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Calibration method of tool coordinate systems of elastic
styluses for contact-type measuring robot

Yu Changzhi, Zhang Lianxin, Chen Dongsheng

(Institute of Machinery Manufacturing Technology, China Academy of Engineering Physics, Mianyang 621999, China)

Abstract : Considering the requirements of high-precision cross-scale, good feature universality, and collaborative measurement with
multi-styluses for assembly pose of large components, a contact-type measuring robot was constructed, which used six-axis collaborative
robot as motion carrier and elastic styluses as measuring sensors. It features programmable automation, wide operating range, high
repeatability in measurement accuracy, and strong product adaptability. Most existing calibration methods of robot tool coordinate system
assume the tool to be a rigid body, which makes it difficult to accurately calibrate the tool coordinate system for elastic styluses and fails
to unify the relationships among multiple styluses. To address these issues, the calibration method of elastic styluses tool coordinate
systems for contact-type measuring robot based on standard sphere was proposed. Firstly, the calibration principle and error analysis of
elastic stylus tool coordinate system were derived. Secondly, the iterative calibration methods of multiple elastic styluses tool coordinate
systems based on standard sphere were proposed. The calibration methods of stylus diameters, main elastic stylus tool coordinate system,
and star-shaped elastic styluses tool coordinate systems were established, respectively. This allowed for the acquisition of tool coordinate
systems of multi-styluses and the realization of collaborative measurement between multi-styluses. Finally, measurement experiments
were conducted. The results demonstrate that the contact-type six-axis measuring robot system achieved the stylus diameter calibration
accuracy of better than 0. 007 mm, the tool coordinate system calibration accuracy of better than 0. 016 mm, the single-point repeatability
measurement accuracy of better than 0. 016 mm, the spatial measurement accuracy of better than 0. 030 mm. Experiments also show that
the product’s position measurement accuracy is better than 0. 050 mm, and attitude measurement accuracy is better than 0. 010°. These

results demonstrate that the contact-type measuring robot possesses significant potential for a wide range of engineering applications, such
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as automated assembly and feature measurement.

Keywords : contact-type measuring robot; collaborative measurement with multi-styluses; tool coordinate system; measuring accuracy;

elastic stylus
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Fig. 1 The system of contact-type six-axis measuring robot
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Fig.2 Diagram of calibration of tool coordinate systems of

elastic styluses
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Fig.3 The device of contact-type measuring robot
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Table 1 Calibration results of elastic styluses diameter

styluses based on standard sphere

(mm)

I A A R

EETUFRAEI A 19 A

RGBT 2 DU S AR bR

EAUPPENEE 3 I A bR

=2
X y z x y z X y z X y z
1 154.643 684.932 415.577 154.100 682.675 415.623 165.158 683.838 405.731 154.087 683.266 394.726
2 143.358 684.898 404.511 143.488 682.631 403.574 153.150 683.836 416.593 143.406 683.270 406.701
3 154.859 673.563 404.510 154.985 673.645 403.579 153.158 672.581 406.050 154.911 673.665 406.706
4 164.162 685.094 404.514 164.067 685.171 403.584 153.153 684.080 393.832 164.068 685.187 406.722
5 153.657 694.414 404.520 152.559 694.258 403.579 153.146 695.322 404.297 152.559 694.272 406.729
FrifERR HAR 19. 000
PIAEREAR 20. 984 20.976 22.796 20.970
EARFR AR 2.000 2.000 4. 000 2.000
HRGEE 0. 006 -0. 004 -0. 007 -0. 003
R HE AR 1.978 1. 980 3.803 1.973
F2 FEMNHTESRARESER
Table 2 Calibration results of tool coordinate system with main elastic stylus
e frZE 1 I A AR AR/ mm {7 2 P s AL AR/ mm %% 3 P A5 AL 7/ mm P 4 P 25 AE AR/ mm
i x y z X y z X y z x y z
1 154.338  684.471 415.685 154.643 684.930 415.623 154.327 684.463 415.685 153.870 672.699 404.937
2 143.326  684.435 404.591 143.341 684.890 404.554 143.322 684.431 404.635 142.916 683.745 404.983
3 154.839 673.605 404.580 154.845 673.602 404.562 154.832 673.601 404.624 154.419 683.778 394.814
4 164. 145 685.145 404.591 164.155 685.136 404.565 164.138 685.133 404.637 163.768 683.809 406.336
5 153.633  694.433 404.604 153.653 694.462 404.575 153.623 694.431 404.646 153.266 683.784 415.728
A ER L 153.763  683.991 405.247 153.759 684.004 405.222 153.757 683.988 405.250 153.372 683.170 405.245
X/mm 155. 627 155. 933 155. 627 155. 449
Y/mm 684. 482 684. 942 684. 482 669. 612
M Z/mm 417.937 420. 167 417.937 405. 885
i Ru/(°) ~179. 999 179. 997 ~179. 999 90. 000
Ry/(°) 0. 000 0. 000 0. 000 0. 000
R/ (°) 179. 999 -0. 001 179. 999 180. 000
. Ax/mm 0. 006
g% Ay/mm 0. 002
Az/mm 0. 005
s T X/mm -1.221
HAE Y/mm 0. 830
R Z/mm 321.232
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Table 3 Calibration results of tool coordinate systems with star-shaped elastic styluses

FWEHI AT AL AR/ mm SRR 10 AR/ mm SEYPER 2 P ARRR/ mm SIS 3 P AL R/ mm

G
x ¥ z x ¥ z x ¥ z x ¥ z

1 154.646 684.930 415.595 154.102 682.668 415.619 165.164 683.838 405.734 154.089 683.269 394.732

2 143.358 684.896 404.528 143.499 682.627 403.584 153.155 683.832 416.591 143.406 683.268 406.699

3 154.866 673.575 404.530 154.999 673.654 403.587 153.167 672.600 406.048 154.914 673.674 406.722

4 164.169 685.114 404.535 164.071 685.181 403.589 153.164 684.100 393.827 164.076 685.198 406.721

5 153.671 694.429 404.555 152.567 694.269 403.584 153.149 695.335 404.299 152.567 694.293 406.720

IAERL/mm  153.774  683.975 405.197 153.764 683.959 405.200 153.777 683.969 405.206 153.766 683.981 405.202

X/mm 155.933 171. 458 155.239 155.213
¥/mm 684. 942 684. 161 682. 967 683. 663
W& Z/mm 420. 167 406. 065 419. 938 390. 792
% Ru/(°) 179. 997 179. 998 ~179. 999 179. 997
Ry/(°) 0. 000 0. 000 -0. 001 -0. 001
R/ (°) -0.001 -0. 001 -0.001 0. 000
Ax/mm 0.016 0. 006 -0. 006
R
 Ay/mm 0.010 -0. 003 0. 008
5k
Az/mm -0. 003 0. 009 -0. 005

X4 SN HARRR B A A 2.2 .4 R0 2, 7
WSS 4390 1. 978 1.980 3. 803 Al 1. 973 mm , K EH%
2435124 0. 006 . ~0. 004 .~0. 007 F1-0. 003 mm, A LLFH
S AR HERS BE LT 0. 007 mm , A SE B2 AR &
iRl e 2

Wik 3 4 W LUE I 4 AT Er T B AR AR &R
By RO AR E TR Z 0T 0. 016 mm, B 4 AN 4+ 76 7

i A2 J& 0 DU T 5L As B 3R 43 S50 0 ] — 1 5 A o K
B, 3K 0 AR A 18 AH X 22 00 F 0. 016 mm , HA & & 1
EE T B AR RARE NG B, i AR fE K AR 2 |, 2R 15
AN TR L A A v B AR, AT 10 SR RST e R R
[ FR A8 T 2 sk A | R s A T L AR bR B, B¢
— TSR & B AH X 56 3R, Sk e 2 22 0 B R 1
AP AR T SR

x4 ZHENHTRELITRIFESR

Table 4 Calibration results of tool coordinate systems of multi-elastic styluses

Stk WRRREAR,  ReEE A/ TR AR
mm mm x/mm y/mm z/mm Rx/(°) Ry/(°) Rz/(°)
F A 2 1.978 -1.221 0. 830 321.232 0. 000 0. 000 0. 000
BRI 1 2 1.980 -267.110 -4.739 104. 707 0. 000 0. 000 0. 000
SEBURRE £ 2 4 3.803 -313.390 -5.917 80. 861 0. 000 0. 000 0. 000
AL 3 2 1.973 -267. 053 -5. 149 57. 185 0. 000 0. 000 0. 000

4.2 EMAMENZANEFEELRE

ARG 4 o 2 N AL A N A I RS B 1 SR AT R
S R S AR B AR BR AR AL s P A T 2 () 0 o
SCHG, WS Sk R s AN LG 7E 1 AL B AR
J& , BE RS AR, IR 5 s,

WL R S WTLAE H, HRAS TARAR AR AR /N #E X
75 Ti] B B M AR 0,004 mm FE Y O[] R E
BRI 0.012 mm 7 Z Ty [n) 59 0 & 55 52 1 o KON
0.016 mm,, 383 B o5 F A2 0 o S0 10 BH T i XS A
AL ARG AT B 1 o i A , H e &
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Fig. 5 Single-point repeated measurement experiment

x5 BOESNSSER
Table 5 Repeated point values of single-point experiment
(mm)
F fh XD 5 A 7/ mm
Fre
x y z
1 150. 314 776.578 -242. 652
2 150. 310 776. 582 -242. 654
3 150. 314 776. 579 —242.653
4 150. 314 776. 582 —-242.652
5 150.314 776. 581 -242. 649
6 150. 310 776. 577 —242.652
7 150. 310 776. 577 —242.652
8 150.314 776.579 —242. 648
9 150. 314 776.570 —242. 651
10 150. 314 776. 577 —242.652
SEHME 150. 313 776.576 —-242. 648
wKME 150. 314 776. 582 —242. 638
o/ IME 150. 310 776.570 —242. 654
AR AE i 22 0. 004 0.012 0.016

EHIPMENLES AN B G R A Al U0 E AL 2% A
) A5 I S AR T ML N T S

1 6 Sy fih =00 2 ML N 4 () 0 B S 6 3 5
ANT]RAAS B AR | i B 42 2 )il EoRG

% 6 ST AR RS PR AL 25 5 | X 4% 9. 998 mm Y
IR, RO AL by B 52N B e R AR 224 0. 015 mm  FRHE L
PRI RS B f KW 220 0. 014 mm, %F 4% 90. 001 mm
PFPRRRL , 1800 A s F 20OKG B e KA 2247 0. 006 mm , K1
EARIN R B e KA 224 0. 015 mm,

27 FAN[RRIA B 2 A | S XK EE 50. 001

Bl 6 2 [l iR S0

Fig. 6  Spatial measurement experiment

199. 999 F1499. 998 mm 1Y F P I i g0, P B
R 2435k 0. 007 0. 012 F1 0. 015 mm , I & 5 5 M
PEF 0. 018 mm, HAG 5 v 1Y 2 () 3142 0 6 2 [l 4
XU s R B

SRy it — A BT 2 fih = s ML N ) 4 T 0
2 B AR AR USRS R T 3 i =S S AL 2 A
A [0 6 AT SIE G . 3 8 Ay s ] N 5 A S o 4
T O3 SRR TR R o Bt A T o 5 AN 1R 25 0 5l Ry
0.008.0. 015 .0. 019 0. 022 0. 025 F1 0. 030 mm, A LAFE
B e RO 38 R R 25 B OB B B R iR
ZEAHIE 0. 030 mm , Wi ASH E BE R 0. 004 mm
4.3 EMANENZAMCELESNE LK

Sy 565 I 2 A e 0 ML N A 7 R S A N K
DA BEZS R B B AR S R PEAS 2 fioh = 52 AL 2%
N A7 000 e 5 RS I s K B, 6 9~ 10 233 A or
B AWM EIEER, 75 A M5 XY 71 0. 000
~10. 000 mm {7 FE LK, 7] LA H Ao fL BRFL Y ek
PRSI 2243991 4 0. 038 1 0. 050 mm , 5 /2407 B ]
FEEAMLTF 0.1 mm (3 B & 225K, @k 3% 10
0.010° ~ 1. 100° Ay LA £ 52 50, w] LAFR Hh 22 250 i 2
K 0. 010° 1 & 2250 K5 B2 A IK T 0. 05° Ay 2k c Il
HER,

F 9~10 MYZSH G AL LM IR ZZAAXT R 6~ 8 LA
BRI 158 2 0 K 4 T PR 32 B S A 5 AR G R LR
B EREAL, BARTE AT S5 5E FL IRFL A LA AT 5
., ERMZS At G AT A7 20 i e o R ep, 42
i = AL 2 B 18 ) [ AR TR AT R A I
MAEZS B GRS , A5 75 H - 65 0
IR AS R — A T 36 BUIRAS , 3 800 ) i L sl i fL s
WA B AR B 5 3 L o3 B L 5 ] 4 fi, AN G e T AR
DU RS B2, AR ) 1 3 L SRR L A b 7 ) R
X T BB AL S PR A I R 22 0. 050 mm K23 A
B ERE B 0. 030 mm A KRR, PR 7R S B s FH 2ok
P 5T BEHEA TN AT 2 BR B il SR a0 D N
R PRI R,
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Table 6 Experiment results of contact-type measuring robot with standard ring gauge measurement (mm)
KHEFF AL 9. 998 BHEFR L EAE 90. 001
b2 SEEREL L AR bR e . i SEDERFL L AR R o ) )
S EA IR 2 S ER S M2
X Yy z X y z
1 683. 007 -0. 198 —-23.241 10. 002 . 004 684. 444 11.832 -18.016 90. 005 0. 004
2 683. 004 -0. 195 —23.244 10. 012 . 014 684. 444 11. 834 -18.019 90. 008 0. 007
3 683. 008 =0. 190 —23.241 10. 010 . 012 684. 445 11. 836 —-18.022 90. 013 0.012
4 683. 005 -0. 194 —-23.241 10. 010 . 012 684. 445 11.833 -18.022 90. 008 0. 007
5 682. 999 -0. 194 -23.239 10. 004 . 006 684. 443 11.833 -18. 021 90. 009 0. 008
6 682. 996 -0.197 —23.240 10. 010 . 012 684. 441 11. 837 -18.022 90. 014 0.013
7 683. 000 -0. 196 -23.240 10. 004 . 006 684. 441 11. 835 -18.021 90. 009 0. 008
8 682.993 -0.197 —23.242 10. 002 . 004 684. 439 11.833 -18. 020 90. 007 0. 006
9 682.998 -0. 194 —-23.241 10. 008 . 010 684. 440 11. 834 -18. 020 90. 007 0. 006
10 682. 998 -0. 196 —23.241 10. 007 . 009 684. 441 11.832 -18.020 90. 016 0.015
FARME 683. 008 -0. 190 -23.239 10. 012 . 014 684. 445 11.837 -18.016 90. 016 0.015
He/ME 682. 993 -0. 198 -23.244 10. 002 . 004 684. 439 11.832 -18.022 90. 005 0. 004
A8 vt 25 0.015 0. 008 0. 005 0.010 . 014 0. 006 0. 005 0. 006 0.011 0.015
7 EMNEVEAREERNEIHER =8 ZTEMNERELWER
Table 7 Experiment results of contact-type measuring Table 8 Results of space measurement calibration
robot with standard gauge block (mm) experiment (mm)
N o o ESme il
Feafi e Rt it Pt e i
50. 001 199. 999 499. 998 50 100 200 300 500 600
F5
- ” N » S . 1 50.005 100.013 200.017 300.022 500.024 600.026
SR KE ddiE KE SR K
W 2 BRE i Bk a2 i1 2 50.008 100.015 200.018 300.023 500.024 600.027
3 50.007 100.012 200.017 300.021 500.025 600.028
! 50.0020.001 199.996 ~0.003 500.001 0.003 1 50.003 100.008 200.014 300.019 500.023 600.025
2 50.003 0.002 199.995 -0.004 500.009 0.011 B2 2 50.005 100.009 200.013 300.018 500.025 600.023
3 50.004 100.007 200.014 300.020 500.022 600.026
3 49.997 -0.004 199.993 -0.006 500.011 0.013
1 50.004 100.008 200.013 300.020 500.024 600.027
4 49.994 -0.007 199.994 -0.005 500.012 0.014 3 2 50.002 100.008 200.015 300.021 500.023 600.026
5 49.997 —0.004 199.996 —0.003 500.000  0.002 3 50.003 100.009 200.015 300.019 500.025 600.027
1 50.007 100.012 200.017 300.021 500.024 600.029
6 49.998 —0.003 199.987 —0.012 500.001  ©.003 fi4 2 50.007 100.013 200.019 300.021 500.025 600.028
7 49.997 —0.004 199.993 —0.006 500.007  0.009 3 50.008 100.013 200.017 300.022 500.023 600.030
1 50.004 100.010 200.014 300.019 500.023 600.028
8 49.994 -0.007 199.994 -0.005 500008 0.010 W5 2 50.005 100.009 200.014 300.020 500.022 600.027
9 49.996 -0.005 199.995 -0.004 499.994 -0.004 3 50.005 100.011 200.015 300.021 500.023 600.029
1 50.006 100.011 200.016 300.020 500.024 600.026
10 49.994 -0.007 199.989 -0.010 500.008 0.010
e 2 50.005 100.010 200.015 300.019 500.023 600.028
KM 50.003 0.002 199.996 -0.003 500.012 0.014 3 50.006 100.012 200.016 300.021 500.024 600.028
EUME 49.994 —0.007 199.987 —0.012 499.994 —0.004 1 50.003 100.008 200.014 300.019 500.023 600.028
7 2 50.003 100.009 200.013 300.019 500.022 600.027
E &
B 2% 0.007 0.012 0.014 3 50.004 100.007 200.012 300.018 500.024 600.029
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Table 9 Displacement measurement experiment of contact-type measuring robot (mm)
/—ﬁs;g L LA b AL A . *‘“ﬂ;ﬁ% “’i:gg
F5 Iaz4
x y x y z HE x y z Hiz 5 %@'J GBS 3&@ 22
fit% PR

1 0.000 0.000 -0.360 0.215 -0.122 79.217 89.869 0.193 -0.113 5.804 0.000
2 5.000 5.000 4.599 5.235 -0.085 79.130 94.869 5.220 -0.079 5.812 7.071 7.056 -0.015 7.091 0.020
3 10.000 10.000  9.597 10.204 -0.075 79.141 99.877 10.225 -0.072 5.823 14.142 14.104 -0.038 14.171 0.029
4 0.010 0.020 -0.335 0.234 -0.113 79.191 89.883 0.219 -0.109 5.803 0.022 0.032 0.010 0.029 0.007
5 0.010 0.020 -0.338 0.235 -0.100 79.199 89.890 0.219 -0.094 5.812 0.022 0.037 0.015 0.038 0.016
6 0.020 0.050 -0.341 0.274 -0.070 79.203 89.873 0.262 -0.070 5.789 0.054 0.081 0.028 0.082 0.028
7 0.050 0.100 -0.323 0.323 -0.078 79.189 89.900 0.309 -0.068 5.808 0.112 0.122 0.011 0.129 0.017
8 0.100 0.500 -0.273 0.732 -0.079 79.210 89.932 0.714 -0.067 5.809 0.510 0.527 0.017 0.528 0.018
9 0.500 1.000 0.134 1.237 -0.079 79.188 90.375 1.218 -0.069 5.830 1.118 1.136 0.018 1.144 0.026
10 1.000 2.000 0.601 2.257 =-0.072 79.179 90.894 2.236 -0.072 5.877 2.236 2.258 0.022 2.286 0.050
RAME 0. 028 0. 050
R/ME -0. 038 0. 007
TR 2 0. 038 0. 050

F10 ZEMXNEV[ANETNEKXRK
Table 10 Pose measurement experiment of contact-type measuring robot
SR AL 1 A4/ mm A 2 AR/ mm OFTEA 3 AAR mm SRS/ (0) RS BAMFE(°)
e AE/ ()
x y z x y z x y z Rx Ry Rx Ry Rx Ry

1 ~70.012 45.317 -0.007 1.621 =-92.769 -0.061 84.206 50.262 —0.036 -0.008 -0.013 0.010 0.020 0.002 0.007
2 =-70.014 45.312 0.052 1.626 -92.771 -0.094 84.207 50.256 -0.056 -0.030 -0.043 0.030 0.050 0.000 0.007
3 =70.017 45.303 0.117 1.622 -92.769 -0.164 84.209 50.256 -0.128 -0.059 -0.094 0.060 0.100 0.001 0.006
4 =70.014 45.312 0.222 1.619 -92.768 -0.257 84.212 50.255 -0.155 -0.115 -0.145 0.110 0.150 -0.005 0.005
5 =70.011 45.307 0.251 1.626 -92.764 -0.326 84.209 50.251 -0.133 -0.154 -0.149 0.150 0.150 -0.004 0.001
6 =70.010 45.312 0.250 1.629 -92.771 -0.312 84.211 50.251 -0.131 -0.148 -0.148 0.150 0.150 0.002 0.002
7 =70.016 45.309 0.347 1.625 -92.769 -0.413 84.208 50.251 -0.159 -0.206 -0.196 0.200 0.200 -0.006 0.004
8 =70.017 45.314 0.437 1.625 -92.769 -0.486 84.207 50.252 -0.183 -0.250 -0.240 0.250 0.250 0.000 0.010
9 =70.007 45.310 0.609 1.631 -92.766 -0.579 84.206 50.258 -0.299 -0.304 -0.349 0.300 0.350 -0.004 0.001
10 =70.017 45.313 1.059 1.622 -92.767 -0.915 84.204 50.258 -0.487 -0.504 -0.592 0.500 0.600 -0.004 0.008
RRME 0.002 0.010
/ME -0.006 0.001
TR A 22 0.006 0.010

G RGAAR SCWT SRR i, T TORIRIN & 7 3E IET B3R BR O A7 8 i 22 K s Z B Y 8 — K &
XS I, Wk 11 Fs ATLLE Y, 2 bR i I 200 BRO L B A 22 e Kk
DABRAERRER AR AN Bl i, DR R 7 36 R 5 0,487 mm s i 7% 5 AR sl £ WA, RN T H
FEARAB IR ARARAE Ry HE e, 5 48 AN BE ARG E0be W5 XM BT A, I 3 e e L e A A i AL A 2 19 A
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Table 11 Comparison of calibration results with different
methods (mm)
) AR 2 B RO i 22
IVIEWIRE B
Ax Ay Az
E R - - -
% Sk RIS 1 0.316 0. 205 0.431
SEE R 2 0.342 0.261 0.487
RGP 3 0.283 0.228 0. 466
P E - - -
HAITH BRI 1 0.113 0. 084 0.178
skt REERMEE 2 0141 0.264 0. 162
AL B 3 0.097 0.171 0.155
E S E - - -
RGP B 1 0.016 0.010  -0.003
S WR7S
ERLFAPE B 2 0.006  -0.003 0. 009
RAGAMENE 3 -0.006 0. 008 -0. 005

FET 3, AT SR AR, I AS AR G M 345 44 D AT 7
PLES AR AR R N 25 [ 56 R (HZ 7 2 ML A
FE SRS FE RS2 AR, 3 B0h5 28 J5 ek SE B 2N DAt T
HARFR RO 5 —, BRI i 2 I AT RO A
BRI 223K 0. 178 mm , 75T HZWE T 45 i sfop
BRC AR EBRBRC A 007 B X R 6 2R, HLR SR B3R
FE TR T HARAR &R, 32 LA A e DR BE 52
WiV IS s 45 SRS I 12 il 2 2B T A7 2% 114 e M 00
Ko AR SCHRE ik, 200 B BR D 07 B I 25 B AR )
0. 016 mm, 7EF XF 32 550 1 0 41 3 23 2 45 43 1 5 36 4% 4
2 X AR A SR FH AR 6T 32 AR M A5 O 2R A TORE A 1Y
ZMEF XS SC R SEBL T A HIX E R4S A 5 —

3 3 AR AEBR G Z2 DB FE LR 2 SE B T AS [R]0
BIFRRT S R R 5, R AS [R) I (4 B 1 D0 o B 3L T 3l
M B MRS LT 0. 007 mm 4T T B ARFR R FRE
KT 0.016 mm, X2l =000 = AL A HEAT T B
T RO R R 4 () R R S L A N
T 0.016 mm %5 [ 545 B2 AL T 0. 030 mm,, X 42 firh
ML AT 1A 20 G R S, A7 0 A
PEF 0. 050 mm ZAMEAEEL T 0.010°, il 5
BLs N AT 5 RO A 0 e | 3R AR g 7
AR 2

5 & i

ARG N T HARAR R A5 A7 AR AR 2 1R 25
R ANTE T T H AR 2 X LT (6 E 45 TR, 48

T RETARUEBR Y H fh XS A I e AL AP D B T AL AR
PR RAECARE T . B SEHE ST 13 T hR Bk i sk
MEE TR AR bR RARE U 7R b iR 22 2k Ak b 5 i

T BRI AT T AR bR FR AR E T 1 | B A BRI

THARR RARXEAAR 2 73k, S 1 AN [ 3P I £ 0]

BIGE— KA, Ny Z2 TR B P D B AR AL T Sk, SE R

s, B Sl AL N FR S8 B B B RN

0. 016 mm, H e H A M BRSSO T 0. 016 mm 7 [ ) &

KEEEAET 0. 030 mm , SCBRALE MR AL T 0. 050 mm

LEAMEREZILT 0,010 [R5 56 A B Ayl NIl f15¢

25 S | 3 NPT REZEA T I B2 5K B fil >R o5

I ke R AL AN PRI 3 PG A o oz P |

I XL N e T2 vy, B T A [ 2R TS 8 i W T

IR B T2 0 TR T

[1] SHAO CHY, YUH X, ZHANG L K, et al. Data-driven
co-optimization of blade selection and sequencing for
aeroengine rotors under industrial assembly constraints[J ].
Instrumentation, 2025, 12(4) . 7-14.

(2] B, BARTE, PokEE, 55 KA A sh LMt

PRAETOH AR AR [ 1], HUBR T AR 244, 2023, 59(14) .
277-297.
ZHAO H, GE D SH, LUO L ZH, et al. Survey of
automated flexible docking assembly technology for large-
scale components [ J]. Journal of Mechanical Enginee-
ring, 2023, 59(14) . 277-297.

(3] JAlfl, #fsch, M5, e LA S8 20 6 T i

I HEAR B S FL R 25 Al 7 28 4 T [ J/0L ). AR
PANE R, 1-15[ 2026-05-20].
ZHOU K, CHU W M, ZHAO P. A method for measuring
the pose of aerospace hole-shaft structures based on
geometry perception and pixel precisely adjustable super-
resolution| J/OL]. Chinese Journal of Scientific Instru-
ment, 1-15[2026-05-20].

[4] 79, XER, X3, 55 ik 5 2 g
FRRIL AR T O 2 Tl L e TS BB 2 5 A 1 5 ORS A A
B[T]. AR, 2024, 45(11) ; 170-177.
NING R, LIU ZH CH, LIU Y, et al. Reinforcement
learning guided variable admittance control for fuzzy pose
estimation and precise adjustment of robotic precise peg-
in-hole assembly [ J]. Chinese Journal of Scientific
Instrument, 2024, 45(11) . 170-177.

[5] TK&, skiehr, IMB K, 55 JET R m AR n 5



545

TR A bSO LR SRR B TR A bR R AR E 7 5 97

(6]

(7]

(8]

(9]

[10]

[11]

WU 3 180 % 45 € AL 5L [T
48(9) : 213-222,229.
YU CH ZH,ZHANG L X,SUN P F, et al. End-face butt-

AL LR, 2022,

joint positioning method with back against vision based on
normal constraint [ J ].
48(9) : 213-222,229.
Bk, Teotdr, pis, 55, B TR AL AR 1L
YR SO EEAMEDTIENEFE ()], I S (AR
Rk, 2025, 39(5) : 59-66.

JIANG X Y, QIAO G F, NIE X G, et al. Research on

Computer Engineering, 2022,

the pose measurement and accuracy compensation method
based on draw-wire sensors [ J]. Journal of Electronic
Measurement and Instrumentation, 2025, 39 (5). 59-
66.

T, AR, BE, % T GTDBO-Perceiver 1.
PR IE WO 42 80 ik ()], R IR R, 2025,
48(20) : 154-167.

WANG Y, FU ZH CH, CHENG J, et al. Predictive
control of workpiece assembly based on GTDBO-Percei-
ver[ J]. 2025,
48(20) : 154-167.

QIAO ZH F, FU K, LIU ZH ZH. An automatic docking

Electronic Measurement Technology,

method for large-scale sections based on real-time pose
measuring and assembly deviation control[ J]. Optoelec-
tronics Letters, 2023, 19(11) ;. 686-692.

INRH, BRI, R, S SE TS0 A X
R AL AL D7 [T]. A AUl 28 il K Ko o
2, 2025, 51(12) ; 4310-4322.

SUN Y, ZHAI Y N, YANG Y K, et al. Vision-based
mobile positioner insertion method for pose alignment of
large components [ J ]. Journal of Beijing University of
Aeronautics and Astronautics, 2025, 51 (12). 4310-
4322.

EgsE, MR, SRECLALEE A M AL HEROR [T ]
WO SO T2AERE , 2025, 62(14) : 266-274.
WANG H L, YE N. Visual positioning of threaded holes
and multi-hole alignment technique [ J ]. Laser &
Optoelectronics Progress, 2025, 62(14) ; 266-274.
ks, BRACE, B, SF W TR A S R
0 23 6] o 22 S R R A i D i P [0 ] AR AR
2#4i%, 2024, 45(4) ;75-83.

GUO W T, CHEN D SH, CHENG S B, et al. Research
on the flexible contact measurement method for spatial

pose in automated assembly of workpieces[ J]. Chinese

(12]

[13]

[14]

[15]

[16]

[17]

[18]

Journal of Scientific Instrument, 2024, 45(4) . 75-83.
JR, B, RGELL. ST T HLER A TCP b3 sE
BRI 5 5k el (7], LB TR 4 4, 2019,
55(11): 186-196.

ZHOU X, HUANG SH F, ZHU ZH H. TCP calibration
model research and algorithm improvement of six joint
industrial robot[ J]. Journal of Mechanical Engineering,
2019, 55(11) . 186-196.

Kz E, A, w3, 55 s AL B &
GETHAAR RARE T EOIE [ V], AU SR 40,
2024, 45(12) : 157-168.

SONG AN Y, DENG H M, YANG L, et al. Research on
calibration methods for tool coordinate systems in vision-
guided robotic grinding systems[ J]. Chinese Journal of
Scientific Instrument, 2024, 45(12) . 157-168.

LI K Y, HUANG CH K. Efficient and precise laser-
assisted calibration of virtual tool center points for robotic
systems [ J ]. The International Journal of Advanced
Manufacturing Technology, 2025, 139 (7/8): 3609-
3625.

SEIRZE, TS, Wi, 45 25T DON R LA Y
PLas AT MR AR € 75 [T ], AR 24, 2025,
46(8) : 330-340.

CHU ZH B, HE F Y, GAO J H, et al. Robot hand-eye
calibration method based on DQN and circle fitting[ J].
Chinese Journal of Scientific Instrument, 2025, 46(8) .
330-340.

W52, RN, RER, . HEN SR RISEN
THLE AARE E LR RE P SEPE AT [ 1], AR
F2R, 2025, 46(8) : 341-350.

WEN X L, LI G CH, SONG Al G, et al. Analysis and
study on the positioning accuracy reliability of calibrated
robots based on adaptive Monte Carlo simulation [ J].
Chinese Journal of Scientific Instrument, 2025, 46(8) .
341-350.

MICHAEL N, BRUNO M, YVES F, et al. Towards a
new real-time metrology guidance method for robotized
machining of aerostructures robust against cutting fluids
and debris [ J]. The International Journal of Advanced
Manufacturing Technology, 2023, 126 (5/6): 2647-
2663.

ERR, THR, REE. —FZ5E TCP brxE iR E
AL MR 4w J7 ik [ 1], A0 R =4, 2023,
44(3) . 280-286.



= BB ok % B4T%
MAO CH L, YU R Q, SONG AI G. A hand-eye technologies for measurement robots in intelligent
calibration method of depth camera combined with TCP manufacturing[ J]. Journal of Mechanical Engineering,
calibration[ J]. Chinese Journal of Scientific Instrument 2024, 60(16) : 1-18.
2023, 44(3) ; 280-286. (23] HEEHGEESHERE. JJF 1064—2024 ARl i AL
[19] PETRI M, PAULI M, JOUNI S M, et al. Vision-aided BRERELS ] HEst. T EBRHEIEL, 2024.
precise positioning for long-reach robotic manipulators State Administration for Market Regulation.  JJF 1064—
2024 calibration specification for coordinate measuring
using local calibration [ J]. Advanced Robotics, 2024, machines[S]. Beijing: Standards Press of China, 2024,
38(2): 82-94. 1EEmE A
[20] WU H, TIAN D ZH, ZHANG Y, et al. An errors- K& GESIES) 2009 4 T4 T
unidentified hand-eye calibration method via robot ikj(%g;iﬁgf'?ﬁ'j:%fi 2014 4F T M2z 3k
relocalization and iterative combinatorial refinement[ J]. AR -2, 2020 4E T b [ T FR4 BRAFF 5T B
Measurement, 2024, 226. 114170. ﬁ}?ﬁd:[ijng”‘ AR AN o TP E TR B
[21] fREW], TRIH. BT alifshbr kIR HLES A TCP WFE BEMUA I 1 T 2 0F 52 i TR0, = 2 F
PR Jr o [ 1], Wi VL 0k K22 3 4k, 2024, FE7 ) 2k 3D LA & AL &R AL E S AT
52(5) : 513-520. BIfE.
XU J M, XU B B. Research on TCP calibration method E-mail : yuczcaep@ 163. com
of robot based on floating standard sphere[ J]. Journal of Yu Changzhi ( Corresponding author) received his B. Sc.
Zhejiang University of Technology, 2024, 52(5) : 513- degree from Hefei University of Technology in 2009, his M. Sc.
degree from Jilin University in 2014, and his Ph. D. degree from
520- the Graduate School of China Academy of Engineering Physics in
[22]  EMERT, WIRE, ABARSY, S5 AR I RELER A 2020. He is currently an engineer in the Institute of Machinery
R AR LR T]. YU TS, 2024, 60(16) :

1-18.
WANG Y N, XIE H, DENG J D, et al. Overview of key

Manufacturing Technology, China Academy of Engineering

Physics. His main research interests include robotic automated

assembly, machine vision and artificial intelligence.



