mm,900 mm ],

(in Chinese)

[5] RAIBERT M. BLANKESPOOR K, NELSON G,

wl

et al.. BigDog, the rough-terrain quadruped robot
[C]. Proceedings of the 17th IFAC World Con-
gress. Oxfords 2008:10822-10825.

[6] PLAYER R, BUEHLER M, RAIBERT M. Big-
Dog [ CJ. Unmanned Systems. Technology Xl.
Bellingham, USA: SPIE,2006: No. 623020.

[7] KALAKRISHNAN M, BUCHLI J, PASTOR P,
et al.. lLearning, planning and control for quadru-
ped locomotion over challenging terrain [ J]. Inter-
national Jowrnal of Robotics Research, 2001, 30:
236-258.

[8] #RiC, &4k, R L, ¥, mtErg RIS U2 LA

A SCalf BB SSB [J]. LB AL2014, 36(4):
385-391.
CHAI H, MENG J, RONG X W, et al.. Design
and implementation of SCalf, an advanced hydraulic
quadruped robot [J]. Robot, 2014, 36 (4). 385-
391. (in Chinese)

(9] Zmesk,FH,RF 5. WHEWKS) M E 54 W&
AR S Bt FL SR [1] b &R X F#R,
2011, 41(5): 32-36.

LIY B, LI B, RONG X W, et al.. Mechanical de-

sign and gait planning of a hydraulically actuated



B

e R, A BT R IO R AR AT HL AR O E IR KR (912 2 2 0 pr

3159

(10]

[11]

(12]

[13]

[14]

[15]

[16]

[17]

quadruped bionic robot [J]. Journal of Shandong
University ( Engineering Science)» 2011, 41(5)
32-36.
SEMINI C, TSAGARAKIS N G, GUGLIELMI-
NO E, etal.. Design of HyQ-A hydraulically and

(in Chinese)

electrically actuated quadruped robot [ J]. Pro-
ceedings of the Institution of Mechanical Engi-
neers, Part 1. Journal of Systems and Control
Engineering» 2011, 255(6): 831-849.

SEMINI C. HyQ Design and development of a
hydraulically actuated robot [D]. Genoa: Uni-
versity of Genoa, 2010.

YONEDA K. Light weight quadruped with nine
actuators [ J]. Journal of Robotics and Mecha-
tronicss 2007,19(2): 160-165.

AL AL A, TR, 5. BT BT AT ML A A e 0
PLEE NI 5400 (1. ALk =42 44,2011, 47
(11 14-22.

REN G J, CHEN W H, CHEN B, etal.. Mecha-
nism design and analysis of cockroach robot based
on double four-bar linkage [J]. Journal of Me-
chanical Engineering, 2011, 47(11). 14-22. (in
Chinese)

EOR AR IR, . BB sk R /P2
A E RIS AT N B g R S 5 [T
Al K % 4R,2010,34(6) : 508-515.

WANG H B, XU G L, ZHANG D F, etal.. Ki-
nematics modeling and simulation of quadruped/bi-
ped reconfigurable walking robot with parallel leg
mechanism [J]. Journal of Yanshan University,
2010,34(6): 508-515. (in Chinese)

EHOR ARSI E L. W EIFBBR AT LR A
2 1% [0, AL LA F 4R ,2012, 48(23):76-82,
WANG H B, XU G L., HU X, et al.. Dynamics
of quadruped walking robot with parallel leg mech-
anism [J]. Journal of Mechanical Engineering,
2012, 48(23):76-82. (in Chinese)

WU Y F, HIGUCHI M, TAKEDA Y, etal..De-
velpoment of a power assist system of a walking
chair (proposition of the speed-torque combination
power assist system) [J]. Journal of Robotics
and Mechatronics, 2005 17(2) . 189-197.
YONEDA K, ITOF, OTA Y, etal.. Steep slope
locomotion and manipulation mechanism with mini-

mum degrees of freedom [CJ. 1999 IEEE/RS]J In-

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[ 25

i

ternational Conference on Intelligent Robots and
Systems, Kyongju, IEEE, 1999,3:1896-1901.
EHLFBE LR L PRI AL TR T/
PR EALT LA A hron A 1] ik 42
F1R,2009, 45(8): 24-30.

WANG HB, QLZH Y, HU ZH W, et al.. Ap-
plication of parallel leg mechanisms in quadruped/
biped reconfigurable walking robot [J]. Journal
of Mechanical Engineering» 2009, 45(8); 24-30.
(in Chinese)

WA R, FH L, — T 3-RPC IFERHLI B9 37
BUEATHLAR A [T]. AU 242 54k, 2011,47(15) .
25-30.

ZHANG CH J, LI Y W. A new walking robot
based on 3-RPC parallel mechanism [J]. Journal
of Mechanical Engineering, 2011,47(15) : 25-30.
(in Chinese)

RA &R, BT, N ELATHLA AN B IFBHL
MUBR BT (1], k% # % £42,2012, 20(7):1532-
1541.

RONG Y, JIN ZH L., QU M K. Design of parallel
mechanical leg of six-legged robot [J]. Opt. Preci-
sion Eng. , 2012, 20(7):1532-1541. (in Chinese)
RA BB, L8 GEFRIMRH A F BT
b et [J]. 5 # % 42,2012, 20(6):
1233-1242.

RONG Y, JIN ZH L. Static performance evalua-
tion and optimal design of 5-DOF parallel mechani-
cal leg [J]. Opt. Precision Eng. , 2012, 20(6):
1233-1242.
LI1Y B, LI B, RUAN ] H, etal.. Research of mam-
mal boinic quadruped robots: A review [C]. IEEE

(in Chinese)

Conference on Robotics, Automation and Mechatron-
ics. Piscataway, IEEE, 2011:166-171.
ANANTHANARAYANAN A, AZADI M, KIM
S. Towards a bioinspired leg design for high-speed
running [ ] ]. Bioinspiration & Biomimetics,
2012,7(4) :1-12.

B B & TANLE A B [T, ALk T A2
,2006, 42(11): 66-74.

ZHOU Y L. GAO F. Configurations of humanoid
robot [J]. Jouwrnal of Mechanical Engineering,
2006, 42(11): 66-74.
YE R, CHEN Y H, YAU W P. A simple and no-

(in Chinese)

vel hybrid robotic system for robot-assisted femur



3160

ples

k% TR

5 23 &

[26]

[27]

fracture reduction [J]. Adwvanced Robotics,2012,26
(1,2):83-104.

PISLA D, GHERMAN B, VAIDA C, et al.. Ki-
nematic modelling of a 5-Dof hybrid parallel robot
for laparoscopic surgery [J]. Robotica, 2012, 30
(7):1095-1107.

2. MM FHRIARE R EAHGEZ []]. M
M LAZ F 4R ,2005, 41(8): 3-16.

GAO F. Think of the current research status and

1EE @It

BEIE 977 =), B R A T
T R L 1999 A T aE Ll R A AR AR A
200, 2006 4R T8 L K 2% 4K 1 1 2
(VL N 8 I R PN & NS A K|
B G B AR M5 . Email: gao_
jianshe@163. com

(28]

development tendency [J]. Journal of Mechanical
Engineering, 2005, 41(8): 3-16. (in Chinese)
WA FE R E . RN N TR
RS R g (], ALtk T 42 % 3k, 2013, 49
(6): 81-88.

TIAN X H, GAO F, CHEN X B, et al.. Mecha-
nism design and comparison for quadruped robot
with parallel-serial leg [J]. Journal of Mechanical
Engineering, 2013, 49(6): 81-88. (in Chinese)

ZRAF1991—) . J TR IE S5 AL i
THEFE AL 2013 4F T KM K 24 345 24
=N YN R DR I R YN

5% . E-mail:li_mxiang@163. com

(RRIERE REWWT FEEH)



