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Design and Performance Study of a Biomimetic Soft Crawling Robot With
Multiple Motion Modes

LIU Xiao-Hua“? WANG Yao-Nan“? FENG Yun'?

Abstract Biomimetic joint structures and crawling robots with multiple motion modes play an important role in
achieving compliant locomotion in complex environments. To address the limitation of single-mode locomotion in
existing crawling robots, this study first designs a three-chamber pneumatic joint inspired by the muscular struc-
ture of octopus arms. The joint features a modular design and enables differential trajectory motion in three-dimen-
sional space. Based on this joint, a biomimetic crawling robot with multiple locomotion modes has been designed
and developed. By selecting different pneumatic excitation patterns, the robot can perform lizard-like longitudinal
crawling and crab-like lateral crawling on the same platform, achieving locomotion speeds of 142.54 mm/min and
90.02 mm/min, respectively. The study systematically investigates the joint design principles, structural implement-
ation, fabrication process, robot integration, and motion validation, providing a new technical pathway for the
design of pneumatic joints and the development of crawling robots with multiple motion modes.

Keywords soft robots; biomimetic design; crawling robots; pneumatic joints

Citation Liu Xiao-Hua, Wang Yao-Nan, Feng Yun. Design and performance study of a biomimetic soft crawling robot
with multiple motion modes. Acta Automatica Sinica, 2026, 52(5): 1046—1057

AR N AT — i b SO R IS N
HEA m et SRR R R SR S .
BTPARHLE N AL — Rl i 52 IR Bl A2 ] (14K
PRHLES N, e F A S B R A AT vy A 855 e
B, FEBRST R L T AR A% MU R o R AT R
L7 BRI A0, Ra AR S 2 — R
BN ARYLAS N, AT AR SR a1 7 2R R

WeRE H 0 2025-12-01 s H I 2026-03-04

Manuscript received December 1, 2025; accepted March 4, 2026

FE SRR (2023YFB4706400), [H R HRR %K S
(62522311, 62473143), WiFH H AR 223G (2024]T5087), |7 RE
HARBFERE S (2025A1515011482), Tolkfa il BiA 4 F 2 & se il =
FEIHE 4 (ICT2025B03), TlIHk I 55 I 26 4k 44 bl 20 7 350 7 0 s
50 AL S (2024FF01), HERBETLAN RS 4A [H H i =7
JHE 4 (ZZKF2025-3-3), |~ 7R 44 5% F o 2 2 a3 R /R i s il = T
4 (GJJZ20250103), TI.P644 H ARk 4 (20232BAB212024),
AT AERBIEEIE (CX20240414) Bl

Supported by National Key Research and Development Pro-

gram of China (2023YFB4706400), National Natural Science
Foundation of China (62522311, 62473143), Natural Science
Foundation of Hunan Province (2024JJ5087), Natural Science
Foundation of Guangdong Province (2025A1515011482), Open
Fund of the State Key Laboratory of Industrial Control Techno-
logy (ICT2025B03), Open Fund of the Key Laboratory of Indus-
trial Internet of Things and Networked Control, Ministry of Edu-
cation (2024FF01), Open Fund of State Key Laboratory of
Autonomous Intelligent Unmanned Systems (ZZKF2025-3-3),
Open Fund of Guangdong Provincial Key Laboratory of Basic
Technology for Household Appliances (GJJZ20250103), Natural
Science Foundation of Jiangxi Province (20232BAB212024), and

BRI H). ARG, PR SCTT hEik

Postgraduate Scientific Research Innovation Project of Hunan
Province (CX20240414)

ACTAEmZE B

Recommended by Associate Editor HE Wei

LR KA N TR RS HLas N 2B Kb 410082
TSN IR R TR TR Kb 410082

1. School of Artificial Intelligence and Robotics, Hunan Uni-
versity, Changsha 410082 2. National Engineering Research
Center of Robot Visual Perception and Control Technology,
Changsha 410082

2. Hlas AHL


https://cstr.cn/32138.14.j.aas.c250680

5 RBEHAE: —Fh 2 2 B 07 A AR TR AT HLE A LTt 5 PR REWT 7E 1047

PR AR, BE 85 7F Jo NI PEBCEE 117 O SEBI & 4
KIs R e 8. Rk, S0 5T BCR S A
WLEs N 2Rt 2 B HE SRR R ) S BT
BTG, AR, W S Tl G v AT i 2R 5
BT AR B SRS HE T AR ST Kig B e 1 T tE
Je G5 R TTSEVE . 20 31 1) A% 2R S B B AR AT 25 T A
B R — PR AR T, i X R E SRS O T,
Mosadegh %" s HLXT 04T #4532 2 1 BE 1 L 4L
Connolly &5 it 7T ML) AR AR 4E 73 AT A FEXT AT 2%
BICAERERI R, 4R tH— Rl Th S mg, SEELXT A
KEARMMIRE . i m A E 2=,
Giannaccini %5 Bt —FH S SIHUE, - S2I R i
AT E5 A7 B 55 W BE A A

AR, A B AE LA N BIBIR N K
FOIHLES N T ) B B AR 2 — L ARG
RGAE, PiAENLEE N GRIE E 2R T 450 AR
Hizgh L ip SRR M sz mf fpl e, R 5
EEE AW R R, NI 2R = S350, Xie &M
Wt —F 2 B HEPARSAT A, HH =R A
(LTS3 o AT AR A K, (H LR B S I AR 7).
Zhang EM Wit 22 B HEEABIKTT, B8 1
A2 A5 R BT AR e R I AT A%, At AT
TH— Mg T HUE IF 5 H T N 814855 37 5. Kalisky
SRR 24— F 3D FTEN I Z2 A E AR
T, I A I A g A AT AR I IR AR g, W R
SEPL T AN d . SRR, = RSk
V7 A B AN R E, AR E S
AT AEZE NS s, gk 2 R -
Jit s IBVEER Z I (thermoplastic polyurethane,
TPU) BRI AE R TR B, J8 T 2 4 Sl
JE SR B N R S AR T 2 s . R EIR
TAESR 2 M =SB KkT0, (HH T A R 4
MVREIT, A7 E 38 DR Bk & ) ), 3R 32 i 45 4
(RIS J 7K, A AT BT AT #5 1 TAE 75 fir i i 78
s T4 DR Bl RSB R T I AR TGV B
KAl L Ah, A G858 T 40 A e 300 1) ) % 58 1
7200 22 1 U E R B 58 I R TE TR RS AR 5%
Wi <2 T (1) — B RIS e .

A7, ZIRIT AR K, RN it 2
FhEARTCATHLER . TCATIE 82 B 2R i i B
AR EMIEE T e —, I AR T IRAT 31
BARSN W) ST . O AR TRAT AL NG /7 B %
VB EE AL BV AT 7E B A5 2 [H) S AN 0] 68 JeC % 2 3 i
i _FORFRRR R e 8, B gt BeAEfIC. fae v
s o TS B Tk, RERIREh K
PRBLES N R 25 00 2 IV 5. PRS0 L 1 4, 7518
iriE it 5 R 2 212 3. Shepherd 5 1%
TE— b H A SR i R ) LU TRAT AL N, I

AFERZEP . Grossi Z1 Wit —Fp3E 7184 K}
1475 BB LA N, 8 o A EE g S AL 2% N 1)
123, Tang S5 B it —Fp 4 RO 1 P9 il IR AT HL 8%
N, S8 ] R T ) OB 7R, SEIALAS N B ]
W B B0 A B T B S8 e HL L A e S A T T B
Wiz gt s, i RS SRR E IO 1) T R ICA T
FEiE I 7E A S E I 2 AR SE I — e R 1 )
BUERAR R EE. SR, ANIBBIRE TR R R, 1X
KL RAT NATR EATYE T nis shAESE R /77 1) 1
il T AR 3T S b R e A A B [ TeAT . 2R
TR B G R 1) v BT R T f B 4% 1) A
L MERFAE DL RSB I 4E A PR A R 3R, B8 [R] i)
SR a5 A ) AT 18 B SR RS AR AR AL 2%
N FAR B AR, Bk, Rk —ME&Z W
BB A S AL S5 W T S IR sl R IR AT AL 8%
N T2 Ak ) LA A A R

B B A R, AR SO S — sz 5 £ il i
LR 2540 JE R ) = s B R 1 25 4, S Ak &
THRI =g B ) 2 iz sh. 25, TS
BT, AR SCHEH IR —F B 2 Fiz s
A RATHLER N, Wk 1 Fros. @A SR
Jil SR Z ML A N AN RE % S I SRACL DY 2 204 (n
Mgy ) B maE s, R R AT S S A e 1 A
[ @AT, MIE . —F & Lol | AR AR iy e
TG —. ZE R I AR ICIT AL N
IR — R IR, N2 A EiEsh 5 RN
ANV FHR AL —FoRT B R BE 26, A SISk
BT g5 SEI il T2 LR IRATHLEs N ik
THS T EBURTT KRG T, AR5 M
R —ZK AT B R BE AR, A = DTk T

1) $&H—FE T X% f A s K oo g5
R 58, A 200E S s P A N B 4% S B A K PR e
A=, 254G 3D 11 T2 S A 5 T 1) 4tk
s, IR O — B ST E R M

2) Vvt —Fhsz 3 i UL PR 45 40 S R A R
A B RTT, FEHE R S IGIRT & 0 I A v P Ry
PEREAT RGIGUE, UEHZ ST B4 RUF 10 2 T Eh
INESN A AN ESSSIL S IR YN B S Y2y i3]
iz sh i

3) W —Fh DU 25 A AT HLE N, BTt ISl
Z BN SRR, R G b HoE sh Bl R 1, JE e
AT SRIGI0AE T HLgs NTEAS RN 26 N s £ iz 8)
)48 (1) AT AT 5 Rk

1 HEEAEEIRIT
11 BRI
TER AT, V2 B A IF A I 56 15



1048 H 3

52 %

X Hizg)
XY i

=AEAGRT

7 iz
YZ E'Zﬁ %lﬁll{éiﬂ *ﬁﬁl@iﬂ

| FHEsBRmRiTnEA )

K1
Fig. 1

4y, T I LA K B S IS 3. i A
RO A KR 51 MO 5 Sk 5, 0 & 2 o
2007 4, bR FRIKF I Kier S50 X & £ ) A
RS 25 AL 2R Th REEAT W ST AN 73 . 55 8 fih g
REE A 10 5 2 1) WU T PR 0, AEAAR AR P R
TR T S DI = 4R B
M EIesi & 71, OB BRI, =M
fio i F) AR LA A 23 e B A AL s UL AR el LA
MR . 2 24 1 LW 2 ) fod s ELAR 9800, AR AR
PRBASTAE, 1 b 10 A Sl AR5 24 A (R 7 B A 2
[ ULAN S5 B U i I i i 7 A= 25 Y L . G [
IS VAT A O PR AR g UL, 30 T A ik i ) 4
W E . & 0 i i AN UL PR 2 30 G B 3 Bl . RS2 5
ffid B2 2 JE B R K, it i 2 AN IREh HLT IR
NI PSSR

K 2

IETEA TR RIS ) i1 &

An octopus that is transforming and moving

Fig. 2

Pt RAT HLEs N vt B8 s

Design concept of the biomimetic crawling robot

AN Fhi AR

X | AR—3ik

A [CM—FLE

| CT— g A
IN—LHE R

| LM— LR 4

. | OME—4MBRLE
4 | OMT— P AHILZ
| OMM—H [HI R
¢ | TM—H#JUL£F-4E

2| TR—/NE

AR

ol RO R (FE DD P vh, Lt S5 AR,
KWL EER: 100 pm)

The cross-section of an octopus’s tentacle (In this

K3

Fig.3
slice, red represents connective tissue and brown
represents muscle. Scale: 100 pm)

1.2 SEIXWEIT

TEARBFL R, RS B e/E s 6
(AR BT, & A(a) s, X — Rl B
BTG, TERl A R A R AR T A% W) 52 B AR T2 3R
XA B O] AR Sk a0 BRI
— PP KT ER LI Ak, a2
RXFRE, anlE 4(b) B, A 3D FTER R £
P S5 A R G I S AR TR 25 M RN BAT G54 IX Fl
5L 238 A SR FH AR SR S R A ) . 9 1 R R
T A AU O, v] DS gn e S At 45 i
W 4(c) At 550 55 46 11 4 Bl [ 5 78 S 4R 45 4
o R AT R AR TE . K B T A T AR 388
T BN AR, AR R — AN X R P A



5 RS, — i 2 s 07 AR AR TRAT HLEs N it S RE T 7t 1049

4 REMHKIETT ((a) B K E T (b) FITH
EG; (o) FAERSEH; (d) KB ITREIEILE)
Fig.4 Pneumatic extension unit ((a) Structure diagram
of the pneumatic extension unit; (b) Structure of the air
chamber of the unit; (c¢) Elastic membrane structure;
(d) Explosion view of the extension unit)
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Fig.5 Biomimetic pneumatic joint ((a) Structural
diagram of the pneumatic joint; (b) Exploded view of
the pneumatic joint; (c¢) Physical image of
the pneumatic joint)
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