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Optimization of hand-eye calibration for blade
repair robot based on anomalous sample
detection

Yang Wen, Sha Ling’, Fan Diqing, Zhang Haifeng, Bai Jiayu

School of Mechanical and Automotive Engineering, Shanghai University of Engineering and Science, Shanghai 201620,
China

Abstract: To reduce the impact of random errors on hand-eye calibration in the visual system of a blade repair
robot, an optimization method based on outlier detection is proposed. Firstly, a linear equation for the hand-eye
matrix is established. The initial hand-eye matrix is solved using singular value decomposition (SVD). Secondly,
the initial value is used to perform an inversion operation on the samples. Outlier samples are detected and
removed based on Z-scores, leading to a more accurate hand-eye matrix. Finally, the obtained hand-eye matrix is
used as the initial value for optimization. The rotation is represented by unit quaternions, and the Levenberg-
Marquardt algorithm is applied to further optimize the initial value, yielding the final hand-eye matrix. Hand-eye
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calibration experiments were conducted on the blade repair robot equipped with a stereo depth camera. The real
coordinates of the target points were obtained using a TCP calibration tool. The predicted coordinates from the
hand-eye matrix, obtained by the proposed method, have an average Euclidean distance of 0.858 mm from the true
coordinates, with a variance stabilizing below 0.1. Compared to other methods, the proposed approach effectively
reduces the impact of random errors and demonstrates good stability and accuracy.

Keywords: singular value decomposition; Z-score; Levenberg-Marquardt; hand-eye calibration; TCP calibration
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Table 1 Experimental equipment parameters

Key equipment parameter

Specific parameter

Robot arm

Depth camera model
Depth measurement method
Depth measurement accuracy

RGB image resolution

RGB image frame rate

Checkerboard array

Checkerboard square size

Checkerboard accuracy

Aelite EC66 Collaborative Robot
Intel RealSense D405
Stereo Vision
2% at 50 cm
1280%720
Up to 90 f/s
12x9
25 mm

+0.01 mm

240257-7


https://doi.org/10.12086/oee.2025.240257

W3, 45, SHL T 2, 2025, 52(3): 240257

https://doi.org/10.12086/0ee.2025.240257

e FASO et A F R AR e i e, B e
I SVD ikt B FIRAE I G . BifE, MR
IR BT REABEA T S, RV MR ATE BRI AL A5 £
TRARR, JFE X, Y. ZEBIREE. #E, MRS
MEARTEBARE T Z-00 8, JPEET Z-0r Uit =
HREARRI . 55 B AR S FRTEE 6 H R
Pl 6(a) 7R T kT T MR AR 400 46 (1T 53 A RE A A A
B Z- B iOSE . NE 6 ITRLE Y, 55—k FEA y
AR Z- 53 B A T R R T A 3, A R i
A JEFHHHE T IR T 5. 14 6(b) s 1T
FFHREERE T, B 19 SRR Z-38iBos &l . T
IR, IS ke 2 ARFRAG Z-50 84 XHE R A
KTEE 3, PIHIBRIZFEATF R FIRAER . 5=
TRFEAAY x AbbR Z-0 B XHE RS 2, (HIFHAE
) X BRI K ZEE R 1.791 mm (FHEE 7 SREEAR
555 3 skAEA AR bR E 2 2245 1), A TE AT A2 i .
Kl 6(c) R T 2 PR ARG AIREAS Z-00 Hici ni 1]
BURT, A FIRFEARR Z- 84 3 H 34/ F B 3,
H Z8 a2 2 M HEHIAE 2 mm DN, B,
PRI, BRI 18 TRAEASTH 3 A T IR AE AR
Levenberg-Marquardt F35 LW, 2 ILibis
B THRAERE .

52 TCP#RESEN

S T I TF- IR R i e M S e, et
FAEE AR NAESE PR i R, FE S = il
FH TCP #5E T H S5 HEAT TCP F5E 5 P s i
SEH, WE 7 Bs .

DO R R A RS B LA N TCP bR a2 7k
AL LS, fifrE TH TCP 575 a] [# 2 45 1Y
WEA, IR AT S SR TCP Asbr gy 7
M, RfFbRE TH TCP AR LA Ao - F- 5% ) i
s 7(a) Fis . HIBUIRERZE, T FRLSKR AR

B 5 HARLEKTH

Fig. 5 Sample scaling example

BNk b, Zad 10 bR, R E )
RETEEEEHILE 0.503 mm LAY, %2275 H 10 4F
R Il A AR i d KA 5 B/ ME Z 25T RS o e,
B 10 R A5 A2 25 3 1~ BE AR SR br o T H2 At s A
X T HILBR R R o 09 F- % 0] o] =[-18.064, —17.196,
68.436] . EEVHIEHUMIE 10 K, kg T HA O
FEANTRIF R R LTA% L0 P s, R B R AR
UORUGHA TR AT UM BRI R 4645, A&l 7(b) B
SRJE W B R I AR AR SR B A RS AR, 15
B P oS AT FHURE SLR 0 10 4265 . AR LIS
TR R E NS R N£0.02 mm, BRI R AR
M, TR 10 Yl B b PSR IR 2N
0.153 mm., fxJ, BUX 10 MEARESERENE R P &
AEXT ML BE I 1) — 4 Ak AR Py = [793.823, —112.405,
-4.413]",

3
| ]
2 A A
1 . A . o e ¢ 0
ARSI SRR ANNYRALEY
8 -1 [ ] L] A . A
) A A
|\IJ -2 [ ] b
-3l = Z-score for x A
® Z-score for y
45 e 4 Z-score for z
_5 ||||||||||||||||||||
1234567 8 91011121314151617181920
Counts
o
3l = Z-score for x A
® Z-score fory
2} * Z-score for z
n
21 :A=Al.l..=.A.A
o] o * by ] M) L
o 0 A [ B | . .
P ° A L A a "t
N -1 é A A m ® ® - i 4
-
2 "aee
_3_
_4 ||||||||||||||||||||
12345678 91011121314151617181920
Counts
a:
3| m Z-score for x
® Z-score for y
2 » Zscore forz
A A A o ® A
o 1 & : 2 n® " 4
| ]
§ 0 ° a-u o i 3 - n . ¢
N oL, ' L e e A, at
= - A
-2} L] °
_3-
_4 |||||||||||||||||||

1234567 8 91011121314151617181920
Counts

H6 HFBEZHoHHEAR., (@) F—KE
FUg; (C) % Z R AR

Fig. 6 Z-score scatter plot of dataset. (a) First inversion;
(b) Second inversion; (c) Third inversion

(b) % =k

240257-8


https://doi.org/10.12086/oee.2025.240257

W3C, 4. e T, 2025, 52(3): 240257

https://doi.org/10.12086/0ee.2025.240257

B7 FRYRTH. (@) TCPAFE; (b) AALAFAES; (c) MIREME; (d) RIAFAE & A 47
Fig. 7 Example of experimental steps. (a) TCP calibration; (b) Touching characteristic points; (c) Taking images;
(d) Obtain the coordinates of feature points
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Table 2 Results of Euclidean distance comparison
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Fig. 10 Robot grinding repair operation. (a) Robotic inspection; (b) Installation of sanding tools; (c) Grinding action;
(d) Depth cameras provide information
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Optimization of hand-eye calibration for blade
repair robot based on anomalous sample
detection

Yang Wen, Sha Ling’, Fan Diqing, Zhang Haifeng, Bai Jiayu

Robot eye-in-hand hand-eye calibration system

Overview: The surface defect repair of high-altitude wind turbine blades using repair robots is important. The vision
system on the repair robot plays a crucial role in guiding the localization of defects on the blade surface, making stable
and accurate hand-eye calibration of the repair robot key to successful repair. During the calibration process, various
random errors, such as image distortion and inaccurate parameters, may occur, leading to unstable and inaccurate
calibration results. This paper proposes an optimized hand-eye calibration method based on anomaly sample detection.
Firstly, a linear equation for the hand-eye matrix is established, and its initial value is obtained by solving the equation
using singular value decomposition (SVD). Next, the initial value is used to invert the samples, and anomaly samples are
detected and removed based on the Z-score method, ensuring a higher accuracy hand-eye matrix. Finally, the obtained
hand-eye matrix is used as the initial value for further optimization using the Levenberg-Marquardt algorithm, where
the rotation is represented by unit quaternions, and the hand-eye matrix is refined. To verify the effectiveness of the
proposed method, hand-eye calibration experiments were conducted on a blade repair robot equipped with a binocular
depth camera. The true coordinates of the target points were obtained through TCP calibration tools, and the hand-eye
matrix's predicted coordinates yielded an average Euclidean distance of 0.858 mm from the true coordinates, with the
variance remaining below 0.1. Compared with other calibration methods, the proposed method effectively reduces the
influence of random errors, showing excellent stability and accuracy. Moreover, this method can be widely applied to
hand-eye calibration tasks for other industrial robots.
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