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Error analysis of parametric calibration models for 6-DOF robotic manipulators

Wang Yan, Jiang Wensong, Luo Zai, Yang Li,Jin Xuanjie
(College of Metrology Measurement & Instrument, China Jiliang University, Hangzhou 310018, China)

Abstract : The primary sources of multi-parameter identification bias in six degree-of-freedom ( DOF) robotic manipulators are the highly
coupled model parameters and complex linkage relationships. Such intricate multi-parameter identification chains make it challenging to
conduct accurate error assessment, thereby affecting the compensation of the manipulator’s operational accuracy. To address this
challenge, a grey-correlation-analysis-based error analysis method for parametric calibration models is proposed, which reveals the error
propagation relationships within highly coupled multi-parameter identification chains. First, based on the analysis of error propagation
chains for identified parameters, a robotic manipulator calibration error model is established to achieve the quantitative decomposition of
Cartesian pose errors in joint space. Second, through the synergistic integration of parameter identification algorithms and error
propagation chains, the error values of joint parameter sequences are estimated. To address the strong coupling characteristics of
parameter deviations, the grey relational analysis method is introduced. By calculating the correlation coefficients between various
parameters, the interrelationships among the characteristic parameters of each joint axis are quantitatively evaluated, thereby determining
the priority of error compensation. Experimental results indicate that, compared to translational errors, rotational errors exhibit stronger
coupling characteristics during their propagation through the kinematic chain. Through comparative analysis of positioning and orientation
errors, it was found that the angular deviations in the first three joints, particularly those along the y-axis direction, contribute most
significantly to the end-effector’ s overall error. Therefore, these critical parameters should be prioritized in error compensation.
Experimental data show that the final positioning error is 3.90 mm, with an orientation error of 0.06°. This study improves the
calibration efficiency of robotic arms by decoupling complex parameter linkages, quantifying error contributions, and integrating
sensitivity analysis of error parameters to develop an optimized compensation strategy.
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Table 1 Results of joint parameter identification

N AG/(°)  Ad/mm Aa/mm Aa,/(°)  AB/(°)
1 - 0.566  0.121 0.022 -
2 -0.013  -0.175  -1.903  -0.024 -
3 0. 004 -0.175 -2.631 -0. 003 -0. 008
4 -0. 006 -0.175 -0.920 0. 005 -0. 002
5 -0.002 0.135 -0.223 0. 002 -

6 -0.002  0.758 1.252 0. 000 -

TE K A8 ST 43 BT HE BT, A F 5% % 5 43 BE R B
£= 0.5, JET 50 I EE 19 R S BT I AT IR 6
AR BT, AT A LM Iz 802 OGS 8500 DGR A B
DL 3,8 3 1 ~25 XERETT B X, ~ X,

SR S B A 22 %8 A i s A8 AN i) S 0 G ] 4 S
IR E AL 22 I AN 22K (mm ) | 5 T 5% 22 F) LR 2
FEE(°) o XFEIZRHT AT, AR ZEXT « y 2 e AL
DREFMAAFAE—E AR . X x il (LR 225 ek
PSR e B 1R 22 AB, AT AB,, 52 R /N Y 2 B 1R 2

a6t
1 1.00
2
3 0.95
4
5
6 0.90
;
9 0.85
10
11 0.80
12
13
14 0.75
10
17 0.70
18
19 0.65
20
21
22 0.60
5
35 055

1234567 8910111213141516171819202122232425

B3 LA OG5S RO G B

Fig.3 Correlation analysis of robotic joint parameters
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Fig. 5 Prioritization of robot orientation errors
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Table 2 Prioritization of robot error compensation

wE T/ (°) T1/(°) T2/mm T3/(°)  T4/(°)
dy, 0.6402  0.0991  0.0009  1.3903 0.7718
dy, 0.3438  0.1098  0.0027  1.3980 1.4867
dy, 0.7028  0.2181  0.0004  0.9578 1.4338
S 0.1706  0.0035  0.0000  0.1081  0.066 7
8, 0.0709  0.0401  0.0000  0.0616 0.044 0
Sy 0.0709  0.0401  0.0000  0.0616 0.0440
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Table 3 Position and orientation errors of robot

oy/mm oy /mm oy /mm U-ARX/( °) O'AR),/( °) O-ARZ/( °)
4.3491 3.0890 4.269 1 0.0650 0.0427 0.0750
4 & ®

SEMRATUMURES R (7 o) 114158 22 SR U5 3 2 ol &% G119
IBEESRA N, AR EAT KL o, EFFHE o, T/
0, KAV d FICT y MR i B, AT 25
B~ ST 112 3l S 50008 22 Z TR AR5 06 28 S X7
LSRR T HUBRRE 1% 22 1% 1 AR I SR Ak 2 B
2509 K B G R B A LR i AL 2R AR 22N
[4.3491 mm, 3.089 0 mm, 4.269 1 mm, 0.065 0°,
0.0427°,0.0750°] . [A]mf, AL DR 22 DTdk B2, 0 3 42 Tt
T HUBE bR R0 . AR SO 43 B o B2 R 2% I T B VR RS
e IR AR P A A TUAAT 12 22 | I 2 1 S50 25 1 Ar Al LA
TR ZEXTATUBRE 7 (57 I ZK5 FE (R 52
B2k
[1] EAtR, WM. AR, 4. BLES AR RE B

ARG ARSI I ke [ )], AR
I, 2025, 46(3) ; 180-192.
WANG ] D, XIE CH SH, ZHANG X J, et al. Research

on workpiece size detection method with binocular vision



% 6 1

T WF SIS A R UM S AR E B 1R 22 A7 137

(2]

[3]

[4]

(5]

[6]

(7]

[8]

(9]

system carried by robot[ J]. Chinese Journal of Scientific
Instrument, 2025, 46(3) . 180-192.

BRIRAR, Mok, WeEh, S, T ALas Nk 2E Mz
SRR I]. BRI S 3, 2021(5) « 273-
275, 280.

LIANG ZH D, XIAO Y Q, YOU W, et al. Design for
errors compensation kinematic algorithm of industrial
robot[ J]. Machinery Design & Manufacture, 2021(5) :
273-275, 280.

LI ZH B, LI SH, LUO X. An overview of calibration
technology of industrial robots[ J]. IEEE/CAA Journal of
Automatica Sinica, 2021, 8(1) . 23-36.

WA, TLHR, BRTR, SF. M L LEK S B EOLER BR
FHRER S D [T]. SRR 2R, 2025,
46(1): 93-104.

PAN S, LIANG Y J, CHEN L, et al. Error modeling and
analysis of a laser tracking platform driven by ultrasonic
motor [ J ].
2025, 46(1) : 93-104.

Ak, BE%E, Y, 5. — RSV OB &
GBI AR ZE T[] ], I a5 R, 2022,
36(10) ; 18-25.

WANG SH N, CHENG ZH J, REN CH Y, et al. Design

Chinese Journal of Scientific Instrument,

and error analysis of a two-arm laser ranging system[ J ].
Journal of Electronic Measurement and Instrumentation,
2022, 36(10) : 18-25.

A, SEZRE, e, & AN HBE TP AEZ S
FZHPHRLI/0L]. ALt S, 1-7[2025-06-
19].

HU M, GUO Y F, YANG J, et al. Kinematics parameter

six-degree-of-freedom  industrial

robot[ J/OL]. Machinery Design & Manufacture, 1-7
[2025-06-19].
JIANG ZH H, ZHOU W G, LI H, et al. A new kind of

identification of

accurate calibration method for robotic kinematic
parameters based on the extended Kalman and particle
filter algorithm [ J ]. IEEE Transactions on Industrial
Electronics, 2018, 65(4) : 3337-3345.

HE JH, GULF, YANG G L, et al. A local POE-based

self-calibration method wusing position and distance

constraints for collaborative robots [ J ]. Robotics and
Computer-Integrated Manufacturing, 2024, 86. 102685.
LI X, JIANG W S, LUO Z, et al.

Calibration of a

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

manipulator with a regularized parameter identification
method[ J]. IEEE Access, 2022, 10: 90535-90547.
LAO D B, QUAN Y B, WANG F, et al. Error modeling
and parameter calibration method for industrial robots
based on 6-DOF position and orientation [ J]. Applied
Sciences, 2023, 13(19): 10901.

LI ZH B, LI SH, LUO X. Efficient industrial robot
unscented Kalman Filter-

calibration via a novel

Incorporated variable step-size Levenberg-Marquardt
algorithm[ J]. TEEE Transactions on Instrumentation and
Measurement, 2023, 72, 1-12.

JIANG Y, LI'T M, WANG L P, et al. Kinematic error
modeling and identification of the over-constrained
parallel kinematic machine[ J]. Robotics and Computer-
Integrated Manufacturing, 2018, 49. 105-119.

MA CH ZH, YANG D Y, WU T Y, et al. Improving
offline reinforcement learning with In-sample advantage
regularization  for robot  manipulation[ J].  IEEE
Transactions on Neural Networks and Learning Systems,
2025, 36(6): 11215-11227.

XU X B, BAT Y H, ZHAO M H, et al. A novel
calibration method for robot kinematic parameters based on
improved manta ray foraging optimization algorithm[ J].
IEEE Transactions on Instrumentation and Measurement,
2023, 72 1-11.

PENG J Q, XU W F, WANG F X, et al. A hybrid
hand-eye calibration method for multilink cable-driven
hyper-redundant manipulators[ J]. IEEE Transactions on
Instrumentation and Measurement, 2021, 70, 1-13.
ZHANG D Q, SHEN SH SH, WU J H, et al. Kinematic
trajectory accuracy reliability analysis for industrial robots
considering  intercorrelations among multi-point
positioning errors[ J ].
Safety, 2023, 229. 108808.

FIR, HAL, e, . SRR (o)
W IR AE A AR e e T g BT, A s
3R24R, 2023, 44(5) ; 61-70.

PEI X W, DONG SH J, FANG N W,

Reliability Engineering & System

et al. A
dynamically adjustment grey incidence analysis method
and its application to online recognition of early
degradation of bearing[ J]. Chinese Journal of Scientific
Instrument, 2023, 44(5) ;. 61-70.

TREE, RO, KEH. A EAUKTHLE AL



138 & L £ ¥ W

a6t

SSMRERER A [ T]. M RIE TR 224, 2020,
41(8) : 1223-1229.
YU D CH, ZHU CH G, ZHANG M ]J. The autonomous
underwater vehicle thruster weak fault identification based
theory[ J 7.
Engineering University, 2020, 41(8) : 1223-1229.
[19] $30MkE, W%, RHE, %5 KEACKAG T W
Blas N2 Wi se [ 1], BUCHE FHoR, 2020,
43(12) : 165-169.
JIANG W P, MIN J, WU Q X, et al. Method of mobile

on gray relational Journal of Harbin

robot fault diagnosis based on grey correlation theory[ J].

Modern Electronics Technique, 2020, 43(12) ; 165- 169.
fEZE B

FE 4, 2021 AFAE BE S B AR A 0
BT R A w A, SO P R RS
e TAR A B e e b L A . A 2
W55 AL 46 B 2 B T I HIL 4 A Y B
PRI A B HLate N A
E-mail; B23020804003@ cjlu. edu. cn

Wang Yan received her B.Sc. degree in Electronic Infor-

mation Engineering from the School of Huanghuai in 2021. She is
currently pursuing the Ph.D. degree with the College of
Metrology and Measurement Engineering. Her main research
interests include the path planning for measuring robots in
complex environments, the accuracy of robot positioning.
TICH G AR ) , 2014 4Rk P [T

A BE AR AR 220, 2018 4R 3R
TS IR R 2 A AR AL 3R TR 1 22 4o
BT 2 e T 5 00 B T 2 e At
LA, B S EAT ST ] A A A A R
BERIE AL FIR 2T
E-mail ; jwensong@ cjlu. edu. cn

Jiang Wensong ( Corresponding author) received the M. Sc.
degree in Instrumentation Engineering from China Jiliang
University in 2014, and the Ph. D. degree in Instrumentation
Engineering from the Beijing University of Aeronautics and
Astronautics in 2018. He is currently a master tutor with the
College of Metrology and Measurement Engineering, China Jiliang
University. His main research interests include the theory of

instrumental accuracy, computer vision, and error analysis.



