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R P AR AT R L SCHR S R AR TR AR R 5 A5, 28 T RS PE Tk i AR A L SC
TR 6 K AAARTRT A AR O FFASTRY | I SRR DG 43 15T AL R S A F 64T 40 BT, Bl BT [y B 1
I, R G058 2 AR B2 5 AE IR SE h , KR8 B AN G R G AT BT, I
H RSB BT E AR RO T T R B T s H A R, R SCEk [ 14
2 8T KRB A58 BT (B I AN 358 B 125 1B 58 42 SCHR[ 15 ] Hhishie T AR S 45 #E
AT R H 0 L R Bl B B0 A B R, (B AN A B A A =2 ) 1 o 3 AR A
FE T NSNS 8% 0 T AR AT B A8 8 | i = — 2 B EIR ).

EEXFLA LIRS, Ry T 850 5 B AS A W AEATAE AL R v VR, TR sl il B 43 B a8, A
SCA KSR TRT AL A RO /INER R B 1 I 7 AN BB B FEAR 548 A R 7 AT AL HE
AT AT ST A 1 B J1 2405 88, 43T AR E B 0% WP 25 R 704 7 0 8130 Hp Jir 7 0 26 1 [ B
X8 8 2 (A S A AR A B 2 R ) SRR SS M A T R R S — R B SR R
DR PR B T2 (B A 52 1 A 7 T 2R3 B M O, A5 31 R i B ML 22 18] B4 77 A A A
I 5 S AHUR A AR R ADAMS 3R A-004 505 B4 , S0 TR 70 A v .

1 @S, ARFIAN 8% A9 D-H AL bR 2

1.1 FEIMEBREEAM

X FFHAIME S N TR TR S a# R R MM RS S RS BIRR G 45
il R G B LU, 0o T AL (5 AR R B ATE ) UL (58 305 ML 4% i
AT HRF T ).

HI AN 2P AF B ] 43 A2 8 AR TR 2 FI AL A% A
SEERE IR, suitX 2 E) A 2 B 0] R/ % Phoenix
U THRE NI B E R Bl
() F1 e s, TR i | R R A S M AR Hf 5 oK PR il
FH, IE RIS i ) B o i B N RS S B AT I
DAl AN R 25 38 0 5 oK. R, 2R 303 AT B F2 e 4
HhE g AT E R AL AR TR RE A HLAK
TN SE L 455 IME Phoenix AML/R &
FnpE 1 R,

1.2 #ar D-H &R &R

NN IBA 3 AT 19, 0 ) S OG JEC
TRER OGBS I 1Y A BE AT 23 AT E i R ek
AN T BRI A S TEAT E A R T A R B 1SRG Phoenix YL
EBH SHIVE BRSNS D-H A FRZ 7 A Fis 1 The wearable exoskeleton Phoenix System!1¢]
BN ARTE B A G E A AH R B SRR AR b, (RT3 o A S [R A BR AR bR | 7 (AN ] Al A 22 ]
PG4

TR D-H ARFR R T EE 1 B X B ITTRE — DA S AR AR I T
BT FRE A 2 Bl o Bl O R B, WU 2 Bl A A RN e A 4 T ) 5 A O TY
AL, W 2 BN BRIE B0 T 10 A SCHIFSE T T =4S DG 1 1 A e e 8 G PR PT 4%
HEAT TR R 5 4 OG0 Y 2 il B = AN ST Z R P ROC T 1Y = Bl P AT, & RBUR A e
2, I TPk ST — O A AL 1 — FAE R « RIOR AT AR BL L0 E 4 2 Bl o« S5, 7T
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ARG = AR bR R h B0 TE MRISE y fih A% BRI 7 28 A0 S 4B — > K5 Y D-H ALK,

HRIESME#E Phoenix AIASHHE AN I E-H 3 31 g AL ISC 7 FTAR L, JEARAT0F 1~ 7 23313k
ZWNCNER Sl P RSy SN I SN N N o VAW SR N D W sy e B i R i
FFIE 8~ 14 70 53| 27R A1 B B AR LR

HMEERFIAAREESL B9 D-H AR R L, LLAME#E D-H ARHRZ (18] 2) Sy (0 Ud I e 28 Bt 2 57
(1) D-H AAR R AR 2 1, 1 o0 o AP BE s BRI i BOL I8 ¢, F0R s PRI BT
b SR IR OGS SRR AR O,y 2, BESEAESCNT i MBI E s, BT ¢, 5 HAHIE ST Z 6] Y B
B9 5q, SRR i FEis S R AR A S BE ORIV SR iR AR AR o iS5 368 AT 22 ] 9 5 A4
d, RPN 5K E I RSB BT 5 0 wy02, S A8 bRE5 0] AN B A4 12 2l % AR
ARAE B AB AR 2R | I A bR R IEUAE A I B IR IRAL.

~ > X0

Yy
left exoskeleton right exoskeleton

2 HMTESI R SR T D-H AR
Fig. 2 The D-H coordinates of the exoskeleton supported by a single foot
H T AEANRI AR bR FR Z A HEA T 48 | 75 R A5 25 A AR 2R Z 1) (1 28 45 FEL R AR 6 D-H Z80( 4
fRBREAETT IR q,, BAASEILR 1) 4% BER: -~V R -~V F% - e % i I ] LAt A
FRR O %Y ia1 2001 TR R O,x,y,2,, FEARAY ARG A (1) AHSB AR FR R Z (1]
VIRV B0 R O A TR B AN R R A 2R =2 [H] 1) i o e 28 48 D71 A B 8 T LA 48 38 BE AR A
ELS
"T..,=A4A,, =Rot(z,0,,,) xTran(0,0,d,,,) X Tran(a,,,,0,0) x Rot(x,,,,) =
c(0,,,) —s(0,)c(a,,,) s(0,,)s(a,.,,) a,,¢(0,.,)
s(0,,) (0, )c(e,)  —c(0,,)s(a,,) a,.s(0,) ()
0 s(a,,y) c(e,.) doi |
0 0 0 1
H e(0,,,),s(0,,,) FER cos 6, fsing,,, .
TERAGAN R DT AL 5 HE AR bR 22 ] ) AR $ 60 5, P AR UR A 31 28N A A2 1) B o 7 B A
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R RIARER RO AR AR A TR A B A | T UORRAG R .
®1 D-HBHE
Table 1 D-H parameters

joint 0, d; a; a; /(%)
0 ™ =gy 0 lg 0
8 4 0 Ly 0
9 q10 0 Lyp 0
10 w/2 = qy 0 d, 180
11 0° 0 d, 0
12 w2 - qp, 0 Iy 180
13 ~ 43 0 Ly 0
14 T = q 0 Ly 0

2 RIS B Sy A

MNETF Bz S e e = 4e~F- 1 i e AT 09, Bz sh & = 4R R0, H = AN 43 51 4l o
R SRR SRR DRI ZK - 1T 25 RS AAARR I9 32 8h B SR HEA T, B AR SCIY Bl ) 245
RUER AR SR AT 7 IF 43 #r.

N BATE I R A I 02 3l 4% JRA 7B 2 A v R 02 5 55 b T 422 ik T N 32 3
1300 53 0y SCEE ARSI, KT B AR S R S A TR B T — o2 #0947k R 0.
TE—™ B0 R e e 17 SR W b ARSI 2 7 BRI Y 40% , SN2 7 B R Y 60% .7 —A>
SEREMATE I, N ABEFE R A TR 43 S SUR S - S0P | R R SRR SR
PR30 PR S R A SR By ) 2 AR Ay Sy B SR RDSUR ST A3, Al e Hi sl T2
TR,

21 FAFEFEX

W BB Sy 35 Lagrange 75 H1 Newton-Euler . Lagrange 5 D\ Z 4t 1 RE & 1 &
& K R S nY shie fERE HE 37 GE 1 PRI M Newton-Euler 255281 X5 HL a5 A B — A KA A7
FHNE ) Newton-Euler J7 R, 15 F J BRI ST -1 TR M, 40 BT 0 Ty BEA A1 T3, U ). 75 8 3
MR HP AT SRS MRS 22 18] B A ELAE 0, B USR] Newton-Euler 325 2 37 HLER 7 2.

Newton-Euler 3] /] 2% J5 T2 75 S 41 FRAB 328 4 09 JE AR UOGR AT 14 ~ 8 BYOCT J3 RIS
715 Newton-Euler 5l J1 207 ) 127 0 XA A4 50510

F =mc, (2)
M=I¢t+oxlo. (3)

AR ) R R Ah B 2 TR ) 20l A T 3% 4, B — 8 WA B ) AR NAR NS5 8% i Lk B
T I BE e, A AR DG RN A B B DG =2 ] B K P R B S R IR A T B, AR RIS
BB SRS TFIRSE & RID , 8 Z A 2 Ak — i iR 2 B, K T 404 iy b R B, Bfif
TAE AR T AR 7 A A T AN R TR 5 A 0 A MR 2 A 2R S — A
PEZERY , RT3 B ) fai b ok s AR B 3l 07 24 AR 2 v | 338 JinASE 8 (A R 1 4

X TV HAE N AN A% Z 18] 0 eV 25 A ——481 | R S Pk i Aok 25 i 36 TR0 Al ) 12
A WIEE 0 H R T BB T a9 28R, B2 AR 1508 5t By AR RSB % 04 SR 4 7% 5 1 A1 Bk K
i TARAE , AR 1 &7 IR 22 BIAR K 25 TR A SRR 98 R 85 mm 192
TSR AE Jy e e NARFNS BB 099N AT AR JE Je AR 5007 R BN AT 8 o 78 b AR RSB 2
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(] P SIS B AR DR, RS A5 21 — 38 Z [A] 1 28 5. KN
% e NAK5 SN 8% 38 5 S1 ) Newton-Euler 722 Ry

F13 4 =T mug +mycy,, (4)
Ml% 4 =7 P s X F13,14 +1,6,+w,X (Ie14w14) , (5)
Fii=-m3g+myc; +F,,, —F, (6)
M, =- T3 a3 X Fipn = Fuas X F13,14 +1,6, + o, X (1,0,) -M;,, (7)
F11,12 =-mi,g + myC¢, + F12,13 - F,, (8)
M, =- Tyn X Fiin—rsmX F12,13 +1,e, +w, x (1,,0,) -M, ;, (9)
FIO 11 m,g +m; ¢, + F11,12’ (10)
MlO,ll il STIRTIRS F10,11 AT TR F,,+1,¢&, +w, X (I,,@,) _M11,12’ (11)
F9,10 =-myg + mic,, + F10,11 -F, (12)
M, o ==ryu0 XFo g =0 X Fgp + 1,08, + @) X (1 @) — M,,, (13)
Fgy=-myg + mycy + Fy , = Fy, (14)
Mgy ==r 00 XFgg =Ty XFy 0 + 1,8 + @y X (Iyw,) - M, , (15)

H, Foo @ = VXA i 90 M BRI G — 1R & B9 0 m, SRR B BT
g SR VIS ¢, BT i MBS 0, A i IBOAEEE, e, BFFF i RO A
ﬁﬂiﬁfﬁ, it BBRR O, %,y 0020, BESBIBLG ¢, WIEES RS, 1, AFFIF i (B ESK
S NETSME - Z B 28 5 7. DL 45 S iR R AE SR AR bR B AT 1.
2. 2 BREZERESTH HEES
X NARZE M NSRRGSR Z [ 138 5. Fy #4743 #T
oI R RN O = VA i N2 DN N 51 5 O VA 1 VA 23 £ 191 DN € 2 o =) |
HZIAEEES R d, — do(dy R AR 5 _ LB B KRR Az st b — 38 Z [
RN A, ST RECH £, N
F,=kA, . (16)
TEATER R, NARZENBRITC (2,76 ,26) BIALBRFIINEBE 22 /NI € 5(% 155915 5215)
(R AL BR300
c(%6,¥602) =
[ — resin( 6, +0,,) +l;sin(0,, +6,,) +Ilsinb, —2d, —l,sin6,, +
Lysin(0,, = 0,,) —lcos(0,,, =0, —0,)

—recos( 0y, +0y,) +lcos(0,, +0y,) +lscos 0, +lcos0,, + ,
ZZCOS(ekrl - 011rl> + llSin(ekrl - ehrl - earl)
0

€3(%15,Y13,213) =

[ = r3sin(6,, +6,,) +1,sin(0,, +60,,) +1,8in0,, —2d, —1,sin6,, +
lysin(0,, = 6,,) — lycos(0,, —6,, —0.,)

—rscos(6,, +0,,) +1lscos(0,, +0,,) +l,cos0,, +1,cos0,, + ,
lycos(0,, = 0,,) +lsin(0,, —6,, —0,,)

L 0 i

ot 6,,,0,, 5350 AR ZE A B4 485 G715 FRBEOC T M BE 56,0 ,6,,, 0,0 53 90 D AR A ) 450G
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BT AR BROCTT A BE 51 200 ¢ BINMREROCTTIBE R 56,, ,0,, 73501 A S0 2 00 )
KT AL 0,,,0,, F1 6, 700 ME-RS A M BOREICTY ST RO A ;1 A L
G350 R NAA A O /NSRRI BE 50y, 1, R 1 30 DA A I ) DRI /DB A2 BB
I3 HT AR AR ZE /NSRS AR XS LR 22
A =c3(x03,015,23) ~ €6(%6,6,%6) «
F'y R NARZEN KBRS M- 8E 22 (8] A 22 B 7, W)
F',=kA,. (18)
B A ZE KRR D €y, ys02) HIASETFNSMEAS 22 KB €2y y1s s 200)
(4 AR AR 73 53 M

(17)

[ —rssin 0, + Lsin 6, — 2d, — l;sin 0,,, + L,sin(6,, — 0,,) — |
l,cos(0,,, —06,, —0,,)

c5(%s5,y5,25) = —rscos 0, +lscos 0, +lcosB,, +l,cos(0,, —0,)+ ,

lsin(6,, —6,, —0.,)

0 |

—rpsin@,, +1,sin60,, — 2d, — [;ysin6,, + ]

lysin(0,, = 6,,) — lycos(0,, —6,, —0.,)

(% ,¥1n,21,) = | —Tpcos 0, +1,c080,, +1,cos6,, + l,cos(0,,—0,,) +|,

lesin(0,, —6,, —0,,)

0

o) rg R AE KBRITC o5 BB AEE 25, 0 A il 15
A =c¢p(x,9,2) — €5(%5,Y5,25) (19)
FF 4 BRI, NARTEAT i R vh 2 T cHH 6 A9 B A Bir 284k, DR AR 3l e A
PN A i DN NI DN A R SRl a e 3T Ve SPN TR Wi (OB W 2= N N
JTC €, (xy )4 ,2,) FIARARAIIME AT KBRS €0(% 10,7 10,210) BIAEFRGT SN
-d, - l;sin0,,, + l,sin(6,, - 0,,) —l,cos(0,, —0,, —6,,)
c,(xy,¥,,2,) = | 14 +lscos 0y, + Lcos(0,, = 6,,,) +1;sin(8,, -0, -0,,)
0
€10(X10,510,%10) =
rpsin @y, = lisin 0y, + lysin(6,, = 6,,) — lscos(0,, = 6,, = 0,,)

—rcos 6, + 110005 0, + 19005(01«2 - 0hr2> + lSSln(ger =00 031’2)

0
Hp | r, B EBIRKF R ¢, BT E. 15
d, = (xIZ_x4)2+(y12_y4>29 (20)

dy = (xlo_x4)2+(%0_y4)2- (21)
LA B AL K BRAT 12 AR AR LR B BTt R my, , AN ESAT RBRFT 10 7#H A AR 1 i

ﬁ‘%ﬂ‘j m4R’ )rllJ
P 2 (22)

my  dy
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F BN RNE 5 S8 ik Z TR B 32 H. 7, )
F',=kA,, (23)
FrEi e, AR RBRETC ¢5(xy,y5,25) FIARHRA
¢3(%3,y5,23) =
r;sin @, — l;sin @, + l,sin(6,, = 6,,) —l,cos(0,, —0,, —06.,)

—rycos 0y, + lycos 0, + Lcos(0,, —0,,) +sin(0, -0, -0,) |,

0
Hr
Ay =c¢o(xy0,710,210) ~ €3(%3,3,23) (24)
Fio R NARAT /NSRS B- i Z 8] 8 22 5.7, D)
F,=FkA,. (25)

fragd e, AERH /MR BTL ¢,(x,,y,,2,) BIARARFION B #E A /MR BC €( g, 9, 20) HY
AR A

[ = rysin(0,, - 0,,)+ Lsin(0,, —0,,)—Lcos(0,, —0,, —6,)]
¢,(x,,y,,2z,) = | —rycos(0,, —0,,)+lcos(6, —0,,)+1sin(b,, -6, —-806,)
L 0 i
[ = rysin(0,, — 0,,) + lysin(6,, —0,,) = lgcos(6,, —60,, —6,,) ]
Co(Xg,Y9,29) = | —19cos( b, = 0,,) + lycos(b,, —0,,) + lgsin(6,, —0,, —6.,) |,
0

Forr, ry BARA/ BRI ¢, BI04 RO 1 R 2. 0]
A, =co(%9,Y9,29) = €5(%y,%,25) (26)
2.3 WEXZHERTSTHNFEER
XUR SHRIRZS T HY Newton-Euler 75 F2 HIEL IR SCHERAE T B 7 B2 AL, E— AN ) 0 2
TESMEBE 2 AT 14 B9 R T i Y S Fe 7, BRI
Fi,,=-m,g+m,c, +Fy. (27)

3  ADAMS #{5E

3.1 EIANEFSMERREE

R T I EAN-DUTED B, e EAE ADAMS ity NARFNSN % 1) = 4R
NATRAE R SR EIRT A AR 22 /N DL R e e o AR IR B K 2%
GB 10000—88 ( H1 [ i AFE AR R ) BEE , ARBIHESEURSE GB/T 17245—2004 (JfAFE AN
AR 250 e BRI AR & IR B SO BN SR 2 s,
32 fIREHEIMAESH

BRI RG4S T 53 Z 5, 76 ADAMS TS 45 iz 31 @) ke BRI AS) 4 2 18] ) AH X iz
gh o B R o AR E] Goint ) FEASE (primitive) ASA Rl ( coupler) FIRFIAR 4 2 A Y
23] H TR A AR S A RS o B AR RIASE B 32 43O [ 5 @ ( fixed joint ) | % 2y
(revolute joint) *F-ZEl ( translational joint) DA X BRI & (spherical joint) 4. T A SCHEATRYE T
ISGE S B DOk BB T S5 KT LU sl e ke 82, Se AT E i A b g U, B
(8 Al A B 347 L T ) 4 e 42 A AT B4 D5 R 18 190 2% O3 Ak ) el T 2 AR ko
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TGN E 8 B WIVEE 125 28, ARS8 22 6] R SR 42, DA S A MDA -HIL LS
R TS EAR ).
QIR HOC R 5 T BB RS T A PRI S 4L il 1 ADAMS H Y contact 15
e R - 22 (8] AR G SR, 03 3 i AR SO BT T AP AT B RS TR i 0 L
w2 ANEBEBSHBCE

Table 2 Parameters of the body segments

body sogment size mass centroid position moment of inertia

{/mm m /kg ¢/mm I, / (kg -mm?)
head 323.7 5.9 127.8 32 866.1
trunk 623.1 30.0 280.4 447 026.8
arm 796.3 3.5 410.7 16 403.8
thigh 360.5 9.8 267.0 163 719.1
shank 385.4 3.1 224.7 25 751.1
foot 257.2 0.9 39.0 39343

R 3 DFEERE MR SRR E

Table 3 Contact parameters of the simulation model

parameter symbol value
stiffness k 100.0
force index F, 1.5
damping D 1.0
penetration depth P 0
coefficient of friction w 0.3

3.3 HEXE

W AR SCHEE ST Y Newton-Euler 3 127 7 F2 U A 5] MATLAB 05 BUE 4 AR ASTAE 1 72
FR OGS A B DA S 3R 2 T/ i AR S AR B B S5 28501, T A5 BT RY 9 4% G 15 0 AL 15
FAT ST A ADAMS #F b A2 i ke S5 2R Spline JEMESETT ST AE AN S AE 8K S , -
FHBREN k%0 CUBSP BREI5 i A YT 145 Spline {18 SCHEE I | MR X 515 1 40 AY w1 F
FFIRIE A B SE T T8 L AR Motion PRECUH F FE UEAT IR 3.

B3 AW AR RATE T B 4 IMABEIAT JHEIS AT E TR
Fig. 3 The simulation of walking with Fig. 4 The simulation of walking with
the hip joint torque the knee joint torque

NIRRT R —A ATER 2 3l , 2647 BRAR U SE R — JA 3 B AN TR B0, DRty e
% P B A BEAE— 52 B JA A s SRS BB AT A ELSE U 74 B B9 ADAMS A RSB i A
FIRATE DT H B ANE 3 4 P 0T AT A BIIE T 5 fy EE(ELAN ADAMS 7 B 9 5%
TR BRI X LEIE A1 5 6.8 7 ST RIS A ST f BE DR 22 W] LUR Y 519 A9 A JEE
WRIEEVEEIN 0.5 ~ 1.5° RS 1 M BE DR W FI 0 —2.5° ~ 2.5°, i 22 Y AR B/ (1 L 45 R 3
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JIE T A Newton-Euler 5l 2% 245 1Y TE A V.

40 70 ;
—— theoretical calculation —— theoretical calculation £\
30F ~ 7 ADAMS simulation ] 60f -~ - ADAMS simulation loN
) ' pooo
i < W
—_ . / ~ 50k b %
o - Vi o "
<208 N 1<
< N\ / < 407 / ;
2 ot AN / o / 4
) Re. /f an f’ )
& N\ / g 30 / \
§ 0r \‘-, ;5 g “c‘:/ g,
s \ & 20f
N\ / s / %
-10} . / 10t L P4 ‘*»\
b ¢ » '
=20 ‘ . . . 0 s . . ‘
0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8
gait cycle T’ gait cycle T’
B 5 #iXTMAEEN 6 BRI AR BEXT I
Fig. 5 The angle comparison chart for the hip joint Fig. 6 The angle comparison chart for the knee joint
25 ik
ro
I A
“ | \
S )’ .\
S 05 2/ ‘
) . | \,
B e T ; 4
g -
§ -0.5 :\ "
k=l \ ‘
-1.5 o \
—— angular error of the hip joint \
- - - angular error of the knee joint '
sl L
0 0.2 0.4 0.6 0.8 1.0
gait cycle T’
B 7 OGS R Y B e 2
Fig. 7 Angular errors of the hip joint and the knee joint
. +
4 Jlé\ 2[:[

ARSCESE T — i B AL ) 9 ARG B 45 075 FURRL O AR FI SN 0 R 7 3
FRETRIARI R BEA TR 5 SR 5 A2 L D-H ARAR R 44 8 1 A3 3l A b iy 28 1l O R
Newton-Euler J5 B2 37 ) 127 )5 e M AU 2 18] /9 52 1. ) faf A S 307, e 45 3 i 0y
FORHIE TR E 1 305 2R ARG IS Bl ARG 85 R IO 50 22 ) ) B 8 2 A 75 38 A X A7

¥, TSRS 1 iz ghad B2 P 32 B 5 Y R/ K 32 B TR R T5 7

AR 7 FLAE R AT, 7 ELAS B G A B2 (BRI IE G M BE I R/ A2 i — 2, JF
H 2 W B R ZETE B DRI RN, 07 ELAS RO BRI B8 )7 15 RE S B 3 3 7m N AR 28
SO R AT SRR AR T A R W A A
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Dynamic Analysis and Simulation of the Lower Extremity
Exoskeleton Based on Human-Machine Interaction

ZHANG Yan'?, LI Fanru', LI Wei', LIU Zuojun'"
(1. Department of Automation, Hebei University of Technology, Tianjin 300130, P.R.China;
2. International College, Zhengzhou University, Zhengzhou 450000, P.R.China)

Abstract: A human body-exoskeleton model with human-machine interaction was established.
The human body and the exoskeleton were modeled respectively with a 7-link rigid body mecha-
nism, and the D-H coordinate system was introduced to obtain the change vectors of the hu-
man-machine model during motion. The Newton-Euler equations were used for dynamic analy-
sis, and the body-exoskeleton interaction was simplified as elastic forces. According to the dis-
tance changes between the centroids of the body and the exoskeleton in motion, the relative
displacements and the interaction forces were determined. Finally, the dynamic model was sim-
ulated with the ADAMS ( automatic dynamic analysis of mechanical system ), and the joint
torques obtained from the dynamic equations were substituted into the simulation. The results

verify the correctness of the body-exoskeleton model.

Key words: lower extremity exoskeleton; human-machine interaction; D-H coordinate; dy-
namics; simulation
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