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Abstract: The flexible needle may produce irregular deformation during the actual puncture process, which leads to the
problem of parameter uncertainty in the flexible needle model and affects the puncture accuracy. Aiming at the uncertainty
of the flexible needle puncture process and the inaccurate statistical characteristics of measurement noise of equipments
such as ultrasound imaging systems, an adaptive singular value decomposition unscented Kalman filter algorithm with a
noise estimator is proposed. The algorithm corrects the dynamics model errors in real time by using an adaptive factor,
improve the numerical stability of the covariance matrix by taking singular value decomposition, using the Sage-Husa
estimator to estimate the statistical characteristics of the noise online, and reducing the system state estimation error. Finally,
the new algorithm is applied to the flexible needle puncture model with curvature uncertainty for calculation and simulation.
Simulation results show that the estimation error of the new algorithm is reduced by 0.28 mm (82.7%) compared with the
existing UKF algorithm. Compared with AUKF algorithm, the estimation error is reduced by 0.06 mm (52%). Thus, the
new algorithm can effectively improve the filtering performance and the accuracy of needle state estimation.
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Table 3 The estimation errors of three filters

Bk KR ZE/mm PR Emm WRE
ASVDKF 0.1582 0.0576 0.0017
AUKF 0.2300 0.1199 0.0087
UKF 0.3915 0.3335 0.0872

A 45 R nT J0, fEM FIWIUG 25144 T, ASVDUKF
S P 38R ZE AN T R 22 O BN T TR S,
5AUKFHE LR M L, SFH4R Z N 1751.96%, )
TIRZEI/NT 82.46%. HIGE N A FAH /R UKFH LIS
it HIE N R A T T R e R A TR 2, I
FIHISage-Husaflti &8 FE L Al T RGEME A SR HHREE,
B R TSRS

PLR BHE B 548 20 il Al cholesky 73 fif(E TG 728 I8 I8
SRR IX ). % T cholesky 73 fift i T 8 % S VL AR
AT SigmazRFEUT AR, 75 55 H B W 5 ZE HE B R IE 2
AR i, 55 285 1] A B 70 9 25 Il fE ) R 000
A PEPE VL TCIERPIRAS A TAG T IR ER. 724 tH I 7
I 4% R, 4 A S VDKEF L i ATUKF A 72 %6
RGUIRASIATEREAN TF . 7EANTS FEAL A 2 M Al 7=
MZERITIEE T, PEVEIREAS DL an E 8 BT,

UKF&SVDKF
70.5 T T T T T T T T T
ol
OF __UKF
15l ----SVDKF .
8 2.0 13
15
25 7 ]
_ 10 ! ! i
3.0 12065 70 75
73.5 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

K 8 SVDKF5UKFFRE: £

Fig. 8 The estimated result of UKF and SVDKF

t/s
Bl 7 3FpuEBEE TR ZE

Fig. 7 The estimation errors of three filters

MAGELE R, 7 LLE H SVDKFE LA T UKFHE
5, BRI 2R ST, B ARV A ESIRAS . KR
EERCR T RIR G, SRR APTREE R

% 4 UKF# % 5SVDKFH k&t £
Table 4 The estimation errors of UKF and SVDKF

Bk RAKRZEmm VR ZEmm  WHRE
UKF 0.0647 0.0548 0.0017
SVDKF 0.0376 0.0268 0.0005

WGiit4E 58, 7l LG H SVDKEREAH B T UKEHA
HEEAE NG THRZE. PASVD 2 A cholesky 7>
fiER e SR B S I B A e M S

5 4t

FVEEHE SR 2f JE AR A, BT AR 2R R
SIVE, iR R h # R AR AR, SRR R 7
FRAFTE SO T VL 10 B AR SCEF A% ) B ST A A
A B AR T 28 F PR A B LAY [H] i
5 S A 2 T AT AR IR A g P ) R D R 7 el
15 VA S5 R e 7S R A E R AR 0L, 4R T —
e R ra e N = BRI L [ 3 9 i NP =d
JEVEETIE. R, R B & RSB IR B )2
PR 22, FOHI AR 2R Fh R ZE AN 5 M SR IR 2, FH &
FAE 77 i B X cholesky 73 i, I RGUIRES T 7 25
B 1) 7 2 M. [N Sage-Husa i 7128 78 28 £ -
FE ISR, 980N B T 2 A7 AE I BN e 75 4 1R
MEASHERF I Ik R FR ZE . B )a, WHT I HIE R SVD-
UKFSEERL T35 A 26 8 1 10 Z2 P 28 s A Y
AT ST B, 85 R R W, Bk e a ScE Ie
Ae, TEm RS AG TG



2330

7w oo 5 MM

39 %

SE3Hk:

(1]

(2]

[3]

(4]

(3]

(6]

(7]

[8]

[9]

[10]

[11]

[12]

WEBSTER III R J, KIM J S, COWAN N J, et al. Nonholonomic
modeling of needle steering. The International Journal of Robotics
Research, 2006, 25(5/6): 509 — 525.

KALLEM V, COWAN N J. Image guidance of flexible tip-steerable
needles. IEEE Transactions on Robotics, 2009, 25(1): 191 — 196.
PARK W, KIM J S, ZHOU Y, et al. Diffusion-based motion planning
for a nonholonomic flexible needle model. Robot Proceedings of the
IEEE International Conference on Robotics and Automation. Spain:
IEEE, 2005: 4600 — 4605.

ZHAO Yanjiang, ZHANG Yongde, SHAO Junpeng. Kinematics
modeling and experimental research of flexible needle. Robot, 2010,
32(5): 666 —673.

(RATHETT., TROKAE, AN, SRPEE KIS B) A SRR A, BLas A,
2010, 32(5): 666 — 673.)

ABAYAZID M, ROESTHUIS R J, REILINK R, et al. Integrating
deflection models and image feedback for real-time flexible needle
steering. IEEE Transactions on Robotics, 2012, 29(2): 542 — 553.
BENAM K D, TALEBI H A, KHOSRAVI M A. Full order high gain
observer design for image-guided robotic flexible needle steering.
The 27th Iranian Conference on Electrical Engineering. Iran: IEEE,
2019: 1151 — 1156.

HUO Benyan, ZHAO Xingang, HAN Jianda, et al. A control method
for puncture with flexible needle based on reachable decision. Con-
trol Theory & Applications, 2014, 31(10): 1423 — 1430.

CEAS, BRI, Sk, &5 T b MR RV e T
2 RIS 5, 2014, 31(10): 1423 - 1430.)

FAVARO A, SECOLI R, Y BAENA F R, et al. Model-based ro-
bust pose estimation for a multi-segment, programmable bevel-tip
steerable needle. IEEE Robotics and Automation Letters, 2020, 5(4):
6780 — 6787.

KAYA M, SENEL E, AHMAD A, et al. Real-time needle tip local-
ization in 2D ultrasound images for robotic biopsies. International
Conference on Advanced Robotics. Turkey: IEEE, 2015: 47 — 52.
AGARWAL N, YADAV A K, GUPTA A, et al. Real-time nee-
dle tip localization in 2D ultrasound images using Kalman fil-
ter. IEEE/ASME International Conference on Advanced Intelligent
Mechatronics. Hong Kong, China: IEEE, 2019: 1008 — 1012.

YAN W, DING Q, CHEN J, et al. Needle tip tracking in 2D ultrasound
based on improved compressive tracking and adaptive Kalman filter.
1IEEE Robotics and Automation Letters, 2021, 6(2): 3224 — 3231.
MIGNON P, POIGNET P, TROCCAZ J. Beveled-tip needle-steering
using 3D ultrasound, mechanical-based Kalman filter and curvilin-
ear ROI prediction. The 14th International Conference on Control,
Automation, Robotics and Vision. Thailand: IEEE, 2016: 1 — 6.

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

LAPOUGE G, TROCCAZ J, POIGNET P. Multi-rate unscented
Kalman filtering for pose and curvature estimation in 3D ultrasound-
guided needle steering. Control Engineering Practice, 2018, 80:
116 — 124.

FAVARO A, SECOLI R, Y BAENA F R, et al. Optimal pose estima-
tion method for a multi-segment, programmable bevel-tip steerable
needle. The IEEE/RSJ International Conference on Intelligent Robots
and Systems. Las Vegas, USA: IEEE, 2020: 3232 — 3238.

ZHAO X, GUO H, YE D, et al. Comparison of estimation and con-
trol methods for flexible needle in 2D. Chinese Control and Decision
Conference. China: IEEE, 2016: 5444 — 5449.

SUN Xu, ZHANG lJiaolei, ZHANG Yaosheng, et al. An improved
saged-husa adaptive tacking filter. Electronic Information Counter-
measure Technology, 2020, 35(6): 37 — 41.

(FME, TRBET, SRIET, 55, —Fhilodt B Sage-Husa F 36 F7ER R P
. TEEXPOR, 2020, 35(6):37 - 41.)

WANG Shu, ZHAO Xuan, YU Qiang. Estimation of sidescreen angle
of vehicle centroid based on adaptive singular value decomposition
untracked Kalman filter. Highway Transportation Science and Tech-
nology, 2020, 37(12): 133 — 141.

(L, B, Ao, 6T B RET 7 E 7 A0 R /R 2 D S
FAFFOM AT, ABSSERE, 2020, 37(12): 133 - 141.)
JUIER S, UHLMANN J, DURRANT-WHYTE H F. A new method
for the nonlinear transformation of means and covariances in filters
and estimators. IEEE Transactions on Automatic Control, 2000,
45(3): 477 - 482.

JOKIC I, ZECEVIC Z, KRSTAJIC B. State-of-charge estimation
of lithium-ion batteries using extended Kalman filter and unscented
Kalman filter. The 23rd International Scientific-Professional Confer-
ence on Information Technology. Montenegro: IEEE, 2018: 1 —4.

SHI Yong, HAN Chongzhao. Application of adaptive UKF algorithm
in target tracking. Acta Automatica Sinica, 2011, 37(6): 755 — 759.
CE R, ¥, BIEN UKFRELE HARERER RIS . B33k,
2011, 37(6): 755 -1759.)

(=R RNs

BKHL WL, BATHT AT AP A Re Al T S,

E-mail: 1dk19980101 @ 163.com;

ik Y Har, WL, HATHE T R 8 B B ], Email:

danzhang @zjut.edu.cn;

BRER BRI, BRI, H AT BT ARYLE AR

. AVIESA RS 3ERT 5T, E-mail: leonard19800318 @hust.edu.cn.



