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Summary

The ultimate object of a mobile-manipulator robot in indoor
environment is to navigate safely and accomplishes its mission. The
robot that assists and helps people has to cope with the rapid change
that cannot be predicted in uncertain circumstances and carry out its
work.

This paper proposes the FElastic Force application on the obstacle
avoidance of Intelligent Robots. The method deals with the problem
associated with a Intelligent robot driving to a goal configuration as
avoiding obstacles. The initial trajectory of a robot is determined by a
motion planner, and the trajectory modification is accomplished by
adjusting the control points. The control points are obtained based on the
elastic force approach. Consequently the trajectory of a robot is
incrementally modified to maintain a smooth and adaptive trajectory in
an environment with obstacles. The suggested algorithm drives the robot
to obstacle avoid in real-time. Finally, The simulation studies are carried

out to illustrate the effectiveness of the proposed approach.
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ol yehrts].

1y

—cos (0, )z, —sin(0, )y —16, —i—rqn” 0 (2)
—cos(Hm)xm—bm(H )ym—le —I—rqml 0 3)

, M s =3l sk A 4ok 2o

—sin(0, )z, +cos (0, )y, =0 (4)

21 (2)~21(4)ell 28] Cartesian space?] ErIAZ R o o} ZtE&w

()} o] A2 A

[

Al
2

= %(qn.m—f- qn.%l)cosﬂm
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Y 2 (qmr+qml)81n0m (5)

. ro/. .
em = E(qm,r +qm,l)
aEm, mutlRRSe Aojshsn olAe F oAeludel MREE w9l

& or G A, 26), (3 2o

1 Gt F Gr

v= E(VR‘F VL): TZT (6)
1 Gl — D

W= (vp—v)=r l ; (7)

A7 Folalok & AL vy, 1 & WA FAA B AEE o], ok A

[mm Ynm 9,,L]T9’]' v w]TS AZE|tdE Jgoll o&] @) £ 7|+ A3

8 BAES 7HAA A

[-‘O

P=Jp)g 8)
xm cosf 0
P.=\y, —J(p)[ = |sing 0“”] 9)
g 5 A

ZNAAE 20, 4y 2 FH AR RS AAAA = 210)7 2ol 2 (9)

s ;
/ vcosl, dr
t

0
Po=y|+ / vsind, dr (10)
t

0
/ wdr
t

olg] g 717 [ARKE REL u) AojFr|uict X WAEE AL,
9 i 7} oulge] almy AE iy Asaos,
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3. mUEeolH e 7T 4

3.1 €778 34
WUEdole] 23e s7eH Fas Tl 23 agwz sl o
H BE 52 DCAHE REH 93 Feyojltt & AFdAE 1, 3, 559
S| AT ANE 2oz AAsS dAsttl old s HYEHOHZEY &
Wy 2 A4EA AAL Fig 9% 2o
¥ ghar
d3
Table 1. DH link parameters.
Toint Joint Distance | Offset | Common
¥, Angle(9) (d) Angle(«) |Length(a)
1 01 O 7T/2 al
2 6, 0 —7/2 0
d5
3 93 d3 7T/2 O
4 0, 0 — /2 a,
= = 5 95 d5 7T/2 0
6 0 0 —7/2 0
d7 7 07 d7 7T/2 O
al: 0.0m, d5: 0.1858m,
— d3: 0.22m, d7: 0.225m
a4: 0.0866m

Fig. 9 Manipulator modeling and coordinator

mUZgolE 2o 7]7e sfae 9
Table 13 #v. 183, 2] = ¢

(homogeneous matrix)2 2} (11)3} #Zo] 3t

7+

_18_

o~
T

gt Denavit-Hartenberg I}2}7| E] &=
stehul R ARANY YL

low, o] 2¥E 714 HE




Ast viA e #F3A Atole] HEAAAS YEd= FAdE 4012)5 24 9
ot

Cosf, 0 —Sinb, a,Cosb, Cosf, 0 —Sinf, 0
A = Sinf, 0 Cosb, a,Sinb, A — Sinf, 0 Cosf, 0
1= 2 =
0 1 0 0 0 -1 0 0
0 0 0 1 0 0 0 1
Cosf; 0 —Sinf; 0 Cosy, 0 —Sinf, —a,Cosb,
| Sinf; 0 Cosfs; 0 _|Sin8, 0o Cosl, — a,Sinb,
Ay = A, =
0 1 0 ds 0 -1 0 0
0 0 0 1 0 0 0 1
Cosf; 0 — Sinf; 0 Cosfs 0  Sinfs 0
| Sinb; 0 Cosfs 0 _ | Sinfs 0 — CosBy 0
Ay = Ag =
0 1 0 d; 0 -1 0 0
0 0 0 1 0 0 0 1
Cosf, 0 Sinf, 0
A, = Sinf, 0 — Cosf; 0 (11)
0 0 1 d;
0 0 0 1
x.’l’ yl’ Z.’I’ pl
1 T= A Ay A3 A A AGA, = Ty Yy By Py (12)
xZ :UZ ZZ p7
0 0 0 1

7, = Ul Tl (0 (D050 =855 — Ty &, ) + (=058, - C1055,)55)
+ (=010 85 = (C105 05 = 8153 )8,)85) + (5 (=058, = C10583) = (Cy (E105C5 = 8,.85) - C185.8,) 85505,
7, = G0 (U0, (OO0 OS5, SURONe, — O 0 s
F(ECh 8y — (08 + C5) 80860 + (G5 (G185 = 0155 — (G (G006 — 5155) — 515,508 6)8;
7 = Co (O, — (G 0505 = 8182)8,) = (C5(C, (GO0 — 818, ) = OS50 + (= o) = CCL85)85).5;
¥ =01y - a,C (GO0, - §185) + 4,838, +ds CGCS, - (GG, - 5,55)5,)
i, (GO, 8, ~ (00, - SIE ) - @8 C. - 5 3%l 5 @5 — /0,8 588,)
¥y = GG (GG IG5 +C185) - 518,80 (GG - O 55)85) + (- G5y, - (G005, + G185 05,)53)
+(CHGC - Cof )~ (G (oG8 + G ) - 51858 )85 08,
¥, = CL(Cy(C,C, ~ C8,8, )~ (Cy (CiC, S, +CySy )= 518,808, )— (Cy (C,(C, (C1C58, +C,Sy) - 5,5,8,)
H(CC, ~C88)8) +(-C,8.8, — (C,C.8 +C88 IS8,
2, =0 (-6 58~ (CC8+C 88D (C.ICC.CE+CE)~L5.8)+(EE-C
7 med e (eamns oo e sy Cipneuy evlmengr e e
TG SR 8 AR G, B (B FE 5 -SSR B -BEEE s
2, = C,(C,(C,(C,C,5, +Ci8) — 535,8,) +(C,C, - CyS, 5,08 )+ (=CyS48, — (CoC,8, + CyS S5,
D, = Cy(=C,S,8, — (CyC,8, + CaS IS = (€5 C1(CLCLS, + €38, )~ 53555, ) 8,8,8,.) +(C,C, — CS,8,)8,)S,
Py = GGG, —C58,8,) - (G (G, + G380 - 5355555,

D =ty + Coddy — 030, 8y — @y 08 + s (CoC, — G35, 8, )+ e, (G (G0 — G808, ) — (G5 (G008, + 08, ) — 5,8385)5,)

S.8.805,

27103

[}, C,=cos(8,), S, =sin(d,)]
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IL
=3

o]
(end-effector) 9] $1AE UYwx QA5 Toro]l wakS et

3.2 97173 A4

7] AAAZ 7|Fo R do] £E8 Y9 w9t FolW HE o
%

_—

Ag e
AAZLS Fals BAE A7) YelAs 2B 1A = o 7|Fste] &
S(wrist) RS FHe= TAR HEU(S sk, GV FANS sho] #

T WAL F= A uAg FAs Aok 0re A gho] Foldw,
6,0, 6,9 e 27 9ol A1DE FolA A& nHFEES @},

WA Fig. 109 (oA st o] wlyEdolEle] o7 (shoulden®] 9IXE P,
BE A (elbow)®] XN EP, o5 ZQE Aboje] dAANE= HE p, , BEe
Jxe pe AelsAt. ¢4 AAA pAH  pAA 4 AeE nd
6,=0% © P3e U} pol T 4 gk

7TDOF?] ZRIE 7+S Fa7] Y8l 6,58 092 ¥ 6DOFel #3 977

f

S EEF A 6,,0,5 T8kl A a=0 & el oATH E57A
£ 1#3te] p,, o Aol disiA Fig. 109 (b)E ol &3 =% st

o714, P= P=desirePos(1:3,4)(desiredPos: 4 by 4 matrix) 2.2 YEH
(1:3, )+ matrix 499 1~33874A1 9] gt Hot= A& vebdn
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(a) total joint: O bh) 6:0

Fig. 10 Joints states

de P, kel AES 91ste]l 2(13)7 2ol p¢k 6DOFY W) 4,4, 7HA
wg gdo] 9x9 p.o] 9] ek 22 o] &l A stait)

P =(A,A,)1:34)—P, (13)

ofwl AME gol 2 gol7] WFel BEe| W % Aoy %
n="P,/|P,| %% AN, AF P g (14914 Aojuir)

PF =nn » P;)—F{Pé—n(n . P;)}COSQ"F(Pé Xn)sinf (14)
P2 o]&3de] A 7DOFAe 6.6, 2 A(15), (16)=3E T8 % gt}
— _P€1
91 = tan 1( _Pe:) (15)
Pfﬂ] +P€’2y
0, = tan~ ! 7”‘]3’ (16)
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Fig. 11 Transformation of the 0; value

A (15), (16)1A ANR Zh& uE o Fig. 112 Hebd 5 o 6,8 T

§7) 918l e 4 WA TE ¥ 407, 19e2FY A019)E dejd 57

AT,

7 —1 Pmn ><P€:u;

0, = tan el (17)
‘ ' ew © P ew
rrr ™ L CL2

94 :E—COS 1P—+94 (18)

ew

- | O
QPMUS’L‘TL 7
0, =2sin” | ————— (19)

Pmsin94m
B EE7bA e st YU A 6,0, 0, = AlAHE T
EFY EE7HA 9 Ae destetr] fd E5s 7|ie R St AR
desiredPos & A gt}

) _[no apla4 21
desiredPos (0 00 1)ﬂ—_L st

= w desiredPos = 78 % % q):inv(0A4)*desiredPosi A9 sty Y4,+= DH
matrix®] ™ A, 4,4,A4,9014 449 1~3F71A e Hopdoh vy o] 7t

A WG oSt T Po] £F o|F o] xAEZS T F Sk

_22_



Va

z4(ys 6. X

(a) (b) b ) 9

Fig. 12 Joint angle after wrist

Fig. 12 e wge] mz 0 0.6 gojn ojg ngoz vg yr

At _—a,
0 =tan '— L= tan '—2 (20)
— 25y, g
—a.Tx —aICOb(QS)—aq 1n(05)
0 =tan ' > =tan ! = ) o (21)
— Q.Y —a,
N ,1;8111(95) —|—n'ycos (95)
6, = tan ~ 2 (22)
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Azulot GBe e AL A (129 499 1~38 AA9 PP, P.
Eed 927} gasn

AZIM P, =f1(0), P,=f.(a), P.=f;(9) &2 At =5

ol

b,

fl(Q) = C7 (7C5S2S3 7(C3C4S2 +CZS4 )85)7((76(05 (C3C4S2 +CZS4)7S2S355)7S2S3S5)
+(CZC4 7C3S2S4)S6)S7

FH(q@)=C(C,C, - C35,5,) — (Cs(CC, S, + C,8,) — 5,8,8,)5,
Lg=d+Cd, —aCCS, —aC,S, +d,(C,C, -CS8,8)+d,(C.(C,C,-C,8,8,)
_(C5(C3C4S2 +C2S4)_SZS3S5)S6) (23)

=
ZRE WF7F g 2UH ¢ =[0,0,0,0,050,0,]> AIH S FHE F

71 AN 22 f1(0), fo(a), f3(q) EJAE Wl thal] vl oA oF 3},

A7 T = i=1.2,3 and j=1,2,--,7

(6, ] = 2
91 Jll J12 ‘]1’3 ‘]14 J15 J16 0
2 J - 0
93 J21 5 G248
ol [, y 0 00
— = ¢ 9 == = -
FL]&L4M =7 . (24)
05 ‘]51 J54 0
0 o1 Joz Tz Joa Tz 0 1]
177

@AM Ji= omet o] AdEdE gle 45 Zukd iy Ed el

Elo] th3k == u]et 3 H(Jacobian Matrix)S eI T
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4 Zutd-HUEd 2R 7T #4

=g49 BAow AAE F Ale 2Re Ageel dute 4A5AL 9
she] 7hztel myo] BAel AojHolol S WA Axwe) ATEe §A

sto] A ZE-o] Aojsojof gt} Euld 2 X2 non-holonomic A]Z=#lo] il

Frame{(}

Fig. 13 Coordinate of Mobile Manipulator

Fig.13 oA Eutd-myEeelg e Ry s yet . My & ol e ¢
ZRAE WFE  ¢=100,0,0,0,0;0,0, ] 2vtd =] HIAE HWFE

dp, = [mm Ym QHL]TEI_ ng‘é‘]_ﬂd EH]—OE]_Dil/]%Eﬂ O]Eig %511 Z\']]TC_)T Z\']](ZS)Q’]' %]’

.

q= [qqm}: [:Cm Y Z b1 0 05 0,05 0 97] g (25)
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mutd el 7 Fo ok ZOE Wi JsjA FAHE mulde] i
7 iy Eeele ety ngde A P'=[p, p,p. 0,]"E AL (B2 A
Ak Pl mA FAEA ZeH0}E NEeR Zed (1IAA 9AE

]'30: V‘[O: ‘/1(7)2 m—i—Rl‘/1
3 11 P ae
0.
o L] m] (26)
et

< {0l muEoIHY {1I7HA 9] ey delt. 5, 4 (269

o3 £F Lo Ertdy ryEd ot g dolds &+ Utk
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&
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Fig. 14 Operation of internal force
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Obstacle

Obstacle

(a) The envirorment (b) Goal Field (c) Obstacle Field (d) Potential Field
Fig. 15 Potential Field Method

Quidow EEA AE PR BEgel o el s WAE PR
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1 1 1)?
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Fig. 16 Effect of the external force
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2. Zutd HYEFH X9 FolE I

2.1 ZNE 3% By
W AEY ARG oA AEAsel AN AFL FAR AHY5

42 AAl(posture) 52 =4S vt B tEd 2

Set an trajectory
and way posture

@

NO

Calculate the elastic force
and repulsive force

v

—

Calculate the torque or
force on the joints

v

|
1
|
[}
1
1
1
1
|
Calculate the deformation I
|
|
I
1
|
1
1
|
1

angle or distance
v

Calculate the joint rotation
or translational distance

=TS Za A i
Trace the trajectory
through the way poses

S A ==F====t----

NO ach the goal positio
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EMD

Fig. 17 Collision avoidance procedure

(1) =71 AA ol Agsa £AHom F
(2) o]l A=Al ols) A el FAwrt.
@ =3¢ Aol F(control point)ell 7Fel A= - 3} < F 7S ALFE
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2.2 28 A A (robot posture)

AX ¥wgS s 28 AAlGobot posture) Aol QFHETE o 7]A
Wats BRE Al 27] LA 9] AAS} B3 Ao AAE EFE o]
E Atolell dA Alztel wek AAE Hupd 2o 91X 9 Fo FAAE
23}, o] =R E o] RS ZE AMAl(robot posture)ghil FE2EE AT
[17, 19].

A2 v Aok 7] ApAeE Exe] ARAAbeldl st e A5
ez A FA B, 27| AACAM FHIEA AZA| Aol B
AAES ARt 24 28 AAE fd & HA He AAES A @
o ZE AAe thE @AY BR RAE Ateld] ©Eo] e XY AF
= A frt

Fig. 182 3&7¢] 2% AAE 2dH (a), (b), (0= =7 AA%Y S84
Al gl a2 Apolol] ofepyf AAE A AAE BoFa 3l

o 71A olm] AX 2 A @A AAE (P, A AAE (P}, S AX

Z 2R AAE (Psle} sHAlth

(a) initial posture{P;} (b) 1-st posture{P:} (c) goal posture{Ps}

Fig. 18 Trajectory of a mobile manipulator.
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Fig. 19 7Prepresents the control points on the body.
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3. Wy e AN

o AEE fei s AFe] vl AAE lojok st AAE AlH el
ofste] & o] Alrter
23 AAE Py, (Po), (P} oke] SIAME ] Aol oato] o] A7|7F 24
.

Maodify the
trajectory
Goal Point
,r'ﬁ
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: - - Before
Undate Paoint ”\’ - :
:./- ,!, the traiectory
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o L ,/®
....... B [ i
o dp @
./_,{\ } Y 2 {B}
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Fig. 20 Transformation procedure of the trajectory
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p = [J‘% Iy .7‘Zm]T, ip = [7% un .7‘Zi]T i=1,2,-,7 (28)
LA A Az ol YR G AL (P, (P, (Py)e] Aol olake] &

@ = \/(jf I, _jxi)? + (.77 by _.7yi)2 + (flzi —'7Zi)2 (30)
& = \/<jx7' _'Hlxi)Q + (jyi _'jﬂyi)Q + (jzi —I 127‘)2

1A a1 A a g jrisk gl Aol dakel Ao
ElR=gsi=4

!
dl~'+d

= W ol g wiE Aol o] ghel Aol wE Add AF

% gol A% 4 AR Ak} PEFA $Ee) BE ke Agan
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9% Y AN AL M e BN AX FHL A AA @&
o st MM g &3 FolEte] AANOE A% PR HE
W 2Ro] FohRL ol JYRE AAst] HWTA B ARAL #

4usk dastt Fig 21e 2wt 2 WuEeelde 47 Al 4 F
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Fig. 21 A safety area of control point
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Fig. 22 Compute the position of obstacle
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T, =T; —I—doS’in(Qi —1—90) (31)

y, =y, +d,Cos (92‘ —1—90)

0abs,0 = <7T_ 0,)
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o R ldy = oy s if d() s,min < do
V,. (p) = { 27 ( g 0b5,1111n) bs.

(32)
0 else. (dsa.fe + dr = d())
' d
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5. elastic force®l] 23 #AFH ¥F

9% el My gel Foma AL
o 3

FAe] WstE dovA Ha A

F=°f+"f for i=m,1,2,..,7

(35)
Fig. 23 Compute the total force
Fig. 23¢ W% @5 9% fol 48 o@ A4 wEe do vy
< BoFa

N

Ar= (J+ lxi - th)+ f.’l:,i
Ay= (j+ lyi _jyi)+ fyt

Az = (j+lzi —jzi)+ fa (36)
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