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Phumaret Sangram 2010: An Application of Ballbar for Six Joints Manipulator
Positioning Error Compensation. Master of Engineering (Mechanical Engineering),
Major Field: Mechanical Engineering, Department of Mechanical Engineering.

Thesis Advisor: Mr. Chaiyakorn Jansuwan, Ph.D. 85 pages.

Ball-bar system is the tool for the CNC machine performance testing in circular motion.
It can use to analyze many CNC machine errors components such as: squareness error, servo

mismatch, backlash, machine vibration and roundness error.

This research is proposed the new method to apply 150 millimeter Ballbar compensate
for the positioning error along circular path of the six joints industrial manipulator by neglected
all dynamics effect of the manipulator. The manipulator positioning errors that deviated from
the real position along circular path in XY plane with Z value constant are point to point
measured with the average positioning errors and roundness along circular path is 0.091
millimeter and 338.69 micrometer, the compensation based on Robot Jacobian technique of the
manipulator joints error are shown the average positioning errors and roundness along circular
path in XY plane with Z value constant are reduced to -0.028 millimeter and 211.28 micrometer
or 37.62% roundness increased. The result is shown the manipulator has increased accuracy and
the Ballbar can be applied for the positioning error compensation in the manipulator. This study

further strengthens the ability of Ballbar and can be applied to the industry.
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-n
= At S 17
B anZ[ T%ai] (17)

y = AtanZ(OZJ
a'Z

M5HUINT 02 gATN1e3 Inaidadmsuunilyn Inverse Kinematics

sun Wamay

+1_b2

1. cosd=b 0= Atanz(%} i.e., both @ and — 0

. a

2.sinf=a 0=Atan2 ——=— | ie., both 6 and (180 —0)
++/1-a?

3. sind =3 6 = Atan2

cosd =b

4. aco¥-bsind=0

i.e., both @ and 6 +180

5. sindsing =a
cogsing=b
Also jf cosp=c

Note:

0= AtanZ(%j and 0 = AtanZ(_—Sj, or 0+180
[22 12 [a2 12
¢=Atan{ cl ) ]and ¢:Atan{a—+b],or—¢
C C

@ corresponds to € while —¢@ corresponds to € £180

6. aco+bsind=c

a

0= AtanZ(Ej + Atanz[
C

i\/a2+b2—c2]

7. aco¥ —-bsind=c
a sind+bcosd =d

0= AtanZ( ad - ch

ac+bd

a’+b%=c?*+d?

#31: Wolovich (1987)
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AHUL (X, Y, Z) =

(905.56942.298/63.131)

48

Auvavesanguvuna

DEN]
X Y z
0 1055.5688 -42.2981 763.1305
1 1053.2900 -16.2508 763.1305
2 1046.5229 9.0049 763.1305
3 1035.4728 32.7019 763.1305
4 1020.4756 54.1201 763.1306
5 1001.9871 72.6086 763.1306
6 980.5688 87.6057 763.1305
7 956.8720 98.6558 763.1306
8 931.6161 105.4231 763.1305
9 905.5688 107.7019 763.1305
10 879.5217 105.4231 763.1306
11 854.2661 98.6558 763.1306
12 830.5688 87.6057 763.1306
13 809.1508 72.6086 763.1304
14 790.6622 54.1201 763.1306
15 775.6652 32.7019 763.1306
16 764.6150 9.0050 763.1304
17 757.8476 -16.2508 763.1306
18 755.5688 -42.2981 763.1306
19 757.8477 -68.3453 763.1306
20 764.6148 -93.6011 763.1306
21 775.6651 -117.2981 763.1306
22 790.6623 -138.7162 763.1306
23 809.1507 -157.2047 763.1305
24 830.5689 -172.2019 763.1306
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Auvavesanguvuna

DEN]
X Y z
25 854.2659 -183.2520 763.1305
26 879.5216 -190.0192 763.1304
27 905.5690 -192.2981 763.1305
28 931.6161 -190.0193 763.1306
29 956.8719 -183.2520 763.1307
30 980.5690 -172.2019 763.1305
31 1001.9870 -157.2047 763.1306
32 1020.4757 -138.7162 763.1306
33 1035.4727 -117.2981 763.1304
34 1046.5229 -93.6011 763.1304
35 1053.2898 -68.3453 763.1305
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oTw = AAAAAAA,

it _| M O By Py )
"M in, 0, A, P
0 0 0 1

AAYIT,]= AAAAA,
C,(= P+ PuCi+ P, S )+ (= Py +V)S,

R i h2C3+V3$§ _ R i Sg(hl PR pwa]_ ~ pwysl)+ (_ pWZ +V1)C2 (4)
2ty O | | Y el ) PG PuS
0; 1 0. 1

~ o a ~ v Y 9 A a L4 = I
NANUNITN 4 ﬁ”liJ”IiﬂUWﬁ’ﬂJ”l%ﬂiuLm’J% 3 VOINANATUHEIIUDUBUNAT NN UV UITI Y

1 4
aumstiomany g, laaail

PuyCi— PuS =0 )

= = v A4 oA
NNFATN 4 TumsanuIny n2 %5‘1ﬂwmﬂﬁﬂﬂlﬂﬁﬁuﬂﬁﬂ 5 AU

0, = Atanz(g—w”] and 6, = Atanz(%J (6)

{ ) a { a J < 4
NNAUMIN 4 AWTNNTNFNVOUDIN 1 1ag 2 SUENLNﬂﬁﬂ“ﬁNWl%ﬂULﬂuﬁMﬂWﬁlﬁ@

2
Wy 6, lagail

V2+V3C3_ hzsa = Cz(_ h.’l. + pwal + pwys.)+ (_ Puz +V1)Sz

7
h2C3+V383 = Sz(hl - pvvxCl - pwyS.L)+ (_ Pz +V1)C2

dagdaumsh 7 naiflu

aC,-bS,=hC,+V.S (®)
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aS,+bC,=v,+vLC,—hS, )

Tagh  a=-p,+V

b=-h+p,C +p,S
) ~ o w 9 [y Y
UIFUNITIN 8 1AL 9 EJﬂﬂ”IﬁQE‘T’ENLLa’JS’JiJﬂui]zllﬂ

(aCZ - bg )2 ~ (h2C3 + V333)2
(asz + bCz)z Y (V2+ vC,;— hsg)z

a®+b*=h2+Vv2+V, +2vy.C,—2hv,S,
2y LC,-2hy,S, =a®+b’ —(h22 +V5 +v§)
cC,+dS;=e (10)

Taof a=-p,+Vv,b=-h+p,C+p,S,

c=2v,V,, d=-2hy,, e:a2+b2—(h22 +V2 +v32)

< =~ v = o &
NFAIN 6 TumsanuIny n2 %'Jlﬂwamaﬂmmﬁumim 10 ANU

[~2 2 2
0, = AtanZ[EjJr Atanz(i Crdnat J (11
c e

unum 6, uaz 6,avluaumsn 7 uazdaglindez1a

aC,-bS, =c
as,+bC, =d

(12)

Tagii a=-p,, +V,
b=—h+puCi + PuS
c=hC;+V,S
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d=v,+vC,-hS

< < v = o &
NNFAIN 7 TumsawuIny n2 %x"lﬂwamaﬂmmaumm 12 AU

ad —bc

6, = Atan2

2 ( ac + bd j (13)
HINARAYUDIY N 94 e (95 i]”lﬂﬁiJﬂ"li‘ﬁ 14 uag 15 ”lumﬂwu:m f
ACATATATT = AAAAAA A,

- V2C3 + ( P, — Vl)C23 + (_ hl + pxC1 + pySI)SZS V3— h3C4SS
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NNFAIN S5 TumsawuIny n2 %x"lﬂwamaﬂmmﬁumim 15 AU
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MINAIRABYD NNTUNITN 14 92 1@

ATATATATT = AAAAAAA,

a,Cys + (axC1 + aysl)szs o o GGG -85
U I O (17)
aC -as || e =SLCL-C.S
0 O 0 1 0 O 0 1
Fmsunusy 6,,0,,...,0. adluaumsi 17 nazihundeumueuns 188
aCs+bS,=c (18)
Tagli a=C,C,, b=-S, uaz c=a,C,+(aC, +a,5,)S,
1ngasi 6 Tumaruani n2 sz Idwamasvesaumsdi 18 dail
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HIUANDUUBITNMS Inverse Kinematics
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1. MININIMUIIATHGIBUATATHYI (Rightly and Lefty)

MWEUINT A2 JUHLUMTINAINWIUIATUE AT ATV
fan: Adept Technology, Inc. (2007)

2. MIIITINUUHINUVUIAZAIUAN (Above and Below)

ABOVE BELOW

MWAYINT A3 3UUUUMIINEIMELIRIUULLAZA LA

fan: Adept Technology, Inc. (2007)
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3. MIMAWVURNELazUUUAN (Flip and No Flip)

ﬂ1WW1~!'Jﬂ‘ﬁ n4 E?JLL‘U‘Uﬂ’Ii'J']\iﬁ']!l,ﬂﬂﬁ\ﬂﬁl!mmlﬂﬂﬂ}j']
fan: Adept Technology, Inc. (2007)
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N3 Inverse Kinematics MAININHLINT A5

Inverse Kinematics
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MIWHINT 91 LE?T}‘LWINLS‘HGIJ@QLLGUMﬂaﬁllg{mﬂﬁuﬂ”li IK NOUMNMITASIAIAINHANA A

fMuniavotone (9981)

fgm?i
1 2 3 4 5 6
0 -2.295 38.932 -4.267 0.000 -46.802 0.000
1 -0.884 38.69 -4.702 0.000 -46.608 0.000
2 0.493 38.141 -5.689 0.000 -46.17 0.000
3 1.809 37.301 -7.194 0.000 -45.505 0.000
4 3.036 36.194 -9.165 0.000 -44.641 0.000
5 4.145 34.85 -11.539 0.000 -43.611 0.000
6 5.105 33.306 -14.241 0.000 -42.453 0.000
7 5.886 31.6 -17.192 0.000 -41.209 0.000
8 6.456 29.774 -20.307 0.000 -39.919 0.000
9 6.782 27.873 -23.5 0.000 -38.627 0.000
10 6.835 25.945 -26.681 0.000 -37.374 0.000
11 6.588 24.044 -29.761 0.000 -36.196 0.000
12 6.021 22.223 -32.648 0.000 -35.128 0.000
13 5.128 20.545 -35.255 0.000 -34.199 0.000
14 3.916 19.073 -37.497 0.000 -33.43 0.000
15 2414 17.871 -39.294 0.000 -32.835 0.000
16 0.675 16.996 -40.581 0.000 -32.422 0.000
17 -1.228 16.497 -41.309 0.000 -32.194 0.000
18 -3.204 16.401 -41.447 0.000 -32.151 0.000
19 -5.153 16.715 -40.992 0.000 -32.293 0.000
20 -6.979 17.42 -39.96 0.000 -32.62 0.000
21 -8.599 18.477 -38.392 0.000 -33.131 0.000
22 -9.951 19.831 -36.348 0.000 -33.821 0.000
23 -10.994 21.421 -33.901 0.000 -34.677 0.000
24 -11.713 23.183 -31.133 0.000 -35.684 0.000
25 -12.107 25.054 -28.132 0.000 -36.814 0.000
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fMuniavotone (9981)

DEN]
1 2 3 4 5 6
26 -12.191 26.977 -24.986 0.000 -38.037 0.000
27 -11.989 28.896 -21.788 0.000 -39.316 0.000
28 -11.528 30.762 -18.626 0.000 -40.612 0.000
29 -10.841 32.53 -15.588 0.000 -41.883 0.000
30 -9.96 34.154 -12.76 0.000 -43.086 0.000
31 -8.917 35.596 -10.224 0.000 -44.18 0.000
32 -7.741 36.817 -8.057 0.000 -45.126 0.000
33 -6.463 37.785 -6.328 0.000 -45.887 0.000
34 -5.111 38.472 -5.094 0.000 -46.433 0.000
35 -3.713 38.858 -4.399 0.000 -46.743 0.000
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M519IWNUINT 91

Mno1u 1891 Uoa-113 No UM IFAFIAIANUAANA A

asafifudeya
90 1 2 3 4 o
— — - — — Aunde
cW CCW  Aunde cw CCW  Aundy cW ccw Aundy cw CCW  Aundy
0 150.2393  150.2273  150.2333  150.2159  150.2401 150.228 150.1532 150.2556 150.2044 150.0991 150.2639  150.1815 150.2118
1 150.1318 150.2822  150.207 150.1279  150.2969 150.2124  150.1411 150.3157 150.2284 150.153 1503215  150.2373 150.2213
2 150.1655 1503368 150.2512  150.1566  150.3482  150.2524  150.1741 150.3748  150.27445  150.1853 1503736 150.2795 150.2644
3 150.1418 150.2783  150.2101  150.1307  150.2977 150.2142  150.1466 150.3091 150.22785  150.1559 1503158  150.2359 150.2220
4 150.1699 150.2953  150.2326  150.1581 150.3054 150.2318  150.1825 150.3191 150.2508 150.1902 150.3312  150.2607 150.2440
5 150.2470 150.3595 150.3033  150.2367 1503696  150.3032  150.2582 150.3834 150.3208 150.2736  150.3996  150.3366 150.3160
6 150.2713 1503966  150.334 150.2566  150.4031 1503299  150.2788 150.4146 150.3467 150.293 150.4295  150.3613 150.3429
7 150.2188 1503192 150.269 150.2034 150.3172  150.2603  150.2235 150.3267 150.2751 150.2391 150.3419  150.2905 150.2737
8 150.2741 1503541 150.3141 150.2579  150.3529 150.3054 150.2782 150.3645  150.32135  150.2931 150.3699  150.3315 150.3181
9 150.2058 150.2245 150.2152  150.1896  150.2481 150.2189  150.2044 150.2571 150.23075  150.2196 150.2700  150.2448 150.2274
10 150.1715 150.1409 150.1562  150.1519 150.1466  150.1493  150.1674 150.1564 150.1619 150.1787 150.1668  150.1728 150.1600
11 150.1595 150.0934 150.1265 150.1445 150.0936  150.1191 150.161 150.1011 150.13105  150.1672 150.1132  150.1402 150.1292
12 150.0699 149.9507 150.0103  150.0532 149.9521 150.0027 150.066 149.9578 150.0119 150.072 149.9371  150.0046 150.0074
13 150.0431 149.9184 149.9808 150.0317 1499161 1499739 150.0414 149.925 149.9832 150.0437  149.9293  149.9865 149.9811
14 1499026 149.7761 149.8394 149.8926 149.7704 149.8315 149.8948 149.7746 149.8347 149.9004  149.7807  149.8406 149.8365
15  149.8658 149.7125 149.7892  149.8662 149.716 149.7911  149.8562 149.7099  149.78305  149.8664  149.7165 149.7915 149.7887
16  149.8120 149.6483 149.7302  149.8075 149.6432  149.7254  149.8037 149.6443 149.724 149.8038 149.6391  149.7215 149.7252
17 149.7888 149.7668 149.7778  149.7846  149.7749  149.7798  149.7718 149.7615 149.76665  149.7667  149.7608  149.7638 149.772

9
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MINNUINN 31 (71D)

asafifudeya
909 1 2 3 4 D
— — - — — Aunde
cW CCW  Aunde cw CCW  Aundy cW ccw Aundy cw CCW  Aundy
18  149.7871 149.7865 149.7868  149.7842  149.7877 149.786 149.7667 149.7779 149.7723 149.7673 149.7676  149.7675 149.7781
19 149.6848 149.8365 149.7607 149.6791 149.836 149.7576  149.6621 149.8275 149.7448 149.6606  149.8105  149.7356 149.7496
20  149.7540 1499193 149.8367 149.7442 1499114 149.8278 149.7268 149.9062 149.8165 149.7279  149.8893  149.8086 149.8224
21 149.8386  149.986  149.9123  149.8271 149.9795 1499033 149.8138 149.9747 149.89425  149.8146 149.9554 149.885 149.8987
22 1499336 150.1034 150.0185 149.9213  150.0937  150.0075  149.9045 150.0883 149.9964 149.9068 150.0717  149.9893 150.0029
23 149.9899 150.1484 150.0692 149.9789 150.1398 150.0594  149.9596 150.1339 150.04675  149.9598 150.1215  150.0407 150.054
24 150.0240 150.1715 150.0978  150.0052  150.1588 150.082 149.9885 150.1566  150.07255  149.9932 150.1415  150.0674 150.0799
25  150.0563 150.1758 150.1161  150.0444 150.1792 150.1118 150.0251 150.1699 150.0975 150.0284  150.1567  150.0926 150.1045
26 150.0917 150.0721 150.0819  150.0759 150.0665 150.0712  150.0593 150.0605 150.0599 150.0627  150.0478  150.0553 150.0671
27 1502678 150.1017 150.1848  150.2587  150.0975 150.1781 150.2465  150.093  150.16975 1502476  150.0839 150.1658  150.1746
28 1502969 1500885 150.1927 150.2903  150.0889  150.1896 1502441  150.0843  150.1642 1502796  150.0778 150.1787  150.1813
29 1503193 150.1025 1502109 150.3143  150.1027 1502085 150.3118  150.0992 1502055 1503086  150.0999 1502043  150.2073
30 150.2996 150.1002 150.1999 150.3016 150.1066  150.2041  150.3057 150.1084  150.20705  150.3002  150.1111  150.2057 150.2042
31 150.2587 150.1211 150.1899  150.2649 150.1212  150.1931  150.2648 150.1261 150.19545  150.2661 150.1212  150.1937 150.1930
32 150.1913 150.0133  150.1023  150.1982  150.0283  150.1133  150.2051 150.0361 150.1206 150.1985 150.0254 150.112 150.1120
33 1502395 150.0514 150.1455 150.2501  150.0669 150.1585 150.2498  150.0717  150.16075 1502549  150.0784  150.1667  150.1578
34 1502664 150.0917 1501791 150.2745  150.0996  150.1871 150.2819  150.1041  150.193 1502878  150.1115 150.1997  150.1897
35 1502360 1502251 1502306 150.2446 1502317 1502382 150.2501  150.2351 1502426 1502681 1502538 150261 1502431

€9
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ANUAANAIAUDITOAD (D67)

fgm?i
1 2 3 4 5 6
0 0.0112 -0.0008 0.0013 -0.0023 0.0006 -0.0008
1 0.0112 0.0014 -0.0025 -0.0025 -0.0010  -0.0007
2 0.013 0.0042 -0.0073 -0.0036 -0.0030  -0.0007
3 0.0104 0.0057 -0.0096 -0.0036 -0.0039  -0.0005
4 0.0109 0.0085 -0.0142 -0.0049 -0.0057  -0.0005
5 0.0135 0.0144 -0.0235 -0.0077 -0.0091 -0.0005
6 0.0138 0.0191 -0.0305 -0.0097 -0.0114  -0.0005
7 0.0099 0.0174 -0.0272 -0.0085 -0.0098  -0.0003
8 0.0108 0.0235 -0.036 -0.011 -0.0125  -0.0004
9 0.0068 0.0182 -0.0273 -0.008 -0.0092  -0.0002
10 0.0042 0.0132 -0.0195 -0.0055 -0.0063 -0.0001
11 0.0029 0.0112 -0.0163 -0.0043 -0.0051 -0.0001
12 -0.0003 -0.0013 0.0018 0.0005 0.0006 0.0000
13 -0.0007 -0.0041 0.0058 0.0013 0.0017 0.0000
14 -0.0032 -0.0212 0.0296 0.0055 0.0085 -0.0003
15 -0.0032 -0.0272 0.0378 0.0058 0.0105 -0.0008
16 -0.0031 -0.0346 0.0477 0.0057 0.0131 -0.0017
17 -0.0017 -0.0287 0.0394 0.0032 0.0107 -0.0021
18 -0.0009 -0.0281 0.0386 0.0016 0.0105 -0.0028
19 0.003 0.0309 -0.0425 -0.0056 -0.0116 0.0060
20 0.0035 0.0213 -0.0295 -0.0063 -0.0082 0.0060
21 0.0026 0.0116 -0.0162 -0.0047 -0.0046 0.0041
22 -0.0001 -0.0003 0.0005 0.0002 0.0001 -0.0001
23 -0.002 -0.0056 0.008 0.0033 0.0024 -0.0026
24 -0.0031 -0.0072 0.0104 0.0047 0.0032 -0.0035
25 -0.0044 -0.0085 0.0124 0.006 0.0040 -0.0043
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ANUAANAIAUDITOAD (D67)

DEN]
1 2 3 4 5 6
26 -0.003 -0.0048 0.0072 0.0037 0.0024 -0.0024
27 -0.008 -0.0108 0.0165 0.0087 0.0056  -0.0053
28 -0.0088 -0.0098 0.0152 0.0082 0.0054  -0.0045
29 -0.0103 -0.0093 0.0146 0.008 0.0054  -0.0039
30 -0.0103 -0.0073 0.0118 0.0065 0.0045  -0.0026
31 -0.0099 -0.0053 0.0088 0.005 0.0035  -0.0015
32 -0.006 -0.0024 0.004 0.0023 0.0016  -0.0004
33 -0.0083 -0.0022 0.0038 0.0025 0.0016  -0.0001
34 -0.01 -0.0015 0.0025 0.0024 0.0011 0.0004
35 -0.0128 -0.0005 0.0008 0.0027 0.0003 0.0008
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fMuniavotone (9981)

fgm?i
1 2 3 4 5 6
0 -2.2908 38.9317 -43.1982 -0.0009 -46.8018 -0.0008
1 -0.8810 38.6904  -43.3930 -0.0006 -46.6083  -0.0004
2 0.4967 38.1422  -43.8333 -0.0008 -46.1708  -0.0004
3 1.8127 37.3030  -44.5003 -0.0012 -45.5063  -0.0006
4 3.0396 36.1967  -45.3660 -0.0016 -44.6426  -0.0006
5 4.1498 34.8550  -46.4020 -0.0025 -43.6140  -0.0008
6 5.1098 333124 -47.5634 -0.0030 -42.4565  -0.0008
7 5.8888 31.6051 -48.8049 -0.0022 -41.2118  -0.0003
8 6.4583 29.7793  -50.0944 -0.0023 -39.9218  -0.0002
9 6.7844 27.8790  -51.3878 -0.0025 -38.6298  -0.0004
10 6.8367 25.9498 -52.6376 -0.0019 -37.3760 -0.0003
11 6.5890 24.0471 -53.8125 -0.0011 -36.1972 -0.0002
12 6.0212 22.2235 -54.8720 -0.0001 -35.1281 -0.0001
13 5.1283 20.5455 -55.8011 0.0000 -34.1990 -0.0001
14 3.9158 19.0706 -56.5641 0.0008 -33.4289 -0.0001
15 24137 17.8670 -57.1554 0.0010 -32.8334 -0.0002
16 0.6746 16.9905 -57.5640 0.0011 -32.4200 -0.0003
17 -1.2279 16.4967 -57.8049 0.0002 -32.1936 -0.0002
18 -3.2040 16.4022 -57.8504 0.0001 -32.1510 -0.0002
19 -5.1530 16.7142  -57.7056 -0.0005 -32.2931  0.0008
20 -6.9795 17.4164  -57.3721 0.0000 -32.6192  0.0005
21 -8.6009 18.4683  -56.8491 0.0019 -33.1285  -0.0005
22 -9.9546 19.8187  -56.1505 0.0041 -33.8171  -0.0017
23 -10.9986 214083  -55.2923 0.0053 -34.6727  -0.0022
24 -11.7182  23.1710  -54.2875 0.0058 -35.6796  -0.0022
25 -12.1133  25.0417  -53.1566 0.0065 -36.8093  -0.0021
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fMuniavotone (9981)

DEN]
1 2 3 4 5 6
26 -12.1962 26.9685 -51.9426 0.0049 -38.0336 -0.0012
27 -11.9958  28.8867  -50.6613 0.0061 -39.3119  -0.0017
28 -11.5339  30.7554 493716 0.0047 -40.6088  -0.0012
29 -10.8493  32.5224  -48.0990  0.0056 -41.8792  -0.0007
30 -9.9669  34.1488  -46.9010  0.0040 -43.0833  0.0000
31 -8.9235 355922 -45.8104  0.0032 441779 0.0005
32 77450 36.8152  -44.8695 0.0017 -45.1250  0.0006
33 -6.4674 377837 -44.1096  0.0014 -45.8862  0.0007
34 -5.1148 384714 -43.5644  0.0009 -46.4326  0.0006
35 -3.7183 38.8578  -43.2564  0.0013 -46.7429  0.0010
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asafifudeya
90 1 2 3 4 o
— —— - — Aunde
cW CCW  Aunde cw ccw fAundy cw CCW  Aundy cw ccw Aundy
0 149.9672 149.9867  149.977 149.9906 149.9963 149.9935  149.9239  150.0682  149.9961  150.0091  150.0655 150.0373 150.0009
1 149.8665 150.0382  149.9524 149.881 150.0562 149.9686  149.9681 150.1307 150.0494  149.9625 150.1256 150.0441 150.0036
2 149.8889 150.0859 149.9874  149.9016 150.1037 150.0027  149.9969 150.1799 150.0884 149.9886  150.1829 150.0858 150.0411
3 149.8555 150.0276  149.9416  149.8619 150.0372 149.9496  149.9641  150.1258 150.045 149.9554 150.131 150.0432 149.9948
4 149.8827 150.0372 149.96 149.895 150.0448 149.9699 1499875 150.1299  150.0587 149.9815 150.1306 150.0561 150.0112
5 149.9657 150.1011  150.0334  149.9786 150.1112 150.0449  150.0671  150.1921 150.1296  150.0629  150.1869 150.1249 150.0832
6 149.9995  150.145  150.0723  150.0128 150.1557 150.0843  150.0962 150.2334 150.1648 150.0942  150.2274 150.1608 150.1205
7 149.9661 150.0767 150.0214  149.9742 150.0847 150.0295  150.0522  150.1493  150.1008  150.0481 150.1416 150.0949 150.0616
8 150.0587 150.1493 150.104 150.0647 150.1563 150.1105  150.1289  150.2096  150.1693  150.1291  150.1999 150.1645 150.1371
9 150.0441 150.1171 150.0806  150.0532 150.1288 150.091 150.1028 150.1684  150.1356 150.107 150.1106 150.1088 150.1040
10 150.0772  150.0646  150.0709  150.0794 150.0757 150.0776  150.1142  150.1102 150.1122  150.1195 150.1168 150.1182 150.0947
11 150.083  150.0835 150.0833  150.1476 150.0899 150.1188  150.1609  150.1091 150.135 150.1621  150.1178 150.14 150.1192
12 150.0101 150.0045 150.0073  150.1123 150.0092 150.0608  150.1041  150.0138 150.059 150.1114  150.0212 150.0663 150.0483
13 150.0526 150.0481 150.0504 150.1709 150.0515 150.1112  150.1489  150.0348  150.0919  150.1595  150.0439 150.1017 150.0888
14 150.0664 149.9446  150.0055 150.0745 149.9456 150.0101  150.0332 1499184 1499758 150.0397  149.9275 149.9836 149.9937
15  150.0679 149.9199 149.9939  150.0715 149.9203 149.9959  150.0141 149.8733 1499437 150.0288  149.8834 149.9561 149.9724
16  150.0188  149.863 149.9409  150.0193 149.8573 149.9383  149.9507 149.789 149.8699 1499681 149.8415 149.9048 149.9135
17 150.0581 150.0469 150.0525 150.0534 150.0481 150.0508 1499772  149.9687 149.973 149.9902  149.9764 149.9833 150.0149
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asafifudeya

90 1 2 3 4 o

— —— - — Aunde

cW CCW  Aunde cw ccw fAundy cw CCW  Aundy cw ccw Aundy

18 150.0471 150.0548  150.051 150.0438 150.0488 150.0463 149.957 149.9602  149.9586  149.9687  149.9763 149.9725 150.0071
19 149.8694 150.0265  149.948 149.8646 150.016 149.9403  149.7682 1499187 149.8435 149.7739  149.9657 149.8698 149.9004
20 149.8282 149.9916  149.9099  149.8271 149.9796 149.9034  149.7297 149.8813  149.8055 149.7335  149.9233 149.8284 149.8618
21 149.7816  149.9259 149.8538  149.7731 149.9178 149.8455 149.6796  149.8177 149.7487 149.69 149.8864 149.7882 149.8090
22 149.786 1499519  149.869 149.7822 149.9435 149.8629  149.6881  149.8458 149.767 149.7022  149.8492 149.7757 149.8186
23 149.7914 1499431 149.8673  149.7939 149.9352 149.8646  149.6961  149.8429 149.7695 149.7201  149.8449 149.7825 149.8210
24 149.7781 149.9304 149.8543  149.7732 149.9221 149.8477  149.6861  149.8337  149.7599  149.7068  149.8368 149.7718 149.8084
25 149.7933  149.9252  149.8593  149.7949 149.9189 149.8569  149.7147 149.8375 149.7761 149.7213  149.8414 149.7814 149.8184
26 149.7886 149.7892  149.7889  149.7886 149.7924 149.7905  149.7227 149.7182  149.7205  149.7298  149.7454 149.7376 149.7594
27 150.0038 149.8397 149.9218  150.0046 149.8397 149.9222  149.9482  149.7894  149.8688 149.941 149.8197 149.8804 149.8983
28 150.015 149.8917 149.9534 150.0166 149.8302 149.9234  149.9753  149.8093 149.8923  149.9704  149.8248 149.8976 149.9167
29 150.0927 1499218 150.0073  150.0975 149.9272 150.0124  150.0773  149.9043  149.9908 150.069 149.9048 149.9869 149.9993
30 150.0674 150.0536  150.0605 150.0684 149.8817 149.9751  150.0622 149.869 149.9656  150.0535  149.8757 149.9646 149.9914
31 150.0186 150.0107 150.0147  150.0285 149.8817 149.9551 150.0379  149.8923  149.9651 150.0339  149.8917 149.9628 149.9744
32 1499221 1499161 1499191 149.9358 149.7613 149.8486  149.9565 149.7897  149.8731 149.9449  149.7961 149.8705 149.8778
33 1499829 149.9822 149.9826  149.9939 149.8046 149.8993  150.0401  149.8501 1499451 150.0305 149.8463 149.9384 149.9413
34 150.0071 150.0051 150.0061  150.0182 149.8411 149.9297  150.0845  149.8994 149.992 150.0709  149.8957 149.9833 149.9778
35 149.9802 149.9797 149.98 149.9933 149.9823 149.9878  150.0664 150.0561 150.0613  150.0555 150.0421 150.0488 150.0195
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Renishaw (2010) Voa-113tilunsoslodminiadumiamsinasunlunioadns Iag
a [ a 4 @
msduuny 2 unundenmuiurenanluszuudedaeuniosdinsamuiaigiu 180 230
{ 7

(ISO, 2005; Mekid, 2008) MWAHUINT ¥1 FTUVVOA-UISUTZNOUAIY Pivot Assembly
o v A d' 9 t:y o v A d' =1
(reaY 1) AMSuaaN 1az119%191, Tool Cup (MY 3) divsuAanlateuvunauazll

< o A . . o [ [
LCD"L!L“])”E){%”IW’Jﬂ Linear Variable Displacement Transformer: LVDT @11IUATIVIANIT
{ 4 { 1 o a S A a 4 a v
nlasunlasmsnasunuazdedyona Tl ineuiuaesiodinsizinalas LVDT azdnog

1 Extension bars (M 2) Neusony Pivot Assembly 4ag Tool Cup G?])’Jfluiﬂﬁﬂf]ﬂﬂlﬂﬁ

HUMAN (Goswami ef al., 1993)
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] 9
HoMMIAWNULATIaNNS Forward Kinematics A1UHANUDY Denavit-Hartenberg
& Ao 1 [ ~ & A 9y Y v ~
Gﬁﬂuﬁﬂllﬂiﬂlﬂﬂllﬂu@ﬂ\ﬁ ANANTNNUINN F1 BUNDWINAURAYNLAD ﬂ"]iﬂiﬂl!ﬁﬂ\iulﬂﬂﬂﬁuﬂﬁﬂ
a 1 4
3 a2 4 1 O N0 pernveamadnluuninnanvousazya, Oy, YNONVDIUDA-13

A a s =& td'dy
Av yuiiasouunuuea-11s Felunil 4, =0

oy 0.

SCrew

T, = AAAAAA
C§1iftCstep - Cstepsscre/vsshift - Cscra/vsstep D CscreNCstepSshift + Sscre/vsstep R)Cﬂ'liftcstep
T = C§1iftsstep CscraNCstep L | SscraNSﬁiftSstep s Cstepsscre/v I Cscrstﬂ'liftSstep R)Cﬂ'liftsstep (3)
b =
Sshi ft Cshi ft SscrsN CscreNcﬂ'lift Rn Sshi ft
0 0 0 1
T, = ARAA AN
Cshiftcaep - Ciepsscrewsmift _Cscrew%ep _CscrewCsepSmift + Sscrew%ep (R) + AR)Cshiftcstep
-I—' i Cshiftsstep CscrewCstep . Sscrewsshiftsstep — Cstep%crew v Cscrewsshiftsstep (R) + AR)Cshiftsste'p (4)
g Ssﬂft Cshiftsscrew CscrewCshiﬂ (R} + AR)Sshift
0 0 0 1
Taoi
Cip -Sip 0 O
 |Su Cup 00
A=A=l 0 0 10
0 0 0 1
- S§1ift - Cﬂ‘lift O 0
a_n| O O 1o
Cshift 4 Sshift 0 0
0 0 0 1
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NI 0 -10
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e 0o o0 1
100 O 100 0
a_|01O 0L o100 0
|00 1 R[] " |001 R+AR
0 00 1 00O 1
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AMTVOIMUBIMTIAUNINTGA (O, Max) WNNTUNINVBLUAMTIATOUTIVO
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Y

Tension Length (18§ Maximum Compression Length) faaumsn 6 Tasnudded ldmsdenly

DIANYDIMTIAUIINY 10 8971 (Gye, =107)

- O, MAX
R, (compression )= Rco epT
(6)

- (compression
Maximum Step Degree; Hstep max= Z:OS_l( Ruin ( : )j

MEUINd 33 Matmuagavesmsianluuurienan Taegldeiie N, =10

uazgilunie N, =5
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O MAX

Circular Path
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