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Analysis of the Kinematic Characteristics of the Passive Dynamic Walking
Stick-Slip Process of the Flexible Leg Rimless Wheel

Bao Yanming Zhang Qizhi’ Zhou Yali

(School of Automation, Beijing Information Science & Technology University, Beijing 100192, China)

Abstract In order to analyze the motion gait of the flexible leg rimless wheel, the conditions for the
transition between the two motion states of viscosity and sliding of the flexible leg rimless wheel were
analyzed. The dynamic model of the system was established through the first-order Lagrange equation.
During modeling, the tangential constraint condition during the single-support phase was removed, and
the friction term was added to achieve the modeling of sliding state when the friction force was insuffi-
cient. The motion gait of the flexible leg rimless wheel under different friction coefficients was analyzed,
and it is found that up to four possible motion behaviors could occur. The influence of different gaits on
the energy of the system was studied, and it is found that the occurrence of sliding increased the kinetic
energy of the system during the single-support phase. Using Newton-Raphson iteration method and
Poincare mapping., it is found that all four motion behaviors had fixed points and stable trajectories, and
it is also found that the gait with sliding of the flexible leg rimless wheel had good robustness. By stud-
ying the influence of different initial kinetic energy on the system’s sliding gait, it is found that there is
a very small stagnation interval when the kinetic energy or angular velocity of the system is within a cer-
tain range, which makes the single support stage of the system slide for a long time near the vertical e-

quilibrium surface, resulting in instability of the system.

2024-01-10 ULEI% 1 Fiy,2024-03-18 UL EI 5 e
* [HFE ARFI ISP HE (12172059) , National Natural Science Foundation of China(12172059).
T B (5 E#H E-mail:2zqzbim@163. com



60 g o o 5 E M o M

2024 45 22 %

Key words passive walking,

51

il

H7E 1989 4F Mcgeer SUHE T 8% 3 17 7E (19 HE
AR E R I T — R OGHE R M ks g
T SRORE 25 A R A e 4 W) TE 2% e A M s B
(4, JF 4 g 7 7E 5 7 3K B0 i A R A2 AL AR BTN
AT ER) — 7 2. Morawski B9 A 2 TF 57 1 1E B
TR — 8 R T N AT B T2 1 24 8 Cole-
man BB SRR TSR TE S AR R E
PEJEAT 1 53 H 148 4 S HLAR R G i 5 A8 1k 1Y
PIAS B AL ] 2 HORE Al 52 B 4 3. Asano™ LRI
PETCGHE LY, 3 AT 1 003 0 R 1 78 Ak X
TABREERN W, JE BT 1 PR R 1 2%
T TG 2% 0 4 LI W Bh A1 TE ke T g s o 1 7
B HESR |- T ey R Is Sk gE T R) 4 U X T
2B BN ATE 1Y B e 243 ok i A I iR Bl 7 A A
BRI G RGBT AR BN, Sy T T
AN ERD , Asano BN B A 26 502 1) f 45
TR T R R il A5 0 Sk B AE AT E 1 AR g
T RUSARE W B, I 3 B S BT RIS T RS A B
B LA A sk A AR S A DL 1 B A 0 A
P& T I SO AR AR EE ST Y B ) A A A I 3R
A TR 1 235 R 0y B B AT 93 A, 45 3 R 5 b T Y
s B B A 24 il %) V70 1) e A et AR 1) A A 3 o
i T 258 DI S 1 il 8 ) ) P A A L 4R T
AE B YR A AR B 5 S T N IR AT EWEIE
XIWF TR B sh AT E VLB ARRAE R A E2 L
TIHEBEh S B ATE B IR M B, Gamus™
FEXT WM TC 2% 56 7E T W s 9 R A5 10 R e S R E A
WAL W B B BRI R AT TEUE T 2 R L AR R AR
SO E SR PF T M TG 2 6 S ORHF 5 1 T 4 Ak AN T
B T A R A DR R SR AR e 7E 2 S b AR U S
B B LAY B2 3l vl RE 23 v AR O 1) Hi 9 8l JF )
Brih THE—E RESKMMARMERENETEA
R O B Y WM TG S B A AR E 1Y R B A el T TR
T B I ) SR AR MR AT Dy R R B )
P E T L Karnopp''* $ Hy T — Bl B 192 38 /% R4S
LR SO0 1 T3 1 o I o SR LR T AL Bl
SR GG EE S FE AR AL X TR 5 ek 1 [ R
SR EENY  H T T NCP R B R SR T

flexible leg rimless wheels,

stick-slip, coulomb friction, limit cycle

TSk, BEOSUAR S R b BAh i 7 IR 5T T
158 ¥ A B A7 5 i 10 SCHEE AL 5 e T A EE 4 DR RO
TATAE LW L o K Y 5 45 D A A T
W7k # S5 BB E 9 AL AT R, MM SR
FE T TR Sl EE B Bl sh A7 5 4% 09 3 1 2247 S #20 , Ik
Oy 24 JEE 5 DN R0/ N B — R R BE I L AR G o) AR YR
PG I H G T S R B R e X s AT &
HEBE Ty Ty R A BOR B R X T R A R =S
[0 22 W 2 ¢ 1 ot 1) A0, Bk SR 45 A T
U gl — ZhHl R eh il B A B T A2 BT O A A5 )
HUR GE7%5 18 PR G B I ) 8l ) 27 SR A U5 2. Kato
SN IR ALK T 138 Bh T 1 7E 45 R i 3 S A
TR B s AT TR ST, W T R s sh Y
FEANEAE I 2 T o0 g 2 R BRI ST T 26 0 A
JEE S5 MV I 0 300 3l B 4 0 R DA D o R
FOL A LA AR S W R B T 1T 22 IR R 2 O B 5T
X4 LuGre BE A8 0 5 8 A BO6E N 9 BE 4. 28
7 S5 SET — R USSR 9K 3 A e
TEEHIC R RGN B S 2 B ARk T R 5
TE A TR) B i 348 B0l A I 55 i [R] 7 A A ]
ik 3h B 1932 2 B . T O DY RS T — SN
51 37 3% ph o 422 B RS 3 ) I B4 L 0 BT T
Xt R GEWEAS R RERY R R o TR T LIE
A — {37 422, i LK T 0 2 48 1 I T 5 R AR AR
AT SRR K AT BEHEAT B ST J5 1)

KT BN ATE B[R] FR 73 #8 2 2 R 3 52
A5 B 5 3t T 2 figh G 8l T R AT RO DS 5 T HLAREE
BT AR D8 Kl S ATk L AR AE 52 P 19 18
HHEE 8 7 AN AT RE S L SR AN ) R 458 DR K™ A 1y 28 25
55 G 3 i 25 A AR 22 0 TR AR 2 ) T 42 o
SEE S P AR A BT S R T G A8 AR AT NI TE
GRACAE SCPERR LR TR AR B A s g AT O o
s gk. T NL 5 S BRI O SN A B RL, A3 A
SRR AT E R LA K O3 B 3 1 R Bl T
ARSI AT AT ERS A S LIRS
f 2 fifh 2% 5 T Coulomb B HE R 5] A B
J1°7 7 RS, BT ST 1 R M BB TC 2% 48 B — W sk
W E A, oA T HA B — SRS e e il S
i TG 5 4 B9 AT A AR AL I E e B Sl i S5 o A T R
A R — W AR HARAE LT 1 R G Ae e k.



57

L2 40 S - SRR TC ) 58 B — W B i TR B 9 B S AT B 4B SRR R A A 61

1 HhEEE

1.1 SR

ARG TR BRI 1 TR B AR Y 2 M R G
GRECHESR h 8 AR 25 A D SCHAEIR L 220 W B S 42 fik
B hE R GE AR B o, AR 2R TR I A
WIE Sy B MR E A o 0O L Z2 vh . 72 R G T 12
2l I i v kAR A% A AR R AR SR R A
SCAERR RS SCEE BB A IR N L B S B B
il R BE R L B 45 DAy LS 5 B B s iR B R
Lo FIBRAC O Ly o BT B A50R LB 6 o BB
5 TR 2 PR £ 9 23l B 456 DX 0 e O R B 4 DA K
[V B A e, SR T 5 3 T % 1A 1) 95 460 25 ) L
ARPR R X RS Y Bh, BERPERR LA 8 AR
FR L AR AR (o y ). S R 5 A T 2 £k Y e
ik 0.

B 1 ZEEBRIE S 4 5 A

Fig. 1 Simple model of flexible rimless wheel
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Table 1 Four situations of mutual conversion between

sticking and sliding states

State Condition
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Table 2 Simulation parameters of the system

Paramater m/kg a/rad ¢/rad L,/m K/(N/m) C/(Ns/m)
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Fig. 12 The curve between the sliding time of different angular

velocities on an upright equilibrium surface and
the final mechanical energy at the end of the stage

ARSCR S — R Pk W H J7 P oL 1l A BE
B RVERR IO S5 RS B ) e I T X AN
[F] 9 JEE 4 D R HE AT 0 A S A5 T R GE A SR Y B iy
PURR A2, o B R

A A RGAREEA B BeN 1 8 HAS O 5

A By RGAE A B Bo 3l IF H g A
BB D30 AH A2 1 5

A B, RGAE A B Bow 0134 30 9 2 5 1)
Y B

A C RGAEEA B BL N G 30

2 T8 B g e Sk e YT DU A D 2 B ke
FeEPE IR T A A 3l 920 S B R &
PE 0 o B 7 LA 250 2 R R E B, 2R
S AR Y BT AE 1 Bl IR A FL AR S N [ 2 B A 4
DRI KPR /I T 384 T G 2R B S o B A7 AE i Bl R
2B 2 1) ) RE -2 B TEE 456 DR R Dl /)N T 3

e oA AR G0 R B SR B Bt s IR S AR AR
f5E s DX TR) G SR 25 2R G Al e e - 7 T I 2l fE
R FEAL T /INE R A4 DX RS R K



68 8 %

5 &

E

2024 45 22 4

I [) 1 9 3, O BT O BRE

AXLHEBEAERGETIMAT f#4 Coulomb B
BEAH T s b8 DI aHIER AT R
() EEHE IR Stribeck A5, T 46 S 43 A7 A [F] A
BT B 52 JRis S AL

M TR AR ST ) SCAR bR N7 R e B )2
2 B BRI o 75 RS 4% By B BE A 1 75 2R 48 D) 1)
LY A R L i DLJS 22 R AF 9 2 2l A
T R FH ST 1 7 SC AR R A ST R G Y B ) O A
Rt — 20 MBI 5% R G WS A B B n] BE 23 7 AR Y &
i 5 s L BTN

S 2% 3k

[1] MCGEER T. Passive dynamic walking [J]. The In-
ternational Journal of Robotics Research, 1990, 9
(2): 62—82.

(2]  MCGEER T. Powered flight. child’ s play. silly
wheels and walking machines [ C]//Proceedings,
1989 International Conference on Robotics and Au-
tomation. New York: IEEE, 1989: 1592—1597.

[3] MORAWSKI ] M, WOJCIESZAK 1. Miniwalker-a
resonant model of human locomotion|[ C]//Proceed-
ings of the Sixth International Congress of Biome-
chanics, Copenhagen, Denmark. Baltimore, USA.:
University Park Press, 1978.

[4] COLEMAN M J. CHATTERJEE A. RUINA A.
Motions of a rimless spoked wheel: a simple three-
dimensional system with impacts [J]. Dynamics and
Stability of Systems, 1997, 12(3): 139—159.

[5] ASANO F. Analytical solution to transition function
of state error in 1-DOF semi-passive dynamic walk-
ing [C]//2013 TIEEE/RS] International Conference
on Intelligent Robots and Systems. New York:
IEEE, 2013: 3114—31109.

[6] ASANO F, TOKUDA 1. Indirectly controlled limit
cycle walking of combined rimless wheel based on
entrainment to active wobbling motion [J]. Multi-
body System Dynamics, 2015, 34(2): 191—210.

[7] ASANO F, KAWAMOTO J. Modeling and analy-
sis of passive viscoelastic-legged rimless wheel that
generates measurable period of double-limb support
[J]. Multibody System Dynamics, 2014, 31(2);
111—126.

(8]  skarak, Xk W Em . 5. EMM LR sz &

[9]

[10]

[11]

[12]

[13]

[14]

[15]

e A 5 2 4 [I/0L 1. B J1 % % 4, 2024
[2024-01-10]. http://kns. cnki. net/kems/deta il/
61.1112. 03.20230519. 1607. 007, html.

ZHANG Q Z, GE X S, ZHOU Y L. Modeling and
Analysis of Passive Dynamic Walker of Flexible
Legged Rimless Wheel [J/OL]. Chinese Journal of
Applied Mechanics, 2024 [ 2024-01-10]. http://
kns. cnki. net/kem s/deta il/61. 1112. 03. 20230519.
1607. 007, html.

GAMUS B, OR Y. Dynamic bipedal walking under
stick-slip transitions [J]. SIAM Journal on Applied
Dynamical Systems. 2015, 14(2); 609—642.
KARNOPP D. Computer simulation of stick-slip
friction in mechanical dynamic systems [J]. Journal
of Dynamic Systems, Measurement, and Control,
1985, 107(1): 100—103.

gt MR, 426, SRR B i I g —
ANER ROGI AR LT]. W BCE F Ty 24, 2004,
25(1): 42—52.

ZHANG H W, HE S Y, LI X S. Non-interior
smoothing algorithm for frictional contact problems
[J]. Applied Mathematics and Mechanics, 2004, 25
(1): 42—52. (in Chinese)

By, B3, EREF. BIRR AT E A ARG
e i AM T[T, J1%E 4, 2011, 43(4): 765
—774.

DUAN W J, WANG Q. WANG T S. Simulation
research of a passive dynamic walker with round feet
based on non-smooth method [ J]. Chinese Journal
of Theoretical and Applied Mechanics, 2011, 43
(4): 765—774. (in Chinese)

KRMG, EBL, B S BEEES R X WS 1TE &
LM T[T, J1 254, 2020, 52(1): 162
—170.

ZHENG P, WANG Q, LV ], et al. Study on the
influence of friction and rolling resistance on the gait
of passive dynamic walker [J]. Chinese Journal of
Theoretical and Applied Mechanics, 2020, 52(1).
162—170. (in Chinese)

W SCHT o BRiEE . XA . 9 B 5 Y 28 ] 2 MR &R 42
) ofr it [ LT ). 3 gy 2 5 5 24 2004, 2(2) 0 7
—10.

YAO W L, CHEN B, LIU C S. Impulsive dynam-
ics of spatial multi-rigid-body systems with friction
[J]. Journal of Dynamics and Control, 2004, 2(2):
7—10. (in Chinese)

KATO S, YAMAGUCHI K, MATSUBAYASHI



57

L2 40 S - SRR TC ) 58 B — W B i TR B 9 B S AT B 4B SRR R A A 69

[16]

[17]

(18]

T. Stick-slip motion of machine tool slideway []].
Journal of Engineering for Industry, 1974, 96(2):
557—566.

AL, FBW A, EHE. T LuGre B84 6 A 8L
VI 2 1 FR G 3 1 2 s RN B B (). 3h
T 5 EH %A, 2019, 17(5): 413—418.

XING H, ZHENG X D, WANG Q. Modeling and
simulation of planar multibody systems with fric-
tional revolute joints based on LuGre friction model
[J]. Journal of Dynamics and Control, 2019, 17
(5): 413—418. (in Chinese)

FEIF, AT, THA, % —XLEEAWH R
Gz sh R A dr[1]. a5 whdi, 2020, 39
(14) . 9—16.

LIGF, YULY, DING W C, et al. Motion char-
acteristics analysis of a wheel-free self-driving sys-
tem [J]. Journal of Vibration and Shock, 2020, 39
(14): 9—16. (in Chinese)

W . Far, MiEd, S — 28/ A 2 i

[19]

[20]

BREM RO R T] 3 Jr 5w e i
2023, 21(8): 82—91.

FENG X W, XU Q. YANG Z B, et al. Delayed
swing up and stability control of a class of cart-pen-
dulum system []J]. Journal of Dynamics and Con-
trol, 2023, 21(8): 82—91. (in Chinese)
ARMSTRONG-HELOUVRY B, DUPONT P, DE
WIT C C. A survey of models, analysis tools and
compensation methods for the control of machines
with friction [J]. Automatica, 1994, 30(7). 1083
—1138.

AR, BTN, i 4E B SR AL S K B ATk
WAt FELT]. hioe 5 il A4, 2019, 17(1): 1—
6.

ZHANG Q Z, ZHOU Y L. Study on walking con-
trol of a semi-passive biped robot with telescopic
legs [J]. Journal of Dynamics and Control. 2019,
17(1): 1—6. (in Chinese)



