TFER Grobner EERZ BV 6 HEHEORY b
N Eal—2OEEEF RO L
Solving Inverse Kinematic Problem for a
6-Degree-of-Freedom Robot Manipulator Using

Comprehensive Grobner Systems

PRRY: BORYERI AR Rl 02+
TAKUMU OKAZAKI
DEGREE PROGRAMS IN PURE AND APPLIED SCIENCES

UNIVERSITY OF T'SUKUBA

WP RY: BEYVE R HEH & 2
AKIRA TERUI
INSTITUTE OF PURE AND APPLIED SCIENCES

UNIVERSITY OF T'SUKUBA

FURARY: MEEEERA T4 7% =W EE"
MASAHIKO MIKAWA
FacuLTy OF LIBRARY, INFORMATION AND MEDIA SCIENCE

UNIVERSITY OF TSUKUBA

Abstract

This paper proposes a solution method for the inverse kinematics problem of the 6-DOF robot
manipulator “myCobot 280 m5” [2], and implements and evaluates the algorithm.

There are two types of methods for solving the inverse kinematics problem of a 6-DOF robot
manipulator: numerical and analytical. The numerical solution method approximates the solution of
the inverse kinematics problem using the Newton method and other methods, whereas the analytical
solution method rigorously determines the solution based on the geometric relationship of the robot
manipulator and other factors. However, because of its strong dependence on the structure of the
robot manipulator, the analytical solution method does not exist for many 6-DOF robot manipulators.
On the other hand, since the numerical solution method is relatively easy to implement, numerical
solutions are generally used to solve inverse kinematics problems for 6-DOF robot manipulators.
However, if an analytical solution method exists for 6-DOF robot manipulators, it would be faster,
more stable, and more accurate than the numerical solution method.

In this paper, based on Pieper [11], we propose an analytical solution method for the inverse
kinematics problem of myCobot, focusing on the structure of myCobot, and implement and evaluate
the algorithm.
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e A={Ay,... A} RIX—REBOHRES (XNA=02)

o K[A],K[X): K FoZHAR

o K[A,X): 505 K[A] FoZERE

e T(X): X OHIHXDES

e ICK[X|: 477

e V.(I)={ceCm|Vfel fe)=0}: C LOIT D77 1 2RIk
o < T(X) LoIHHEF

o LO(f): f € K[AX]| D <5 BT 3 LR

E& 1 (978 [3, Definition 10])
S B ARBIIBAE C" DAL T 5, S DHTEEDARES {S1,...,8i} BRD 3205 2wl &
Z, {S1,..., S} &2 S ORBWIDE L WS,

1. Ui, Si = S ®ifil=5,

2.8NS; =0 &Hild, 2L, i #jTHd,

3. Fie{l,.. I ITHLT, DBAFT7NVI1, L C KA ZHWTS=V.(I)\V.(I,) ¥%£Zh3,
¥/, BS BT A VPV,

E#& 2 (UER Grobner £KXR [3, Definition 11])
SCOoned3, ZOrE, ARES F C KA X| KRLUTHBRES G = {(S1,G1), ..., (Ss, Gs)} BPRD
1DO0%MET-TLE G% < BT 2 S Lo F O Grébner KR E WS,

1. %G 3 K[AX] DHBRESTH 5,
2. {81,...,8:} & S ORBUINDEITH 5,

3. %ceSITMNLT, Gi©) ={9(c.X) |9(A,X) € G} E < KT B4 77V (F@©) ) C C[X]D
Grobner K, 72721, F@©) ={fEX) | f(A,X) € F} TH 3,

4. BeeSITMLT, fEED g € G; T LC(g)(e) £ 0 &ilirz 3,

2.2 PEIER ¢ EAEL

AL T, Elephant Robotics #:25FFET 2K 10Ky b ~v=FE 21 —%& myCobot 280 m5 ] [2] (L4
T, 'myCobot) &FER) ZHW2, myCobot IZHE L WIEICRELR~Y = 2L —XThHhH, RO+ —7
VY —=RAY 7 +v =7 TH5 ROS (Robot Operating System) [6, 10] ZHWTHilf#I$ 2 Z L 23A]RETH 5,
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end-effector (jointT)

joint6
joint5
J Jjoint2
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1: myCobot 280 [2] 2: myCobot DX

o i 0; 13 joint i DIEICADES

o “z X joint i DRI Z Y LTHS

o ‘g illiE ‘y lix ROS @ 3 XIytr[#Ut Y —)L RViz [5] IZHES
o fiT%

X 31X RViz LOFERERERIRLIZ2DDTH D, DL E T 270 — ULEBERE LTS, KiT, K8
PR D BIEAEA TR €3 T %o AR TIX, ARy b THT X HV S5 LY Denavit-Hartenberg
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o O TFlLHE D D iz il Ty SR O [EER AL [rad]
o ap SEEER L, OEX [mm)]
o o Tl WHE Y D i Wy Ty B O [EHEA T [rad]
o d;: HHEIERR 1y & O; & OEEEE [mm]
o 0;: "z HlifE D DFIEIERR 1,0 & T WO EHEMAFE [rad)
FEREZR X541 0 B FEEEZR 3 N FEREZE IR D FIETIT 5
L hE DI 6 MEEX €5 (Rot(“t1z,6:))0
2. Tl ha E I o ZOFATREI SR Tz i RcBEI TS (Trans(H e, a4))0
3. ol E b Y I o MRE R, Flaiilie 2 llEEbE 2 (Rot(Flr, ay))o
A lED DIC O, MIEXE, Ha iy o lEabES Rot(iz0,)).
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3: myCobot D4 a £ ¥ MIHT 5 BIER

joint ” a; | o; | d; | ; 0;
1 0 w/2 | 131.56 | 61 | —m/2
2 —110.4 0 0 02 0
3 —96 0 0 |05 —m/2
4 /2 64.62 | 64 /2
5 —m/2 | 7318 | 05| 0
6 0 486 | 05| 0

7% 1: myCobot @ DH »$7 X —X&

5. Lz B Z I d; FPOEATREIX Y, B O; & O ZAEDES (Trans(‘z,d;)),
L7 o T BEKER B4 22 6 BIEER B NOZEHATH] A; 13RXD X 5 1ATHIoRTREI N 3,

A; = Trans(“z, d;)Rot(*z, 0;)Rot ("™ 'z, ;) Trans(“" 2, a;)Rot ("' 2, ;) (1)
IYRLT 27 ZRDBEEER N7 926 70— NOVERER ) ANDOEIRTHIZ A Toe, ARK (1) DA D
FTRT LD TES, LEDoT, XDXIH1TEKEINS,
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F. ZORAICEE L EREEOBERIRR L T0b, AT, ZOMEZEISH L. myCobot
DWEFFRIEDMEDEH 21T 5,

3.2 myCobot O EFZFHE

myCobot IZB W THIRHID 1 ATRD S &5 RS 5 a4 > M joint 1 & joint 2. joint 4 & joint
5. joint 5 & joint 6 TH D, 3WIH LD 2HEIFELLR WV, Z DI, Pieper DFRFEIZZ D F T
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DY E, PlIjoint 5 DFHICMELTWS, F/2. P OREE ¢y, 2 KM TH 2, FFTELHIT, Z
D P OPFERE z,y, 2 ZHOWTH sinb;, cos0; (i =1,...,6) ZXRBlT 5, 22T, Xoifflifkolzo, = Fx
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B ()RR @) ZHWT 2O DAHETRT LD TES, Hle LT, TV RFZ 727 XOKME P A
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0 73.18 sin 0
0 73.18 cos 6
TP — A7lAC! = 6 6
675 1o —48.6 ©)
1 1
x Li(—p1 + )+ la(—p2 +y) + I3(—ps + 2)
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1 1
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DRYZ PUZBWTHITS &, ZABEBOHINZGE D EDTRD 12D HEXNE SN S,

F1=17318sin6 — 10*(Iy(—p1 + 2) + la(—pa +y) +3(—p3 + 2)) =0
F2 = 17318 cos 05 — 10%(my(—p1 + ) + ma(—pa +y) + ma(—p3 +2)) =0
F3 = —ngsinfs + cos5(l5 cos g — mgsinfg) = 0
F4 = (sinfs)* + (cosf5)> =1 =0
F5 =sinf; 4+ ny sin 05 — cos 05 (11 cos g — my sinfg) =0
F6 = cos 1 — na sin O5 + cos 05 (s cos g — ma sinfg) =0
F7 = (sinf3)? + (cosf3)® —1=0
F8 = 10*2? + 10%y? + (1002 — 13156)? — 255799044 — 211968000 cos 3 = 0
F9 = 13156 4 11040 cos 62 + 9600(cos O3 cos 03 — sin G sin 03) — 100z = 0
F10 = (sinfa)? + (cosf)? —1 =0
F11 = (sinf)? + (cos ) —1 =0

F12 = (cos 0 cos 05 — sin B sin f3) cos 04 — (sin O3 cos O3 + cos O3 sin 03) sin O4 + m3 cos O + I3 sin g = 0

(8)

X (8) 22 B BEKE x,y, 2 AR FAUZ, sinb,cos0; (i =1,...,6) 1ZRDOND Z 0 n 5, REEKITRD Bl
W& A 77NV (F1,F2,F3,F4,F5, F6, F7, F8, F9,F10, F11, F12) ®
K(l1,12,13,m1,ma, m3,n1, N2, N3, 1, D2, P3, T, Y, 2) ZIRBUARE T2 ZIHKXIRD Grobner BJEZ sinf, >
cosfy > sinfy > cosfy > sinfs > cosfs > sinf; > cosf; > sinfs > cosfs > sinfg > cosbg DEEE
AMEF TR D, l1,12,13,m1, Mo, M3, N1, N2, N3, P1, D2, P3, T, Y, 2 PRALUTRHE LR THUE IV,

R, R P DPERE 2,9y, 2 DRDFTITOWTHND, 2,9,z D sinb;, cos §; DRDIFFEIEE, FkL 727 b
NE2MDTRLUTHEBETZZ2TRDZ 2D TES, K (6),(7) LT, |"P|? 2ittis 5 L.

|"P||* = 73.18% + 48.62
I"P|* = (pr — 2)* + (p2 — ) + (ps — 2)°
L7225 T, (p1— )%+ (p2 — )2+ (p3 — 2)? = 73.182 +48.62 I D LD, x,y,2 ZRKD B2 2,9, 2 1T

B3 2 BB 3 TS AUSN VDT, DR Z FUIZH L CRIBEDREREIT D . KD T X — X f} &8
MBS SN B,

INTAX—=B nyng,ng (T RIZT7 27 RD 2 @iAIDME),
p1,p2,p3 (T L7227 XDALHE)

B x,y,2 (R P DFEEE)
ni(p1 — x) + na(p2 — y) + nz(ps — z) = 48.6
(P —2)° + (p2 —y)* + (p3 — 2)* = 73.18° + 48.6>
((ninaz + (1 = n})y)(p1 — ) — (mngy + (1 = n3)z)(p2 — y) — na(my — naz)(ps — 2))?
= 64.62%(73.18°n3 + (na(p1 — ) — n1(p2 — y))?)
TV RET 22 ROKBS X ORIED AL, 3 (0) 1 3 ZET TR TH B T2sb, - DM SR A

CCTRMPDEE L, y, 22 RKDDBZEDTED, x,y, 2 DRENIFTFHDOTIE T sinb;, cosb; (i =1,...,6)
WREZD, 0, ZRDBZZDTES, Thbb, VFHEEIFIEZEL ZLARETDH 5,
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X (9) OFEVARBOTEAZMIWE, TV R 727 20LB L MEEZRA LT Grobner K% H
WAUE &V, UL L, WS E 7 < 72 N Grobner JEEZ KD 2 DIk, FRITHD, FED 255,
Z 2T, 218 TR IR Grobner KR 2 (9) ICEHHA T2 2T, TV FZ 7 2 7 X DOEB LA
EZ 5 ZUL, %% T 5 Grobner HEZ T 52 Z e TE 570, KiFgRi RIS FIREL 725,

F72. SEKRD =R (9) 3ES RS 2HE L TUHER Grobner RERDFHHEZ LRI T5%H, —
HOXTHAZ 2L TWVWE, ZD7D, [BHN2KA P DR x,y, z LUEEIME DA Dfif &
FERBL2DDOPFZTENTVIGEEDD D, Lich o T, MBI EEEZ 7%, NEES) R 2 T
BZITORNERD 5,

Dbtz %3 e, myCobot (23T % Wi E) 7RO T REDRAUIRD L 51272 %,

1. (3K (8) ® Grobner £, X (9) ® CGS ZHANHE T 5.)
2. (9 DCGS ey FLT7 =7 XRDZES, (MEDS P DFEE z,y,z ZRD 5,

3. N (8) D Grobner HKIC LY R 7 = 7 ZRDEE FHEN N z,y, 2 ZAAA L., sin6;,cosb; (i=1,...,6)
ZRD B,

4. BoNif@h HINEF EEEERE, =0 P27 2 7 ZOMEPANEE T2 DDA HIT 5,

BB EBDHE DL

FROMHERZY R 7 2 7 ZDLEED ny = 0 2l THEICHVWE Z e TERWL, filZE X (9)
WCnyg=0Z2RALTEET 2, H1XeF3IADFETCRIc D, 3EKH LTHERD 2 fick 57
B, z,y,z Z—HIIKDZ B TERWV, fzd, Q) BHIVLLARWEEL DS, LihoT, Zhbd
DHFETH L TUIRNCRIER KD 2 BED D 5, AFETIE. ZHHDHEITH LT EDEN 21T
e, SR oS F. BT 5,

4 T7ILdVXLORECERBRER

AHFZETIE, AT OWEEEREDOHED 7 L3 ) X A Z AN S 2 7 A Risa/Asir [9] & W THEER
To7z (LT, ZOEENFEEZ 7LDV XLAEIER), Fizy 703 ) X LDOFEIZBWT, @Y Grobner
HIKR DEHEIX Nabeshima [8] 12 & 2 BV > 2 7 4 Risa/Asir EOEEEHWTITR - 72, FHHEERE
BUATOMHTH 5,

e CPU: Intel Xeon Silver 4210 3.2 GHz
e RAM: 256GB

e OS: Linux Kernel 5.4.0

e Risa/Asir: version 20230315 [9]

ZorE, X (9) WL TH 2 2 ARG 2T 7225, B2 EEN Grobner BIERIZGEON L1072, L
L. PO 1D 7 X2 e 2T % Grobner ZEIZOWTIERN 2.59 BTE L7200, A7
ATV ZLFZZDET XY P RHCTEERITR 572,



X 4: ng = +£1 X 5: n3 =0 X 6: ZDfth

4.1 E&EH

FERCRD 3D LY P27 = 7 ROLEHLAEOHNTH LT, 7TV X a2 HWTiHT %,

o £B: (a,8,7) = (0,0,0), Kii: (p1,pa,ps) = (100,100, 100).

o KB (o, 8,7) = (0,Z,0), BiiE: (p1,po,p3) = (100,100, 100).

o %5 (o, B,7) = (%, 5. %), ML (p1,p2,p3) = (100,100, 100).
A7NTY X L%V L, FHEREIEZRZ40.105196 [s], 0.082496 [s], 0.149572 [s] ¥ o7z, E7=.
WoEB B OOMEBNT e 41, s, ML WHKERKE o7z, XN EFARE DR H

M ZNZN UET OMEES, 3 Xea ity —L RViz [5] ZHWT myCobot ZALE L 725HR % Z2h 2
N 4, 5, 6IRT,

5 FEREFTHM & BRAE ST

Rz, 7V X L OREFHE & FREFEIZIT 5 . AHFRICH T 2REFHEE. 713V XL Ko T
MENL SVDHETREZLRED XS RV KRE 20T 25HIZIE L. — Lz d ik, HEH)
MR RD VLY R 7 2 7 ROEBARNMEE 7T ) AT LN H6RDI-2y R T 22
RDEHRNE DD EE T, FEEIHMICIE, FEER HEE) 2RV, #ER o 3R EE
z R o ¥ T2, KDL CEEIN D,

xz—a

E =

X

SED 7Y X LD ASMEEEBICET 2 31 (o, B,7) EMEICEIT 2 318 (p1, p2, p3) Dl 6 D 3
7o, IHH DIAERDOFYHE B TEMEZITS, Lo T, ZAZhDANEICH T 23088
EasEByEns Eprs EparEps ET DL E, Bl IEIRDEDITERT %,
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R | G CPE) 8] | A= K (1) | A X R U 2 K (] |

1 0.112514 997 0
2 0.109371 994 0
3 0.110048 997 0
4 0.0965956 996 2
5 0.111914 996 1
6 0.10842 997 2
7 0.112219 997 0
8 0.110095 999 2
9 0.102675 996 0
10 0.0955962 995 1
P | 010694478 | 996.4 | 0.8 |

K 20 7TV R L DR R
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4. FME 3 22 B 1# 0; HF o7z [F¥ e FE 1 O AJHME & [F UL S0 7 [FECE 343 2 (FEEFHE) .
5. FlE 3 oflonifite, 2 (2) KWRALT, Y FZ 727X DL LNEZFS,
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Ml 2 e BTERN,
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Il Get same theta
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10-1% 10-13 10-11 10~ 107 1072 1074 1071
Error Rate
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BT E BN DL
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