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Research on shape perception for continuum robots based on IMU
and piecewise polynomial curvature

Qi Fei, Liu Xianjun,Ge Yiwei,Sun Lu,Zheng Hongru

(School of Mechanical Engineering and Rail Transit, Changzhou University, Changzhou 213000, China)

Abstract : Continuum robots suffer from low control accuracy and poor safety performance due to large modeling errors, complex and
variable shapes, and susceptibility to external dynamic disturbances, which makes it challenging to achieve precise operations and safe
interactions in confined or complex environments. To address these issues, a self-sensing approach for continuum robot shape estimation
based on IMU measurements and a piecewise polynomial curvature model is proposed, enabling the detection and reconstruction of their
three-dimensional curved shapes. First, a shape detection system is designed by deploying multiple IMUs along the continuum robot, and
the PPC model is employed for kinematic modeling and analysis to accurately characterize non-uniform bending deformations. To estimate
the robot’s bending profile and end-effector position, a self-sensing approach for shape estimation that fuses IMU measurements with a
PPC model is introduced. In this framework, the modal coefficients of each curvature segment are determined from a limited number of
attitude observations, thereby reconstructing the overall shape of the robot. Finally, an experimental platform for shape detection is
established, and the proposed method is validated through theoretical simulations and multiple experiment trials. The results demonstrate
that the proposed approach achieves reliable performance under various bending angles and loading conditions, with an average
reconstruction error of approximately 2. 5 mm and a deviation below 3 mm under loaded scenarios. In addition, dynamic bending
experiments further validated the peoposed method’s real-time capability and shape tracking performance during continuous motion, with

an average end-effector position error of approximately 2. 57 mm. This validates the effectiveness and accuracy of the constructed motion
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model and proposed shape detection method, providing a reliable shape sensing foundation for precise operation and closed-loop control

of continuum robots in constrained environments.

Keywords : continuum robotics; shape sensing; piecewise polynomial curvature model; IMU

0 3

T

A TR GE W DL ATEAS 25 ] A8 B S5 R
AR N B2 IR, 2 4 5 il T4 R YR &
10 2 M e SR IR N S B SR 1 25 il AR TR RE D K
TCRR A R EE A A5 H R R 1 52 2% A2 FR PR A5 e S R
SHES T FIEZS R r VA I C | W AP St 1 ES = 2 5i S (£
(7] ] 32 2 A S PR 285 4 [0 AT ) Al 2 M R i TU AR PR AR 1,
1 FECELAHL g A 0925 M 25 B AR S 6L 1 e LA
b e E LA A A is shis v ae XORME S b
I AR RIS — P AL B AR R ELAS DS HE 1Y %
SLARHLER NTBAR B 775, DL S AL as A TE B /N A A
I 2 et S TR

H I, ZESARAIL A% A RIS 7 2 S T A
5 IGEFEME | g S AR PRI i PR JC (inertial measurement
unit, IMU) S5H0R . Foin USEIE N F AR Ry e R S iy
FBL, 1 A8 B G AL BESE B HLAs ATEAR A R, 0
Hannan 25" 5 BLE Wil 5 B HLOLSE % SR LS A
B A AR rp B S B oG 1 i it 23, DA F A B AT AR
HALBFTE A BT & 2T E ST = s
R AR A SR R 5, DUBR T HLES AT IR
A 23 )3 B SRS R, (BI%05 1 5 32 B 51
W S Y R SR A SR A s A TR A R R, S
PE2E,

R SRR 58 A B SR BRAE  SGEF A b s G (fiber
Bragg grating, FBG ) & JH AR FIH my s BRI 2 2T 12 56
T INTIFEENR I T — R T 2 OB 1 = 4R AR
SRRV 3 R R IR A% 045 & T LAy S AR Bk
ST SR AR E A B AETE S H b e 1R 22
ST SR, DB OR EA 1F $2 T, Amirkhani
AR — o BRI FBG AR R | %A
TR Y 38 — oty A A o o 8O0 A et i 2l 5 RS 1 B 2 R 22
HEATEIE | I TITH i S SR LA AT AR T A A B2 H R 72
53 7% JEAR RN ME S AL AR U E] () R, PR A% SR R
TES SRS N ZR 58 5 i 0y T Jee 30 o 2 A i A0 3
Bian 55 R T — Bl A B HE 1L AR 5 Bézier £ 1Y
SCRE G NIARAG I 7 v, S B T % A fiB IR S
AR i 2 ik 77 1) 25 8 AHL R 38 3 S AR K ) B 4 5 R i
BN, SR TR 2R . Baaij 51 BRI T —Fh T
ZRAG IRER 518 B A 0T SRS N = 4T AR %
VT3, 38 5 o 25 D) 2% A G 7 0 B 5 AL 2 A A TR ] Y

LM OC R LML AN =R i (HZ 7k
X A% [ A Jr 5 AN ER W 3 T B U, BAEZh S 3R
B REMEAN A R TE . Yousefi ZM Y T —Fp L T
Cosserat-Rod 38 FIf & 7 72 G0 W LR DL A8 N =488
ARG AT I 1% 38 3 R R R v AR B R A EAE R
A FIH] Cosserat A5 5 F HEAL 4% A 1 5 (AT IR 5 15 fih
JI53 A ST AETCHE R AR B B Al IR S 4 fi
FIR TR Ak T (B A AE R FR 10 B8 R0 43 A R W or
RS AR T TS5

T AGE 1 0 B e A 1 P o 5 v G Y e
R ARBUNTG B 5 TR AR SR A e B R i S AL
5 N T DR A 0 450 5 0 F 98 FA 5, Peng SRR T —
FPEET 2 IMU RS 09 39K 2 3% 2 AR L g N AR Al 7
A IMU SE I RS TF A R il el ST
T AE AL SN 40T B 80 KA T B 007 2kt
TR it FEA R AR B8, AR AR I - T 2
DL IR BE A BR . Guo 851 H Y T — Bl 3 2 Rk
i — D1 2B JR Bl 2R ( pythagorean hodograph—Bézier ) 5
IMU— #5855 1) 32 SE AR ML A A AR B A8 J5 vk | il 3o 25
G AR 2 AL B U i AT G 7E T 4 A 8
AT BT 52317 %8 &8 70 £ 37 5 AR e kG B2 A
T EAZ 5 e 2 M A R 2k 90° IR BE B % TR, B
WAL ERE 0 52 RG24, Cheng %17 4R T —Fh 3k
T2 I FE 0 % S AR AL g AN JE AR Jr 25 il
RETEAL A AR A8 O B 00 5 1) 1% 2R AR UL SR A,
SEIRR SR ML AR N TR R AG T, BT =5 B 3 AL K Sk
FE I /E FH B S B AS BE AT A 3 T

M AR T — R T IMU K43 B 22 101 5K R A5 A
( piecewise polynomial curvature, PPC) Y% 2 1A HL 2% N JE
AR ERTT v SR HEAS R IR A G I A S g5, DL g
fe Bl N 45 DR BE A AT SE 0, ST T T B
Z2 0 2 AR AR Y 1Y) % S AR AL AR iz 3l 2 B S B X
e 5725 M A5 52 R S BORS e 3R . TS BT A 7
AR INAS B BRE KOS B 8] B ~F- i et 4t —Fh Bk T
PPC 181 5 2> IMU HoHfa Rl & 1 i SR AR Bl s A JE AR
5, S B A R IR Y R AR D, e
T4 SLAR AL NI IRAS I 52 367 5 %0 B g iz Bl 5 Al
FICAR A ITEFEATRAE , BT 48 5 i AR T 15 58
AR AR B 1 BR ], 38 B AT R G 10 ] A ] R
SRR Sy e SRR HIL AR RS B 42 S A T A AR A
R AT A 8RR A



206 % & L F ¥

a6t

1 EEZEEFNB[AERBENREREEZHF
e

11 ZZEENB[AGRZTRERTR

WP 1 R BB B SR PRI AL A T2 R ek i 2k
TRHLAER AAR , 28 R IK S/ A5 3 R 48 Al i ) 3 58 BE
WM AGA N, P ESMAAMh 2445 F T RERH

[F] 4y 25 i B R IR T o, B i B T B R R AR R SO
— R 2 S5, U RO IME G 4 2 AL
SR TR e iR 28 AL AL AR TE A, ST LR AR ALAR A
KN 150 mm, #8424 30 mm, 42K 20 mm, 4% % N
8 mm, HIKzh A A usaaksh, 8L EA N 1 mm, 375
34T EHAR R 26 mm EE L, HHARE SR R OT 2 6]
TR EE R 2 mm BRIV, DR IR A 45 4 1) 22 it

BT ESEARHLE AL S IMU AL A 5m B 1A

Fig. 1  The illustration of the continuum robot structure and IMU sensor placement
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continuum robots
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Fig. 8 Shape reconstruction results of continuum robot
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Fig. 10 Shape reconstruction results of the robot under

different load conditions
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different loads
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