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Abstract: Industrial robots have become important carriers for automated assembly due to their high flexi-
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bility. However, in assembly tasks that have strict requirements for the distance between critical points on
the dimensional chain (such as peg-in-hole assembly) , the existing absolute positioning accuracy of robots
often struggles to meet the requirements. Currently, the main methods for improving industrial robot accu-
racy include kinematic calibration and spatial interpolation. However, kinematic calibration often pursues
optimal global accuracy and fails to sufficiently consider the high-precision requirements of local discrete
points on critical assembly paths; spatial interpolation is prone to introducing cumulative errors during the
coordinate system transformation process, making it difficult to achieve the required assembly precision.
To this end, this paper proposed a distance error prediction model and compensation method to improve
the accuracy of critical points of robots in assembly tasks. First, the kinematic model of the robot was es-
tablished, its position error model was derived, and an error model with distance error as a constraint was
constructed to avoid error accumulation caused by coordinate system transformation. Second, by establish-
ing the error mapping relationship between joint space and task space, the similarity characteristics of dis-
tance error in space were quantitatively revealed, and the variogram was used to quantitatively describe
this similarity, providing a theoretical basis for interpolation point planning. Then, a distance error interpo-
lation prediction model was constructed in the task space, and a transformation method from scalar error to
vector error was proposed to realize the synchronous correction of error magnitude and direction. Finally,
accuracy tests and assembly application experiments were conducted on a standard 6-DOF industrial ro-
bot. The experimental results demonstrate that after applying the proposed compensation method, the
maximum and average positioning errors of the robot are reduced to 0. 10 mm and 0. 04 mm, respectively.
Compared with kinematic calibration and the inverse distance weighting (IDW ) method, the positioning
errors are reduced by 66.77% and 49.51%, respectively. Furthermore, the assembly application experi-
ments indicate that the maximum and average assembly positioning errors decrease from1l.16 mm and
1. 11mm (before compensation) to 0. 15 mm and 0. 05 mm, respectively. These results verify the effec-
tiveness of the proposed method in assembly applications, providing a novel compensation strategy for the
high-precision operation of industrial robots.
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Fig.1 Coordinate systems of the six-degree-of-freedom robot
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Tab.1 Nominal values of kinematic parameters for the

six-degree-of-freedom robot

i a, /(%) a, ,/mm 0,/ (%) d./mm
1 0 0 0 504
2 90 166. 605 0 0

3 0 —782.27 0 0

4 —90 —138. 826 0 761.35
5 90 0 0 0

6 —90 0 0 125
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Fig. 2 Distance error between any two points in the base

coordinate system
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Tab.3 Results of error similarity in the joint space
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Tab.4 Results of error similarity in the task space
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Tab.5 MD-H parameters after kinematic method identifi-

cation
i a, /(%) a,,/mm 0,/ (") d./mm
1 —0.2861 1.602 6 0.5315  509.0558
2 90.028 9 166.9957 0.0127 0.002 1
3 0.0127 —780.8818 0.0113 —0.0020
4 —89.7654 —132.1149 0.0001 769.7137
5 90.023 1 —0.0478 —0.0029 —0.0153
6 —90.5342 2.944 0 0.0017 130.484 5
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Tab.6 Comparison of error compensation results using

different methods (mm)
RARME T HME PR
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Tab.7 Transformation relationship of coordinate systems

x/mm y/mm 2/mm a/(%) b/(%) y/(%)
TH 0.018 —0.012 77.025 0.011 —0.015 0. 008
L ER 18. 231 10. 452 32.416 0.124 —0. 085 14. 500
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Fig. 11 Comparison of assembly experiment results
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Tab.8 Assembly errors before and after compensation

(mm)
S NIE XA FrifE 22
FMEERT 1.609 1.108 0.274
wME R 0.150 0.052 0.041

PC s b2 B T TORE R AN R ROR R E T EE
L5k B AR LU, R R 2 ) R R R 25 K R
%, LA A 22 8 L A2 1 R A3 5 X RS B2, DA
L5 25 WP R v 2 B $E T . R WA A
ICRESE AT 46 /N 4% F AR S AL ) E DL IR 22 Y 22 5%,
T HAE A S 0] 8256 B AT 55 b B4 R4 A9 38 0 1
A A E

AR SCAR H — ol T ML e N 15 2 T 0 A
B RN DTk, S B R 2 AME T R R L T d
T7 A A% ) i 2l 2 2 B TR I B R
AR BIRT 82 B R 2 e R S B S B L Y
PHESAGE . EEAE AT .

(1) 38 5 % AL &8 A O 23 8] 45 R4 23 1] 12 22
18 156 50 B, e BRI 8 % 2 B AT W Ak ) =5 ] AH 0
PEAFAE 51 AE 22 pR 052 BN 5% 22 AL 19 5 i



1280 b=

K TR

34 %

TR I 4 e ST T T s AL 0 S 1R 22 T
TAEAY

(2) &1 %45 48 5 2 ALK A i iR 22 E AT 18 1R
) JR PR, B T A it R 25 1) K iR 25 10 B AR BL
il S BE T 5 22 WRAE S O I Y [R) 2B B OE B 4
1R T R AT TR X 2 T B AR R B A 43 AT Y A
fETT .

(3) 75 BE B 15 25 10000 R0 A0 42 5 56w, A ST
PO AN G B K BE B R 22 /R 1. 346 mm % &
0. 104 mm, # L6 iz 3l % b5 a8 B0 S BE 25 AL i,
BEAY SR T 66. 77 % 549.51% .

(4) 75 %< e N FH S 56 v, #0252 TG BB B 3R
Z M KA 1,609 mm FEK % 0. 150 mm, *F- 3
W2 1. 108 mm FEMK 2 0. 052 mm, JEHH T fr 2
D7 V5 A AT MR A b

25 IR AR SCHE A T R B R 22 T 5

S E WK

(1] F5t7, &AM, #il, 5. 1 R m & m e

BTk Bl ds A m i 22 N [T]. b 4% 242,
2024, 32(18): 2783-2791.
QIAO G F, GAO C H, JIANG X Y, et al. Spatial
error prediction method for industrial robot based on
Support Vector Regression [J]. Opt. Precision
Eng. , 2024, 32(18): 2783-2791. (in Chinese)

(2] FH, ke, TR, . KA TS NED)

bR GE KOS BEAMEE Uy s [T]. AU Bt B
2023(12): 275-280.
LI B W, ZHANG X H, HE X, e al. Kinematics
calibration of large industrial robot and precision
compensation method [J].
Manufacture, 2023(12) : 275-280. (in Chinese)

(3] #Aam, thRW, W &L, F . WKL &N
FEM AR B BARBTL[T]. Mtk T 42 F IR, 2024,
60(6): 69-81.

HU S, XU Z B, XIAO L C, et al. Research on re-

Machinery Design &

configurable and flexible assembly technology for
cross-category products [J]. Jowrnal of Mechanical
Engineering, 2024, 60(6): 69-81. (in Chinese)

[4] LIZB, LIS, LUO X. An overview of calibration
technology of industrial robots [J]. IEEE/CAA
Journal of Automatica Sinica, 2021, 8(1): 23-36.

[5] &0, BF4, kA, . KT TS AWN
TEMRZRIT %I xx a3, 2023, 42

A TT I A ACHR T AL AR A AE SR A AL =S TR Y
(RS B2, SR, iy 2 A TR o R i i 8 A
AR 25 R 7 Tl AL A N S 2 B B X
SRAE M, BRUA e (B RS Y T vk B P MG T . R
e — 20 K il S S A R AR B 22 HE R 2 T
B AL, BF 5% A8 25 8 DX 8 T 00 R Y 00 AR £ BIL
i, IR R B AR [ o A R 22 A B Oy
5 AR LA B — e of 14 Jr BR A

fEZ Tk AR

IR 2T B AME R AT, 5k B A
FH M, XM B AR T

B RK R 2 TR B AME T R R, B
X F 5 AR5 AE

445 M8 3R 2 TR &R AT

ARSF o B TAT M AT, L H M,

(11): 88-92.

LISH, LVJH, XUBT, efal. Installation meth-
od of satellite cabin board based on industrial robot
[J]. Ordnance Industry Automation, 2023, 42
(11): 88-92. (in Chinese)

[6] k&, R, Mo, F. RETHIMEGRMH

olb AL A8 AR 5z ) £ i g [T]. F B AR T
#2, 2023, 34(6): 712-719, 726.
ZHANG J X, CHEN W, HUANG S K, et al.
Control strategies for industrial robot motion along
slot based on force and position hybrid guidances
[J]. China Mechanical Engineering, 2023, 34(6) :
712-719, 726. (in Chinese)

[7] R, skaete, #AM, 5. KT HE5 FHUME

Pl N fLE B I i FE [T ], LR 5 i &, 2025,
53(5): 1-7.
LIANG S, ZHANG S L, JIANG Z X, et al. Re-
search on collaborative robot peg-in-hole assembly
method based on force perception guidance[J]. Ma-
chine Tool & Hydraulics, 2025, 53(5) : 1-7. (in
Chinese)

[8] LIYF, LIB, ZHAO X D, et al. Error similarity
analysis and error compensation of industrial robots
with uncertainties of TCP calibration [J]. Applied
Sciences, 2023, 13(4): 2722.

[9] LIUF, GAO G B, NA J, et al. Kinematic calibra-
tion for serial robots based on a vector inner product

error model [J]. IEEE Transactions on Industrial



%8l +

P A5 T B A% A 2 3% 22 2 W) A R PR A 5 b

1281

[10]

[11]

[12]

[13]

[15]

[16]

[17]

Electronics, 2025, 72(3): 2832-2841.
ZHANG D Q, LIANGH Y, LIX G, et al. Kine-
matic calibration of industrial robot using Bayesian
modeling framework [J]. Reliability Engineering
& System Safety, 2025, 253: 110543,
MIAO L, ZHANG Y L, SONG Z C, et al. A
two-step method for kinematic parameters calibra-
tion based on complete pose measurement: Verifi-
cation on a heavy-duty robot [J]. Robotics and
Computer— Integrated Manufacturing, 2023, 83:
102550.
¥ #aw, RA, RARMW, F. TEHE =400 E RS
TE Ll AL g8 A GE o 1 22 F 2 rh B RIS LT T
®AEE LA, 2025, 33(22): 3502-3524.
SHI'Y Q, MIN X, DATE Y, ez al. Application
of reconfigurable 3D measurement system in the
compensation of industrial robot localization error
[J]. Opt. Precision Eng. , 2025, 33(22) : 3502-
3524. (in Chinese)
CHEN L J, XU H H, HUANG Q, et al. An inte-
grated method for compensating and correcting non-
linear error in five-axis machining utilizing cutter
contacting point datal[ J]. Scientific Reports, 2024,
14: 8763.
LI B, TIAN W, ZHANG C F, ez al. Positioning
error compensation of an industrial robot using neu-
ral networks and experimental study [J]. Chinese
Journal of Aeronautics, 2022, 35(2) : 346-360.
R, KBS, AR, F . SR TARE MG 23 (0]
A T DL AT e 22 42T, ALk 42 5
&, 2021, 57(21): 55-67.
GAO G B, ZHANG S W, NA J, et al. Compen-
sation of trajectory error for industrial robots by in-
terpolation and calibration method in the joint space
[J]. Journal of Mechanical Engineering, 2021, 57
(21): 55-67. (in Chinese)
MIN K, NIF L, CHENZ Y, et al. A robot posi-
tional error compensation method based on im-
proved Kriging interpolation and kronecker products
[J]. IEEE Transactions on Industrial Electronics,
2024, 71(4): 3884-3893.
CAO H Q, NGUYEN H X, TRAN T N, ez al.
A robot calibration method using a neural network
based on a butterfly and flower pollination algorithm
[J]. IEEE Transactions on Industrial Electronics,
2022, 69(4): 3865-3875.
R, FEL, KT, F . LA B0RE

[19]

[20]

[21]

[23]

[24]

[26]

Tk 20 AR Tk B FLaR 25 A MBS [T, AR =
2R, 2024, 60(13): 316-329.

ZHANG D Q, LI X A, ZHANG N, et al. Refine-
ment modeling method of error field in full domain
for industrial robot and its corresponding error com-
pensation strategy[J]. Jowrnal of Mechanical Engi-
neering, 2024, 60(13): 316-329. (in Chinese)
2, Bk R HLES NGB 3% S 80hr E 1 Bk R
HEARFR(T]. Akt B AR, 2022, 38(3):
52-55, 59.

CHU Q, LU J D. Robot dynamic parameter cali-
bration based on improved sparrow search algorithm
[J]. Machine Design and Research, 2022, 38(3) :
52-55, 59. (in Chinese)

KANG Z, WANG L, SUN A B, et al. Two-step
calibration of 6-DOF industrial robots by grouping
kinematic parameters based on distance constraints
[T]. Measurement, 2024, 235: 114906.

HE J H, GU L F, YANG G L, et al. A local
POE-based self-calibration method using position
and distance constraints for collaborative robots
[J]. Robotics and Computer-Integrated Manufac-
turing , 2024, 86: 102685.

LUO W X, YU CJ, WANG Q, et al. Spatially
discretised compensation method for coordinate
transformation in large-scale metrology under non-
uniform temperature field [J]. Measurement Sci-
ence and Technology, 2023, 34(3): 035003.
AN, B A, @ . BT A G A Tl AL 4%
AHEBEEAME DT R AR 5l ge [T ). A T2 F 3R,
2013, 49(3): 42-48.

ZHOU W, LIAO W H, TIAN W. Theory and
experiment of industrial robot accuracy compensa-
tion method based on spatial interpolation[ J]. Jour-
nal of Mechanical Engineering, 2013, 49(3) : 42-
48. (in Chinese)

MENG F T, WEIJH, FENGQY, etal. A ro-
bot error prediction and compensation method us-
ing joint weights optimization within configuration
space [J]. Applied Sciences, 2024, 14 (24) :
11682.

NIKU S B. Introduction to Robotics: Analysis,
Control, Applications [M]. John Wiley &. Sons,
2020.

R, B A, W, L T RAL A S R
Bl A 23 18] RS RS HEAMEE T I 5E [ T]. o B AUk
I#2, 2012, 23(19): 2306-2311.



E O#E(2000—), &, = lhvE AN
LS, 2022 48 T R BTl R 2 4R
(G S e S DAY/ B LB B N
IR B 24 e SR Y % R YN N
&5 ¥ . E-mail: xiwang@stu.

kust. edu. cn

Ay

1282 2 K% TR 5 34 %

7ZHOU W, LIAO W H, TIAN W, et al. Robot ac- T 42, 2021, 32(13): 1539-1546.
curacy compensation method of spatial grid for air- ZHANG E Z, TANG N M, CHEN G, et al. In-
craft automatic assembly[J]. China Mechanical En- dustrial robot calibration based on improved 1GG3
gineering, 2012, 23(19): 2306-2311. (in Chinese) weight function of distance error model[J]. China

[27] B, BTH, A, . ETRHFICGCIH Mechanical Engineering, 2021, 32 (13) : 1539-
B B R 22 B Tl HLES A bR [T]. P B ALK 1546. (in Chinese)

TEE T BIRAES:

BREE(979—) B I ARKWEAN, A
B AR5 R0, 2001 4 L2004 45
FARIK 53 MARAG 2 1 A2 4
2010 4 T W7 VLR 2 AR A I -2 A, &2
BEEFE 7 AL N R S
P R RE AN E B . E-mail: gb-
gao@kust. edu. cn



