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Fig.1 Four rigid body model and torque action form for

human walking

1.2 dliEYI#®

2 WP 28 ¢ A i 48 3k R o LR R il 43 s
F% £ 38 JEE A S OR R MO IE AR IS AR AR
AR o E B S T R . (HR AT TR R R,
HIEA S WS, 2P B A — R A,
T S A5 R B2 M 15 58 2 R A S 58 4 ik M o e R A AR
S A AL LA AR RE S 72 E DT B F — B 25 .
AL AR X b A Wy g 2 LR R R T AR SR
[l A SO0 U e 9 A, D i e il 488 A 8 — i
4 3 B2 2 T 93 A — B B — B0 A R . AR SCARGE
XA HARAESE B, A THE WnfT S BLX AN H A5 o

2 WEITE

D3] A% B4l A4 3 T 2 B R0 S SR oK g 45 1
M )3 4 1), 47 7 A5 R a2 gl O A (1) Hh 8K 3l 7 3 w I
ANRETUSE M , I HL B B ARE w AN BE A Y 5¢ B AU
NATAE B AT e B BOBE R W . O T S X
A WRUME AR SO IR 753 xRSl A d g 1R A
250 B B B9 i AR AT M S (7 ST B Sy B B 5
Goa) » FOA L) TG X5 07 b K40 00508 9K 5l 7 ae #) IF
T (G B A R 3 ) 5 25 REN 5 A5 R AR EL AT LA
L Naz gl il 7 rp n] BE 52 2 B9 S0 R 3l (4] 4 25 44 Ik
2 MR A HIAE) B SEBR B ¢, 5 MR q,,.2
(] R B8 7 A R 22, DRI 2 S At 2 P b 42 o Ok o
UK Sl ) R EAT B SRR, LA 58 R B A T 5 FL .

2.1 HEML

Al 22 WIS BEAT 3 AT A, B ST X RS
BEAT LA IR o A SO T 97 i ML 2 vk AT A0 B
Xl o 55 Wi B0 2 0k 2 — Fl JL AT B 40 | R X B PR A
Wah 1 R G, R A 12 8l R0 HA B R Y
PEIR A AR R RS EEAAS i AR R G4 LA 3
ey fl sk f B L BUR AT 8 R G AT AT A
A7 i, S 45 Bk 5 b T R) e AR o R AT R TN A
EERLER LB R R o NS I T N R DR E 5 O T
e ZZERIEN RGN 0 ATHIAE

X AR - T D AT B 2 80 B B, R B B A R
q. N FRBCE S 28 0 1Yy pR R, T8RRI R B A
DL ZE IR pR K

qu‘d(s)zz:a“_ﬁk!(;)!k)!s’“(l—s)gk (3)

w1 Xny g X 4, b d SRR BRI &
. R R B TR IEAR o B go s BB, Goas gu
WAL
Goa($)=as,(1 —5)+ 3a,,5(1—5)+
3ay.5° (1 —5)+ as5s° (4)



% 4 ] 2R e D PR AT A R % AT A B 905
. 0o—20, , . o y —— 7 hi y
R = KT O A B AR — i
f i /’
/ q; T\
AT R AL OSs<< 15 TR 1, 1280 — 45 04 / '\\ \\
Lok A STl 98 A it 28 B R he () /|2 EESl] \ 9
*HQHEE'H(@\,TIE]@ az,dﬂm\f&d\[th?f%:\ﬁ,/e 0 2 \\\_ﬁﬂlﬂﬂﬁﬁ_ﬂﬁ_’ \‘\ \‘\
3. 5 (4) Wi ISR 5T 7 , vl A\
. 9 / 4 A\
0 =/ ¢!
C)Z.d: 0, — 0i|:3(012,1 - 012.0)(1 —s)’+ 6(012,2* / ‘ \‘\\:“
0,5 — )+ (s — a,,)5°] (5) / () + o ) 1
0,0) BB ZIERE

A =0 M1 s=1XF i A R & 400 1% 400 iy AT 2% 1k et
Z0 % q 1 AT A

(]2,d|x:o:CI21§ qz,d|x:l:q2f (6)
C]Z.d|,\:0:q.2i; Qz,d|\:1292f (7)
(4 ~(7) A 1%
Q20— (a2
ef_ 51 q'2i
21— 7i+77,
Ay q: 3 tgi
. (8)
a _ q o 0f_ 61 ﬂ
2,2 2f 3 (9}
QA2 53— (o

W B Bh R R B g, AR A (D) T A
B 5 FAR 5 0 (4 B0 [ ol B s gh
M0+ M..(0,0,0)+h (0,0)=0 (9)
TR, RA L 5 R A AT B ) R AR B

0| =0; 0| =0 (10)
t (=0
TR U6 JE A TR B AN AT R ) A L A

0| =0;06| =6 (11)

A W oy 75 R (9) SRk A8 25 1k ik 220, ) Wy
R g 422 80 R AR i 5 TR A 2 fk

2.2 BHITERSE

2 50 R R i A S - TR ki, 2 M AR A R Y
AT 7E Jo 300 5 o, A 2R il 45 i A DR 2 0 Ok e A7 E A
W& AR [ g, g )" 42 30 I8 i i 1) € 2% 1F
y.(q)=0,3.(q,¢)<<0, y, > 12 3 B K i 59 y 4 4
CHAR 4 3 550) o ANTET 2 B 7S, 422 Sl B ik 3t ), S 4% it
L5 1R 2l B A AN B4 (67 T A AR B 4 5 R P R OR O

Qo= Tqq, (12)
Horr,
1 1
1 — 1 —
2 2
T=|0 0 0o —1 (13)
o o0 —1 0
0 —1 0 0

fBE N MR URS S 1) JEL 20 254758 RIR — JA
Wiz S S b — SR 4 B A R 2547 E TR

FEnt1FRERE  (0,0)
K2 HiJE AT U

Fig.2 Shape between front and rear steps
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Fig. 3 Controller structure
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Tab.1 Parameters of four rigid body model
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Tab. 2 Initial and terminal state values of walking speed

at 1. 12 m/s

A5 L GRS ZH
0 rad 0.314 —0.294
Q. rad 0.019 0.224
g rad —0.506 0.506
q rad —0.224 —0.019
g rad/s —1.087 —1.2
g rad/s 5.837 5.9
qs rad/s 1.213 -3
qs rad/s —8.105 2
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Fig.4 Schematic drawing of human walking during one cycle

frame by frame
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of-freedom ¢ given a walking cycle

jey S PUWNIE oS i s i R e o T e A ]
PRBERY ) A7 7 78 200 1 76 A B X B 5 J 39 ok S B
NARATE R B —2 o &6 s 1 Jd i il S 4 ¢
ST A AR RE S LIE B B EOR B RS

9L / rad

0 20 40 60 80 100
BEEBGEE /%
BI6  JA AT A AR R R H

Fig. 6 Periodic walking angle comparison
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Tab. 3 Gait parameter comparison
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Fig.8 Model parametric simulation
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Four rigid-body model for human walking and its walking load analysis

LI Yong-fu', WU Bin', BAO Yu', YANG Hao-wen’
(1.School of Civil Engineering and Architecture, Wuhan University of Technology, Wuhan 430070, China;
2.School of Civil Engineering, Harbin Institute of Technology, Harbin 150090, China)

Abstract: In order to simulate the mechanical behavior of the human body during walking, the multiple-rigid-body model was used to
simplify the human bipedal walking behavior, and a four-rigid body, four-degrees-of-freedom human body dynamic model was estab-
lished. The dynamic equation of motion during the swing phase of the dynamic system was derived using Euler-Lagrange equation. In
order to mimic the real human locomotion behavior, the Bézier curve was used to plan the trajectory of the driving degree-of-freedom,
and the multiple degrees-of-freedom equations of motion was simplified into a single degree-of-freedom system which was solved as a
boundary value problem. The numerical simulation results were compared with the actual test and the load model, reasonable feasibili-

ty was verified.

Key words: multi-rigid human body walking model; motion trajectory planning; feedback control; pedestrian load ; human-structure

interaction
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