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Abstract

There are two principal methods to derivate motion of equation of robot manipulator, which are Newton-Euler (NE)
method and Lagrange method. NE method treats each linkage as rigid linkage and it is possible to calculate internal force
and torgue not generating real motion of robot manipulator, which is a merit of NE method that Lagrange method does
not have. So far, NE method has been applied to a robot of open-loop serial-linkage structure. However, the adaptation
has been limited to a motion without contact of hand with environment. Although robot task based on contact with
environment, for example assembly task, grinding task, is important, it is not formulated in the way of NE method. So, this
paper proposes iterative calculation method for representing constraint dynamical motion of robot manipulator utilizing
inverse dynamic calculation method-NE method, leading and enabling the forward dynamics calculation of constraint
motions to be dealt recursively through proposed extended NE method for constraint motions, with no use of explicit
representation of equation of motions. We applied this method to 2-linkage and 3-linkage manipulators and evaluated its
validity by numerical simulations. Also, we calculated inertia force acting on each linkage during constraint motion and
evaluated validity of those values.
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Fig. 1 n-link manipulator whose hand position is constraint by non elastic environment, which is a floor in this figure
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(a) 2-link manipulator (b) 3-link manipulator
Fig.2 (a) is model of 2-link manipulator (initial angleq = [—m/6,—2m/3]) and (b) is model of 3-link
manipulator (initial angleq = [—71/6, —11/3, —11/3]").
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Fig.3 Time responses of hand positifm (right séléll(é)sgﬁld joint angles, g (left scale) of 2-link manipulator
are plotted. Input torque was setto= [—3,3]T. This chart shows that hand position is constrainted in
02 = 0 at all times by the proposed method.
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Fig. 4 Hand position and joint angles (2-link,= [3sinmt/3,3sinmt /3]")
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Fig. 5 Hand position and joint angles (3-link,= [3,3,3]")
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Fig. 6 Hand position and joint angles (3-link,= [—3cos 21t, —3 sin 21t, 3cos 21| T)

q2 eft)

A o N N FARS
AR v 1 o LY J N ..

~ 7 . s o -

”””””” T % Gigh ]

,,,,,,,,,,,,,,,,,,,,,,,, R

q1 (left)

0 2 4 6 8 10

Time [sec]

(a) (b)

1 —_
g
0.5 N
[ W)

(e
o £
05 &
=

=]
-1 £5

fn:mg

Fig. 7 Initial angle is set t@ = [—71/12, 71/6]" as (a), and a input torque compensating gravity and normal force
in such a way as to convergequ= [—71/3,271/3]" as (b) is set ta = [0, —Img/4]".
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Fig. 8 Screen shot of free response of 2-link manipulator
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Fig.9 Time response of component of forces actlng osﬁceach I|P|f<1y, szy and frictional forcef; of 2-link

manipulator are plotted.
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Fig. 10 Time response af component of forces acting on each liRky,, °f,, and normal forcef, of 2-link

manipulator are plotted.

Table 1 Physical parameters of 2-link manipulator Table 2 Initial and converged value of, 2, ° 1, f,, O f,

Link numberi | 1 (i=1) | 2 (i=2) Link numberi 1 (i=1) 2 (i=2)

m; [kg] 1.0 1.0 Initial angleq; [rad] —7m/12 /6

i [m] 0.5 0.5 Converged value dij [rad] —571/6 2m/3

Di [N-m-s/rad 3.0 3.0 Converged value dtf; [N] | [0,—0.0989.8]T | [0,—0.0980]"
G[N-mp | 0o |- —49/4 ConergedvalueoffaN] | 98
g[m/§ 9.8

K 0.01

K 2pES V> q=[-n/6,-2m/3], 3V 7 :q=[-n/6,—1/3,—m/3|") ZHWILEEHEL L, A1bry
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W2 y-Z FHERNOEB TH 5.

2V~ =Ea b —HIUEEOATO—FE LT 2O A 1=[-3,3"T, 1=[3sinmt/3,3sinmt/3]" %5
2L XDV T 200D 2B Oz L&Y U DAFE qu, O DIEORRIZE A ZNENK 3, 412573, [k
23V v/ ~=tal—XZ2fBEDPAN T=[33,3", T=[-3cosatt,-3sin2it,3cos2t]" %5 x7-L&DY
U BDIID 2B Oz L4 L DAL g1, O, 3o>1 DEFEZELEZNZENX S5, 67T, Zhbns T
TOALEDO AT % 52 TH FROERE 02, Oz (ZHIC 0 ICHRENTEY, ZHUCL Y SREHERT DKL
FHECHHREEZRBLTEHZ L 2R L.
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Lid. LEN->T, U2 1, 20E&EDLOWEMEE T Z2n °F, /m = [0,-0.009 —0.0127, °f,/m, =
[0,-0.027,-0.012T L 2 v, LiLoO@®%, % ofi: —H L TW\5.

WIZQ (t=4.85) DL EDFKY 7 @< 7L mdEEE, °f, =[0,-0.08810.074", °f,=[0,-0.090,0.271",
fu =0.095 f,=9.533 0§ =[0,0.0020.0037, %%, =[0,0.0060.003" &\ HfEENE LN, LoTK (37 ~
(40) LB LTt =4.850 L D% v 7 < 244713 °F; = [0,0.0020.0037, °f,=[0,0.0060.003 & 72%.
L7=oT, Uy 1, 20E Lo HEEE 220 0F /m = [0,0.0020.003", °f,/m, = [0,0.006,0.003"
L7, @OWEZ L Rk @@H#*I BT DI & VR OBIERIIF G 220,

Wiz, 3V v rw=tal—X& %wf%)/7ﬁg@<ﬁmﬁ,#ﬁ%ﬁmt. qQ=1[0,—7/2,—11/2]T D FHhi
AR 0.05F 57 5 L72K 12 (@) D&E (= [—0.05—m/240.05 —11/2+0.05T) ZHIHILEL L, Kkn
1212 (D) DM IR T A HASE Y R 2 L—a V& To7. 2OV Ial—Ya DAY Y—ray b
;gf 13(1, %Fﬁgjgﬁﬂ:@]< jj Ofl = [0f1x70fly;0flz]T’ sz = [OfZXaOny,OfZZ}T’ Of3 = [Of3X7Of3ya0f3z}T7 D yﬁkéj\k%
S\ < FEEET) Ty ORFRISE 2K 1412, 2Ry LHUT fy ORFRISE 2 1512, F72, YT A =2 %K 31
MG, Fefkfiiz 2 41077, K14, 15121, t=3010%Z2@ L L, t=3950MA%2@ L L TRLTNA.
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@D t=0.10[sec]

acceleration of link 1 and 2

acceleration of link 1 and 2
at the gravity centers at the gravity centers

== — i)y =>: fir ==
() (b)

(2 t =4.85[sec A
[ ] acceleration of link 1 and 2
at the gravity centers fn

acceleration of link 1 and 2
? at the gravity centers

Db j}:>&“““ Z R ———
o mg

=D fiy  mP — iy = fi, =P [
(c) (d)

. —> : Directi f Link’ lerati . .
Fig. 11 Forces ggtclnlé’no(r)l 83%}#1 Hﬁ]ﬁsa?lc&ea%%aefgflatlons of each lid® &= 0.10 [sec] are shown at (a) as for

direction and (b) as for-direction. Also, at2) t = 4.85 [sec] they are shown at (c) as fpdirection and
(d) as forz-direction.

@), @IZOWT, y, zHANE I EIMEED H M ERLIZBLDOEK 161 7T. @ (t=30) LKL, &
I 1x Of ; = [0,0.36816.952T, °f, =[0,0.3087.3227, °f;=0,0.197,—2.134", fi=-0.118 f,=11760
0%, = [0,0.060 —0.1707, %, = [0,0.111,-0.343", %% =[0,0.079,-0.174" 721, X (37) ~ (40) L[AEIC
LCRET 2L t=3010L 0% Y > 7 128 < 244 /1% °F, = [0,0.060,-0.1707, °f, = [0,0.111 -0.3437,
0f,=1[0,0079-0.174T L7 %. L7=23->Tof/m » Ao 2 IEEDE L —5F 2 7=, MEE L EH A0
BAGRITZ A JE DI 720,

KIZ@ (t=3.95 O LxnFxHL, KmkExf, =[0,-177216826"7, °f, = [0,-1.4997.033", Of,
[0,-0.968 —2.8037, f = —0.127, f, = 12658 %% = [0,-0.274-0.007", %, = [0,-0.007,-0.036", & =
[0,—0.841,—0.055T &72 1, t =395 DL X D4 Y > 7 Ifih< 244 1% °F, = [0,-0.274-0.007", °f, =
[0,—0.007,—0.036", °f, =[0,—0.841,—0.055T L 72%. L7=A~T Of,/m 75556402 I E o fif & —Ed
D728, IR EEH I OBMRIITED 72, £ 14 LY L@ HE Ty FROIEH 1M A D H 1 ThRic
BRoTWNA., ZOLEO~v=tal—FOBIKIE, K13BLVIK 16 (c) (d) IR L 9 ITHRRITTVIE L
RoTWDZENDMND. ZHIFRY 71T D, FEBRMETRELS R ZILEEZ2RLTVD.

Table 3 Physical parameters of 3-link manipulator

Link numberi 1 (=1) | 2 (i=2) | 3 (i=3)
m [kg] 1.0 1.0 1.0

Ii [m] 0.5 0.5 0.5
Dj [N-m-s/rad 3.0 3.0 3.0

7 [N-m| 0 0 0
gm/ | 98
K 0.01
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J=
4765
&
\Li"
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Fig. 12 Initial angle of 3-link manipulator is set tp= [—0.05, —71/2+0.05,—711/2+0.05]" as (a). As a result of
free responser(= 0), manipulator converged gt= [—11,71/2,]" as (b).

| L — —
5 iéj%-q\\ P ~a t=4.1 t=5.0  t=14.0

t=0.0 t=2.7 t=3.5 -:l__*k\\O*/<;&\n\\\Z_;I:::E

,,,,,,,,,,,,,,, °o@®
1
E N A ‘77777777777777717:;7_};l 7777777777777777777
|
4 fi

0 2 4 6 8 10 12 14

] ) Time [sec] o .
Fig. 14 Time response gfcomponent of forces acting on each Ii‘hlgy, szy, °f3y and frictional forcef; of 3-link
manipulator are plotted.

Table 4 Initial and converged values@f, qp, qz°f1,°f,, 9 f3, O f,,

Link numberi 1 (i=1) 2 (i=2) 3 (i=3)

Initial angleq; [rad] —0.05 —1m/2+0.05 —1m/2+0.05

Converged value dfj [rad] L /2 /2

Converged value dff; [N] | [0,-0.147,147]T | [0,—0.147,4.9]" | [0,—0.147,—4.9"

Corverged value of f, [N] 7y
6. ¥4 Hl

ARFH L TrX, Newton-EulerE D) 125 H 2RI L= s iE#) 2 BB 5720 0 0 K LEHRIZOWTIRE
L, WEEVFETEOMEICOWTRLE., FvIalb—a U iERmnD, ZoHEEICIY = al—FD

[DOI: 10.1299/transjsme.2014dr0208] © 2014 The Japan Society of Mechanical Engineers



Nishiguchi, Minami and Yanou, Transactions of the JSME (in Japanese), Vol.80, N0.815 (2014)

20 - ® ®
15 kamo” AT
S Pt — \0f1
Z 10
T S
T~
= M
O ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
-5
0
-10 | f3z
0 2 4 6 8 10 12 14

) . Time [sec] ) .
Fig. 15 Time response afcomponent of forces acting on each litk, ©f2,, °fs, and normal forcef,, of 3-link

manipulator are plotted.

t = 3.01[sec
@ [ ] acceleration of link 1,2 and 3 acceleration of link 1, 2 and 3
jat the gravity centers ] at the gravity centers

) — fi1).
(b)

acceleration of link 1, 2 and 3
17 at the gravity centers

@ t=3.95[sec] é acceleration of link 1, 2 and 3

the gravity centers
> fo

vfn

Yo myg mg
=D fiy,  mm — Sty =P fy, =D —fi),
() (d)

. 9 . i . o . . .
Fig. 16 Fg?beétslozri@ |ﬁ(§ce(l)eﬁa(talgréh link and accelerations of each li® &= 3.01 [sec] are shown at (a) as fgr

direction and (b) as foz-direction. Also, atd) t = 3.95 [sec] they are shown at (c) as fpdirection and
(d) as forz-direction.

FHRMAEE 2R TE, £V V7B IOHENRTRETHLZ L ER L.
SHBOIFEE LTE, SRR LEHEEICOWTHIRSAEN 2 5L EH DL SRR OGAITHEE L, BiEs
Ral—va X VFHMliL TW ZERETFEND.
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