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Fig.1 The passive dynamic walker model

TR BT E SRR, & M F k- 45 (contact-
detachment) F1&E 7 - 130 (stick-slip) JR A B 23R ffF
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P2l XoF B 2 fil — 43 B AEAE DUR I JL AR 0.

Detachment: gn; > 0, An; =0

Closed contact: gn; =0, An; >0

Active contact: gn; =0, gn; =0, An; > 0

Contact-to-detachment:
gNi =0, g8 >0, An; =0
Detachment-to-contact (impact):
gni =0, gni <0, An; >0
MR [ PR RE Al (active contact) B, 42 fil
XTEEVI M T M AFFELAT 4 R o
Slip: [gTi| > 0, |ATi| — piAni = 0
Stick: gri = 0, |As| < piAn;
StiCk—tO—Slip: gTi = 0, |AT1| - NiANi =0
Slip-tO-StiCk: gri =0, |ATz| < ,ui/lNi
HF# s A7 S AT S fe v 2 5 o TH 2 [A) 9
EACRASRWI AR, 5B 8 BB (DOF) B

ZHE R1IGHTRAEAHES REMR KM
KA. NARGESN I 75 T U s AT 5 ) R
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Table 1 The variant degrees of freedom under different

contact configurations

DOF Contact configurations
4 both feet detachment

3 - foot 1, active contact & slip; foot 2, detachment.

- foot 2, active contact & slip; foot 1, detachment.

2 - foot 1, active contact & stick; foot 2, detachment.
- foot 2, active contact & stick; foot 1, detachment.
- both feet active contact & slip.

1 - foot 1, active contact & stick;
foot 2, active contact & slip.

- foot 2, active contact & stick;
foot 1, active contact & slip.

0 both feet active contact & stick
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Fig.2 The map of set-valued laws Upr and Sgn
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2) g7 Io.
It T # 0

(a) HE B Wr(g™), Wr(g™, u?),
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Gnrt, G, G-

(b) KMIRUEL PE AN TR (16), FRHE (8)
= (15) K u®, ¢° = q™ + 0.5ucAt.

It I =10
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BATDMTER 1 f 8 sh T E 8 KT AR
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I |
k=k+1, new 1111111\ alues
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Fig.3 Simulation flowchart

3 HEHES

B TESERWE 1 s, Hd PP &
AR AP RRR SO E. fTERERR R, =
Ry = 0.1m, R (FR)L = 1o = 0.4m; BRETOEF
MRTIE ¢ = co = 0.1m, FHHE B A v = 0.01rad;
BE (& R) BiE mi = me = lkg, i (FE) X
LEHRE J, = J, = 0.008kgm?, g = 9.8m-s2,
At = 0.000 1s, {}f E & B8] tmax = 50s.
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AH 5 BAE IR % TR sh AT E AR K3 1
Rk, WEEMESE p = 05, exi = 0, er; =
0, i = 1,2, %M 2u = Om, yg = 0.394m,
g = 0.591m/s, yg = 0.089m/s, §; = 0.2rad,

61 = —1.5rad/s, 6, = —0.2rad, Gy = —1 rad/s.
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R Dy B, B 1 (BEShRR) 3 i B B b T S %
T EF K (0.3351N-s); {EZEILBRRE, 7 1E A
TR 2G4 58) b & 0.00174N-s RABAE, X
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—-0.2 0 0.2
81 /rad
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% i 2011 4 %5 43 %
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Fig.4 Simulation results

FYIE 2 B LRI T I, dtar s, (&5
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MR D0 T DUR B AT R, BshiT e 4 E5shR
o L ) % i SR L B B T MO, AR AE XU (R i
FEHREOL. AN 2E— PR W], 2R 5 & 2R
R, % 5877 i R BRI A 5 B B B S E
R B A B .

3.2 FEyTLYMMHEER

TEAE S BB ATE BRI, B2 5 T A
AR B, (HR B R RN, 25 U H
SEERSIR. HESETEARNSTRXMERT
WS AT RS WI B S =T A, FEAREH kM S
i = 013, exs = 0, eri = 0, i = 1,2; ¥
%M zg = Om, yg = 0.394m, g = 0.591m/s,
gg = 0.089m/s, 6; = 0.2rad, 6, = —1.5rad/s,
f> = —0.2rad, 6y = —1 rad/s.

BAEOT A REW], BT MR IL PR
B3l R B ST R A e ik RR e, AR 5 T R B 7
WA, &P RBE, B fTERiEATRE
WA, WA 5(a) Fras (F95R -5 BT 32 M 1A
K. EAAERASITER, KR 1 25 HR 2] 321 bR A
HE AR EEERIE (B S XI), iR
2 WA EEERZIINE, HWREERBDE
TR A B 5(b) A RSP AEBE B [7)
ARAGH) k. DURRRE = 3R 58 3 BEFI VB 1 G, R
T R EER AT E SR IR B ZR AR Co 2 (L
1). Sy DX AR M 2 (7] B 48 5 il 480 e 24 BE AR AE L
MRE, So XA E bR FUA AL RS R SRR DL RE
FE—NHYZ N, SRR S E N
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Fig.5 Simulation results
SR FK R AR (], AT B 2R 58 SEBLAR E B JA iz 3, #AF o = Om, yg = 0.394m, g = 0.591m/s,
TE R T — Rhor BE N S R BB A yu = 0.089m/s, 6 = 0.2rad, §; = —1.5rad/s,

3.3 TEHBIETLEHRERR

% Ge w5 347 3 45 3 7 22 0T 58 7 85 R A 4 il
i, I 70l e 46 bk B A 3 B <P AR 5 B
ilf 488 45 R R B A BE . X TR B TR AR S
A PR AR O AR 3 BOE O B A B B s AT
A R A A AR e A VR RGO RS R
i = 05, eny = 03, er; = 0, i = 1,2; ¥k

x 1072

f> = —0.2rad, 6o = —1 rad/s.

B 6 AETERBSTERKH RS R K
W, B 6(a) Al 2 ) 3% ) BE RS RS) INFR) ) AR
2, HHK P XRS5l R B SO R et
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{8, FERESE — RN, 55— 2% R N7 220 i B i
FIEXURE R BT B P B IR S, & 6(b) &8k 15 90

~ 0.1
l@
£
< o}
=
=
-0.1
0.394  0.396  0.398  0.400
yu/m
(b)
2.54}
=252
53 L Y
P
250}
47.7 48.0 48.3
t/s

B 6 & 111 fEss g

Fig.6 Simulation results
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T, M ESTEAEEAYEE. B6(d) AR
FE WL ARATER, RSP AR R i 2k,
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4% AT DU BUAR R R 0120 25 B 7E 5 Bl IR o e 4 S 9%
JBR B R T 43 K AR 2 A, AR AR IR R I RS
FRHLHE ) B A, EMRBET € M,
AFET McGeer BFFEH 1 “H1”, B—FHBm17E
5?5 [16]

3.4 BEAHBMKEZFXIEZHHNEM

MR 3.2 TR R B, BT ERAT
FERCPHEEME 7 s, He, % <0.13 B,
TEREE, 2013 <p <017 B, BINATESA
SRR LA A W B AR AT Y p > 0.17 B, B
BhAT A A% AT SEEAE Hh R E ¥ B AR A AT E.

[T ———
A B C
~ 7
T 0.37
5 -
)
':.
2 0.6 A — fall down
% 0.36 - ‘
g B — stable gaits with slip
C — no slip
0.35 i

y L T L T L
0.10 0.15 0.20 0.25 0.30 0.35 0.40
friction coefficient
B 7 EEEEREEW
Fig.7 Effects of friction coefficient

HEAR 3.3 WHERERMIRE REL (en) B, #i3h
TEBDEREME 2 . Bk wRE REE D
i, ZIRERBOSRBIIT RSP K, PR Ty
HEEHAKR, ARERBEET 1, £4AXS
BT, BT RSN RLIRSITE (FE).

HIE 7R3 2 WA, BOshATEASEEE AR B
K, THERKRERBEADAMHFRT, EHHTHH
T as SRR E B R AT

%2 FERRERFHEN
Table 2 Effects of ex

en Step length Step frequency Average velocity

0 0.15364787 1.917908 64 0.37342895
0.2 0.15390431 1.91803597 0.37401193
0.4 0.15390105 1.91781767 0.373974 16
0.6 0.15379852 1.917491 34 0.373683 51
0.8 0.15328113 1.91773073 0.372604 89

0.9 fall down

4 & it

AR ARG B AR R S 8h J1 % 07 B A E s
TR N, ZHEREFUTRA: (1) #Eid
S T fil Ty R U 0 AR OR RN Rk AR T AR,
IO PR e T ks R 4 — 2D I I ) 25 T R A LR
ATERER, ZT S TREE, ENHE).
(2) 45 H BN AT E A 1 7 2 A BRI B0 M8 05 3 75 v6 BR
& F TR bR 0 S A RS O, thE A TR
B AR S8 A S PR O, AT T DA R 4
B A7 7 53 R v R M V] FR) 3 Bl — G R 42 k- 40 B
ME.

1 3o B fE 07 B4 B 8 sh AT A8 A 1 B 1 2E e
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(3) 24 & Hu ) 4 TE ¥ B Ak S 2 W PR R I, BshATE
A AT DUSE BRAR i D A8 AT 8, b i S 9 i e
B R 7E 2 ICHERE IR A, 55 Sk 1) PR 3R B /N i
1% PK S 28 00 A8 A X B B AT A A 16 7 X 3RS R AN
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SIMULATION RESEARCH OF A PASSIVE DYNAMIC WALKER WITH
ROUND FEET BASED ON NON-SMOOTH METHOD Y
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Abstract Passive dynamic walkers can steadily walk down gentle slope under only action of gravity without
any drivers and controls, and they have human-like characteristic of walk and high energy efficiency. The study
on them has a key role in designing robots and medical prosthetics. Hence, it has attracted considerable public
concern in recent years.

The contact configuration of the biped walkers also varies correspondingly due to the transitions between
feet and ground from slip to stick or from contact to detachment. For the non-smooth and nonlinear model

with variable structure, it is generally to simply regard the model as an inverted pendulum fixed at each foot
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in turn by means of McGeer’ Step-to-Step method. Here are the basic assumptions of the traditional method
(Step-to-Step method): There is no slip between feet and ground, and plastic collision occurs at heelstrick while
conserving angular momentum. In addition, it is assumed that stance leg and swing leg change instantaneously
and no impulse acts on the swing foot. Although the traditional method is widely employed, the shortcomings
of the method can not be neglected as follows: Firstly, slip phenomenon can not be dealt with; secondly, no
direct simulation or experiment results support the assumption of angular momentum conservation of passive
dynamic walker about heelstrike; thirdly, it is not suitable for analyzing general movements of the biped walker.

Planar straight-legged passive dynamic walker with round foot can be considered as a multibody system
with unilateral constrains. Based on differential inclusions and complementary methods, the theory of non-
smooth multibody dynamics with unilateral constraints has been well established, by which the multi-contact
problems with friction and impact could be efficiently solved. In this paper, this passive walking phenomenon
is simulated by using the non-smooth dynamic method. We mainly analyze the Coulomb friction and Newton
impact phenomenon between feet and ground. Due to the collisions, the whole dynamical equation and contact
laws are set up on base of impulse-velocity level. After establishing the complementary relationships of all
contact laws, a linear complementary problem in standard form is given. And then, we choose a one-step mid-
point time-stepping method for numerical simulation. The programming with the non-smooth method is easier
than that of the traditional method.

The following conclusions are obtained from numerical simulations in this paper: (1) If there is no slip and
the collisions are plastic, the simulation results agree with those of the traditional methods, which indicate that
the assumptions of the Step-to-Step method are reasonable. (2) In the case of slip and plastic impact, stable
periodic gaits could also be found with some suitable parameters. For this case, the friction coefficient has a
significant effect on the average walking velocity in tangential direction. (3) If elastic impact occurs without
slipping, passive dynamic walkers could also steadily walk down slopes with several collisions at the transition
from swing leg to stance leg. Small normal coefficient of restitution has little effect on average walking speed.
(4) The simulation results show that for a small normal coefficient of restitution and a large friction coefficient,

it is easy for passive dynamic walkers to realize stable periodic gaits.

Key words non-smooth, linear complementary problem, passive dynamic walker, Coulomb friction, Newton

impact, multibody system, dynamics



