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Stiffness modeling and performance analysis of flexible
inspection continuum robots

Qi Fei'?,Zheng Hongru' ,Sun Lu',Zhao Wanbing',Shu Xuedao®

(1. School of Mechanical Engineering and Rail Transit, Changzhou University, Changzhou 213000, China;
2. Faculty of Mechanical Engineering & Mechanics, Ningbo University, Ningbo 315211, China)

Abstract: To address the limitations of existing continuum robots in the in-situ inspection of aero-engines, specifically their poor driving
capability, low control accuracy, weak load capacity, and insufficient structural stiffness, this article proposes a variable stiffness
continuum robot. This design aims to resolve the trade-off between high flexibility and low stiffness, thereby improving control accuracy.
Inspired by the environmental characteristics of engine blades and the adsorption mechanism of octopus tentacles, an adsorbable
continuum robot composed of multi-segment mortise-and-tenon flexible joints and pneumatic adsorption units connected in series is
designed. By actively adhering to the contact environment, the robot achieves structural locking, enhancing its overall stiffness. First,
assuming constant curvature, a geometric kinematic model is established to analyze the mapping between bending deformation and
structural parameters. Then, with tip deflection as the evaluation criterion, an equivalent stiffness model is formulated based on the
Euler-Bernoulli beam theory and the continuity principle. Furthermore, finite element analysis is utilized to simulate the continuum
stiffness, investigating the influence of geometric parameters (e. g. , the position, quantity, and strength of the adsorption units) to
optimize the structural layout. Finally, an experimental platform is established to experimentally analyze and evaluate the proposed
structure and the established model. Results show that the equivalent bending stiffness can be regulated from 31. 1 N/m in the initial

flexible state to 93.3 N/m in the fully adsorbed state. Under the same load, the tip deformation is reduced by 61.3% , achieving an
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approximate threefold stiffness gain. It verifies the validity of the proposed variable stiffness scheme and the established model.

Keywords : continuum robot; variable stiffness; stiffness modeling; adsorption unit; performance analysis
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(a) In-situ inspection of an aero-engine
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(b) Structure of flexible inspection continuum robot
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(c) Internal adsorption structure
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Fig. 1 Structural design diagram of an adsorbable continuum robot
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(a) Continuum in a non-adsorption state
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(b) Continuum in an-adsorption state
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Fig.2 Deformation diagram of continuum robot with

and without adsorption unit
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Fig. 3 Kinematic description of continuum robots
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Fig.4 Geometric model of continuum robots
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Fig. 6 Diagram of structural mechanics analysis of the continuum robot
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Fig. 7 Diagram of the stiffness enhancement ratio versus the dimensionless variable
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Fig. 12 Experimental platform for continuum robot

stiffness performance testing

FER AL AR AN AR A 3D FT B4 A A ) 2T
HROR SN SLAREE Y, FARM RN PLA, &SR K B
4200 mm , AMEFINAE 53508 22 F1 12 mm, BlEs AR
JH G 26 %o 7 208 2% BK 5 L 52 25 il A8 9% | 3 o s ML IR 3
BB A AL B R G B R A, S2 6
B 24 VY B TR IR Sk ALK S AR e 5 S
B R G R, A S IR % S A W R YT, R 220 IR
BRAE ERIRAS E BRF AT B S F R A T R SR N
23 W A, AR i A A 2 RO DA S IR 2 A W R T

Je PRI PR 358 ) 3 20 W0 A, DT 42 e 1 B 45 4 W 2 5 0 3
REST . AN, D T i 2 R M E PR RE 5 B AR AE T, R
FHEAE A B2 i 28 25 B X 1 20 A HL A AR S it Jin 471 2%
o7, 12 B R RBE B ) ke L2
o A AT MR AT 5 IR Bl I ARG Y A
B, X3 S PR St i £ 288, I M A A AR 48 5 00 ) 3[R
AT SR A S 3 8% 5 0 BRI , e L DN 8 R 3R B Y
PR e, LR S B2 S PFAN bR, X 32 2 1A B BE 1
REZEAT R 1 PPAG
5.2 ¥RMETRHABSERFED T

S VL6 % R AL 1 X 32 2 1 TR ey 49 i AR
ALK IR IRk . ERIIR AT T S B XA
W B B4 ) i 5 R AT T R AE A, B P 13 BT
i 3 A it 8 JEE A e 0 i 2 AT B2 B S S R ) R AT
PFA

R R A

P13 RGBT S S AR i £ A ik
Fig. 13 Tip load testing of the continuum robot in

the initial configuration

G, AN AP th B A B AT S - 0 A8 5
B R SR AR N K B [, 20 3 £ R T B (52
PEZS) A58 AW B (WIPEZS) PIARBECS A HERL F7 3t



545

I RS RVER IR S AL NI MERE AT 55

XA HEIN 0.5 .1.0.1.5 F12. 0 N B4 1] 2847 , IFic 8
ANTR) BT T LA N 00 2K St 8 B (L, 3 3k % LE 7 etk 2
TR0 F% M ARE R S AT W B AL R 25 R I EE Y
Tk

I SRR AT RS AR 14 B R, ER
R FEM R ZAER T, W MRRES T M AR v be i
F/NTARM RS Y ml 140 0.5 N HE % 2 N I, ¢
PEAHLES AR i Fe M 18,2 mm BEINE 60. 5 mm, 1]
FrIa Wb fE , AR e B AR R 7. 5~23. 4 mm, 2B JE
HINT 29 61.3%

70
' SRa
PEHR 2 -
60 - softil A /éf
— rigidfl& ’
50 K ;=359 N/m

R=0998  .%

IS
o

.
.
§,
.
-

A UGALE B /mm

20 /?’

K,.~973N/m
R=0.975

05 10 15 20
A3 5 ER/N
E 14 ANEGRE T R LPES

Fig. 14  Linear fitting of tip displacement under different loads

SCHEERF ] WL BRAL R S B R ) B A
SR AT W B BT ) 3 SRR A A2 1R AR 1 B rhR] DAL
TR M RIEE , 4R T 45 H A AR e M S AT Sk
5.3 SETEHHBETRIEE N LK

T 3% S AR L2 N TE SEBR A L b B Ak A5
B, =B AR AN R AT B gk R, A S gl
PRI EE AR K B 0°,30° ,60° F1 90° 1 T 15 25 il £
BE W 15 s, 76 PR R B AR ) TR R,
FHRGS 2 020 W 5 9K sh I 7 3 HE sh ML g A K o, &2 B
Frpi B it 20 mm, 43 50 AT TC IR B P FRIR ST, £
A bty = A Z AL BT B AN T KON, i T i S
AbF 25 RS 255 S PR AR M A 0, W B 2R FH A T
Wz Bt

Il 16 A SEI0 45 S mT %0, 76 W BAE R R, AL#S CRD
I AbF R B S RS A7) R I W R ) R A BT A4
NS T DT 7 A A [T A2 B 3 30 B vy ) £ 4R
RE T S AN Bl 2 TS il A R 0 B I = 90°,
R BFRRAS (FEER) T RIAR G 2T M 0. 61 N 3 jin =
1.09 N, W BRERES (WIS ) T 9 £ 28 0 U 0 2 R B
FEHON 156 N T 2,27 N, 1ERIHR LRI

30°

60°

90°

K15 ZZ kg R T SRR 6 2 aE 7 ik

Fig. 15 Load capacity test under multi-bending configurations

WIPEZS SRR 1 20 9 RS 10 2. 6 A8 5 RIMIEAE 90° Y R 72
BT, W B AL 473 BE K B 2 BE ) $2 T 22 e P2 A9
2L, SR RRE T %R W B SRR ATEZ
25 A Y TSR U0 S A DO 8 3 5 P B, T LA I3 A [
AR PR S A INAE 55

251 Il ReERE 227
[ Rtk 500
20F
1.76
1.09
0.88
0.72
30 60 90
= ih A BE°)

K16 AR LR 7 2hE J1 2 1k
Fig. 16  Variation of load capacity under multi-bending

configurations



56 & L £ ¥ W

47

5.4 ESEHEE AN EETEE R

PSRRI AL g8 N B X A RIS AT 55 st 7 AR 4 A
5 SR SERF R B B S5 R NI EE SR 1P Al 12 0% SR LR
N T 3 T s T T R T O B0 A
ST AN 17 IR . 7RI TR LA Y i S
fitli I, SEBG I E T WA 0.1.2.3 19 4 AL B
AP, 43 B R e i 0.5.1.0,1.5 A1 2.0 N
BAVPE A 28T, AT s X5 IO A R S B FE AR Ak

ERHRE

B IR e

SRR | g

[
:[&W‘Wiﬁ r‘“

P17 R [RI KPR e A AR S £ 1K
Fig. 17 Tip load testing of the continuum robot under

different stiffness states

SEYGAARANP 18 o AR S 4 K A A/ —5fe
TR AR AT T 3 SR 1 ) 55 00 38 B A T e kL
G 18 (a) Bz, FR45 43 W E 2 A 3 A AN [ W
o ISR SO W BE(E, BlS, 22 T 0 B
NI EEE S R LR, A 18 (b) FIzw , LASE Bt 43 Hr Wke Ff
FATCHCE SRR EE R NI B 2 [ W OC

701 . 120 ¢

® RS ,’ — R
ol W HBHRS = SRR -
A SURHPRA 100 Vot
=50 =R HPRA . R
£ , Z 80/ 2.0%
I 40 P e
® B 60 g7
&30 ¢ E
I*® A X
20 oA g
s - /4” Pl -
10 222" 20
| L * -
0705 10 15 20 0 1 2 3
K3 /N e 32
(a) AEPIRE T BB (b) B 5 525 NI BE X L

(a) Load-displacement
under different states

(b) Comparison between theoretical
and experimental stiffness

K18 LB A RIRE JH 55 e

Fig. 18 Stiffness adjustment capability of continuum robots

F P 18 AT AL i A W B B 0 KR S O, i A
CIRE NS s R S R e = A o
JEMWIIRZEHRE T Y 31, 1 N/m B A0 $2 T 28 56 4 W Y
RAETHY93.3 N/m S8 T 24 3 A% AW RE 1 45, LW EE
AR B LA RO LR S A M EE 3R Y e R R, A (R
WrBCT BRI AR 22 208 1. 6% , S48 Rk
TR RS IR S AL A A A A B R 4 S L 9 R I
A Z BNIEETA 1 RE T7 , BE MR I AN [R) G I B 58 M AT 55
oK SN E Y A B AR

6 & it

ARSCBET 17— ol i) WS S22 1 38 S P A 32 2 AR L
X AT T IR AR 4 5 A BR T 53 BT S S 4 A
JRZEURIAL . SRR SRS M AR L, AW 5T 5T
A AT R 2 2 AAHIL i N R AN [R5 BRI R A A 55 %)
SEAIN B 22 S AR EEOK  RE A8 3 2o 3 Bl W B B AR RRAIE 1T
AL H BRI RS | DT 30 107 2 24k ) A 45 0 A PR 05 5 4
MAES5 . ASCHY FE TAERSE Ny .
1) Bt 1 — P 46 9K 5l T W jh 34 S AR AL N 4544 7
S TEH I AR BB BT 5 T IL ik il sr 1 a8 8oy
By 3 A A AR 5 S5 S I I C AR
2) LA Snigde FEAE by i B2 R I B2 ) PPANR AR A, Ak T
DA ISRy I3 E v IBU R d R k(RS S A L NI R NS
SO BEASEIEL | 37 AN ] W0 R 25 28008 2 i 458 B £14 52 Wl 47 ]
PR S R W R 250 W 22 ] B B A
3) FE TP EERLRY | SR FI A BR T X i 22 AR 45 4 W1
JEERT 93 AT | 3 — 20 BIF 5 W B 2 00T 235 48 T 52 ) 52 e 1
FHRLRE A5 T —Fh = s 2 5 W B =X A4 Fe LR S 4 A1 SRy 2
B, U5 ELAE R UE 1 W) AR Y R A A LA ST B R 78
W EE S5 48 7 S8 BT AT PR FIAT S50 i SR L &8 A AE DA
o AR MU 4 T R T LS B B 484 W 0 3083, R4
THT R 6 #AE 1 SR T
4) FE TR B S AR i SR L g NS
I 5 2 2 SR X SR NI BEVERESEA T, 25 2R 3]
EELEVRHIL A% B 25 R BT 75 W EE ATy 40 A 2 MRS TR B
3.1 N/m P72 58 W PR T ) 93.3 N/m, 7
MR Al AA AR /N T 61. 3% , S8 1 24
3 AW RE RS 45, thHCIRIE T BT H A2 MR 45 R 7 S A I
WvE S AR
£ 2% 3Lk
[ 1] GAUTREAV E, BONNET X, LARIBI M A. Instru-
mented bio-inspired cable-driven compliant continuum
robot; Static modeling and experimental evaluation[ ] ].
Robotica, 2024, 42(9) : 2924-2948.

[ 2] JOHNSTON G L H, SHIHORA N, SIMAAN N. A



545

I RS RVER IR S AL NI MERE AT 57

[3]

[4]

(5]

(6]

(7]

[8]

(9]

[10]

[11]

modal-space formulation for momentum observer contact
estimation and effects of uncertainty for continuum
robots[ J]. International Journal of Robotics Research,
2025, 44(14) . 2265-2289.

JE Wy, WeaE, Aebpnl, 55 LT Cosserat BG4
B LR N 1700 [0 ] R4,
2023, 54(10) ; 432-440.

ZHOU P, YAO J T, ZHU K M, et al. Statics analysis of
bioinspired fishbone continuum robot based on Cosserat
theory [ J ].
Agricultural Machinery, 2023, 54(10) ; 432-440.
FFK, N, BEEH, & AT IMU 54 B Em
i A AL () S SRS BRI BT [ )], ALERAY
FetA, 2025, 46(12) ; 204-214.

QILF, LIU X J, GE Y W, et al. Research on shape

perception for continuum robots based on IMU and

Transactions of the Chinese Society for

piecewise polynomial curvature [ J]. Chinese Journal of
Scientific Instrument, 2025, 46(12) . 204-214.

K, BEH, X%, AF. E RS ALK
NPy 7T R B3 AR AL 4 N8 B A R R 5 [ ).
RN, 2024, 45(10) ; 97-109.

QLF, GEY W, LIU X J, et al. Motion modeling and
control study of an adsorbable continuum robot for in-situ
inspection of aero-engine blades[ J]. Chinese Journal of
Scientific Instrument, 2024, 45(10) . 97-109.

HONG D, HUANG Y C, SHAO N F, et al. An ultra-
high-aspect-ratio telescopic continuum robot design for
aero-engine borescope inspection[ J]. Aerospace, 2026,
13(3): 291.

XVEE, Himee, Bk, . BT I 2 BE
Skl NBLERLRI ()], AR R, 2024,
47(5) : 61-69.

LIU Y CH, YANG J L, LIANG B, et al. Trajectory
robot

planning of multi-stage continuum based on

reinforcement learning [ J ]. Electronic Measurement
Technology, 2024, 47(5) : 61-69.

ALANDOLI E A, FAN Y M, LIU D K. A review of
robots: Mechanical

extensible continuum structure ,

actuation methods, stiffness variability, and control
methods[ J]. Robotica, 2024, 43(2) . 764-791.
CHEN G, WU Y T, ZHANG ZH X, et al.
characteristics of continuum robots based on TSA variable
stiffness method[ J]. Actuators, 2026, 15(3): 154.

WENG ZH X, SHA L'S, CHEN Y F, et al. Design and

implementation of a

Design

three-segment  tendon-driven
continuum robot with variable stiffness for manipulation in

confined spaces[ J]. Biomimetics, 2026, 11(2); 113.
CHEN G, WU Y T, ZHENG ] X, et al. Research on the

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

method of force-locking and variable stiffness for
continuum robot with the spinal-like configuration|[ J].
Journal of the Brazilian Society of Mechanical Sciences
and Engineering, 2024, 46(10) . 627.

LIN B T, SONG SH, WANG J L. Variable stiffness
methods of flexible robots for minimally invasive surgery:
A review [ J].
2024, 4(3) . 100168.

BHGR, RICIE, £45, % TR AL A 22 K
BEMRSN Ik WhoE [ )], AXAR R AR, 2021, 42(3):
97-104.

LIJ Q, ZHU W ZH, JIANG Y, et al. Research on

variable stiffness drive method based on magnetor-

Biomimetic Intelligence and Robotics,

heological principle [ J]. Chinese Journal of Scientific
Instrument, 2021, 42(3): 97-104.

XING ZH G, WANG F X, JI Y M, et al. A structure for
fast  stiffness-variation and  omnidirectional-steering
continuum manipulator [ J ]. TEEE Robotics and
Automation Letters, 2020, 6(2) : 755-762.
MATTMANN M, BOEHLER Q, CHEN X ZH, et al.
Shape memory polymer
catheters with hybrid stiffness control [ C]. 2022 IEEE/
RSJ International Conference on Intelligent Robots and
Systems, 2022 6288-6294.

YE M F, GUO L, WANG AN, et al. Structural design of
a multi-stage variable stiffness manipulator based on low-

Technologies, 2025, 13(8):

variable stiffness magnetic

melting-point alloys [ J ].
338.

XING ZH G, ZHANG Z Y, HUANG B, et al. A
programmable anisotropic variable stiffness extensible
continuum manipulator segment via friction clamping[ J].
Mechatronics, 2026, 117:103511.

HARSONO E, YANG J, BHATTACHARYA S, et al.
Design and analysis of a novel hybrid-driven continuum
robot with variable stiffness[ J]. Mechanism and Machine
Theory, 2022, 177:105067.

LIANG CH W, LIU J Y, LIN SH K, et al. 3D-Printed
shape-memory polymer-based variable-stiffness origami
actuator for multimodal soft continuum robots[ J]. ACS
Applied Materials & Interfaces, 2025, 17(29) . 42233-
42244,

WANG W, SHI J, WU K, et al. A motion-decoupled
pneumatic rigid-flexible hybrid joint with independently-
controlled variable stiffness for continuum robot [ J ].
Chinese Journal of Mechanical Engineering, 2025,
38(1). 125.

WRIE, TYEZE WA, & RS AT M SR AL
AN 5B e ae oA [J]. HLBCT AR 2



58 O % 2 i F47%
2021, 57(19) : 21-29. [29] LIF, YANG H, YANG C, et al. A novel approach for
CAO SH G, YU J J, PAN ], et al. Design and moving tip tracking control of a horizontal tensegrity continuum
capability analysis of a flexible continuum robot with robot with slack cables[ J]. Nonlinear Dynamics, 2024,
rolling contact[ J]. Journal of Mechanical Engineering, 112(22) : 19999-20018.
2021, 57(19) : 21-29. [30] BRI, D, L, % U0 SCRTLE s EE
[22] CHOIJ, AHN S H, KIM C, et al. Design of continuum SURTF ARG A BB R[], ALbE AR
robot with variable stiffness for gastrointestinal stenting 2, 2023, 59(23); 55-67.
using conformability factor [ J]. IEEE Transactions on PAN Q Q, LUO J J, WANG F H, et al. Design and
Medical Robotics and Bionics, 2020, 2(4) . 529-532. optimization of continuum robot configuration for single-
(23]  BREDR. A8 W EE 2 M 3¢ HLAE Y 9K 2l 8 77 42 364 port lapararoscopic surgery [ J]. Journal of Mechanical
ARTT]. B TFIERA, 2019, 42(7) : 144-148. Engineering, 2023, 59(23) . 55-67.
CHEN G B. Optimization of driving and regulating [31] KOLAHI P M, KORAYEM M H. Dynamic modeling and

[24]

[25]

[26]

(27]

(28]

control for flexible joint mechanism with variable stiff-
ness[J].
42(7) . 144-148.

JAZAS, S/NDE, TR, S, T ] R R T IR B AT A
ARG E W BE S BT SRHERT [ )], AR AR
2, 2023, 44(12) ; 187-198.

ZHOU J, WU X Y, WANG C ZH, et al. Design and

characteristic

Electronic Measurement Technology, 2019,

research of a reconfigurable variable
stiffness joint with linear displacement for deformity
correction[ J]. Chinese Journal of Scientific Instrument,
2023, 44(12) ; 187-198.

SHEN D H, ZHANG Q, HAN Y L, et al. Design and
development of a continuum robot with switching-stiff-
ness[ J]. Soft Robotics, 2023, 10(5) : 1015-1027.
FAN Y M, LIU D K, YE L. A novel continuum robot
with stiffness variation capability using layer jamming:
Design, modeling, and validation [ J]. IEEE Access,
2022, 10: 130253-130263.

LUO X Y, SONG D ZH, ZHANG ZH Q, et al. A novel
distal hybrid pneumatic/cable-driven continuum joint with
variable stiffness capacity for flexible gastrointestinal
endoscopy [ J ]. Advanced Intelligent Systems, 2023,
5(6) : 202200403.

MA N. Design and modelling of a continuum robot with

soft stiffness-adjustable elements for confined environ-

ments[ J]. Authorea Preprints, 2022.

guidance analysis of a ferromagnetic continuum robot with
geometric discretization and base linear motion [ J ].
Engineering Research Express, 2025, 7(1) : adaa51.
EEE N
FRCGEEIES) 2013 45 F 31 2 =B ik
e 1351200, 2016 4F TVL R K22 R1G 80122
= 2,2019 45T UL A T R K7 3RAR 1 2

ﬁ B B M2 R B 7 ) A

YRS AL dw N B A NBABLER A
Qi Fei( Corresponding author) received his B. Sc. degree from

E-mail ; qifei224@ cczu. edu. cn
Xinxiang College in 2013, his M. Sc.
University in 2016, his Ph. D. degree from Nanjing University of

degree from Jiangnan

Aeronautics and Astronautics in 2019. He is currently a lecturer
at Changzhou University. His main research interests include
continuum robots and flexible external limb robots.

REFIE, 1991 4E THE L R E A 27
11,2000 AF 3 L1 R 2 AR A 2 o7 (A 1
HEVE) PR TR AT, EEWFETT N
St BB SR
E-mail : shuxuedao@ nbu. edu. cn

Shu Xuedao received his B. Sc.
from Yanshan University in 1991, and his Ph. D. degree from

degree

Yanshan University in 2000. He is currently a professor at
Ningbo University. His main research interests include advanced

forming and manufacturing technology.



