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Research Advances in Amphibious Cross-medium Bionic Robots

QIN Bo-Yang' LI Lei"*? KONG Shi-Han' YU Jun-Zhi'

Abstract Amphibious robots, capable of cross-medium locomotion, exhibit considerable potential and prospects in
applications such as inspection, reconnaissance, and ecological monitoring. Drawing inspiration from the morpholo-
gical structure and locomotion strategies of amphibious animals, bionics provides essential design principles for en-
hancing environmental adaptability and maneuverability of robots. This paper first presents a systematic review of
representative amphibious organisms with diverse morphological characteristics and elucidates the bidirectional in-
teraction between propulsion mechanisms and robotic design. Subsequently, using propulsion strategy as the
primary classification criterion, existing amphibious robots are categorized into two main types. The first type util-
izes unified actuation with single propulsion mechanisms, including fin propulsion, rigid limb propulsion, flexible
limb propulsion, and continuous body wave propulsion. The second type adopts hybrid propulsion mechanisms that
employ distinct actuation modes. Representative prototypes of bionic amphibious robots for each category are intro-
duced, followed by an analysis of their adaptability and efficacy across different media. Furthermore, the current de-
velopment state of key enabling technologies, including perception, actuation, and control, is comprehensively re-
viewed, and the commonalities and differences of control strategies under different propulsion modes are compared.
Finally, by incorporating emerging concepts such as cross-medium multi-scenario locomotion, embodied intelligence,
and physical intelligence, this paper discusses future research directions and potential application prospects for bion-
ic amphibious robots.
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Fig.1 Amphibians with different propulsion mechanisms
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Fig.2  Diagram of morphology and locomotion in

anguilliformes!"”, reproduced with permission
from reference [12], ©Wiley, 2024
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Fig.4 Morphology and locomotion characteristics of

anguilliformes™, reproduced with permission from
reference [15], @The Company of Biologists, 2023
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Fig.5  Hydrodynamic mechanism diagram of pectoral fin

locomotion in manta rays®’, reproduced with permission

from reference [21], under the CC BY license, 2022

A0 [ PR I SEHEE T 30, FERYR M B AT
T M A B i e e B AESE N (ML 6(a)
PEAUy 66 (10 T FBCA B 40 1 T =) JHL i R A 98
KA ARG, A& B HEREAS B Ja U
ZHRIET ] SRR R, R, A
s Tre e S B i 55 B R iR 5 1l (AL 6(b)
CT 3 AN A B P), AT e A Jie bk i 0 e
fi . R JRCAE AT AT I RS BN BEL D, T A e S
JUIPRGEE SR TE 5 s N1 2201 B € N1 e F 5 =N
HIEARATAT T o MBI, T DU I 5 % 5 1T )
SRS LR ) AL e e (WLIET 6(c) R CT
P, W2 AR OO MIRLE. 75 BEAL IR HITHEER).
AN T 2 Bt SRR EE S BB R, i R X
FORHERE T AR B R R R S R A



886 H ] (e ES {5 52 %
(a) (a) " TFL CR GM
i ]
& i
LD E SM PER
- . ! PL .
RiLH B My M #
S
i Py B AbdV
i 8.5 mm INT FDBS
(b) (C) Gl
[EEC
o3
w0
K6 BEarthta KOt OT s M), AV iR e g s
ik [23], ©The Company of Biologists, 2019 N N i o
Fig.6 Digrams of Pseudemys concinna and its CT scan B 7 TR R ILBUR R, 22 VR AR SO
structures®, reproduced with permission from reference [24-25], ©Wiley, 2024; ©Springer Nature, 2013 )
23], ©The Company of Biologists, 2019 Fig.7 Digrams of frog muscle anatomy and its model® %/,

3) AR HEE

IR A FERE ML A o il ARk ST /)
FHZ) (Vi s R ) SEBUALRS B S, Ak hE
e L MR TR RUBE i o8 IR BR 20 R /MR R A )
TEZFVEE AT, IS T 2R i i b 5 ik
RG AR L5l KRR AP S A5 0 Pk, 75 7 if
% WO MR I EHLAEE; PR R AR A T ad i
DX, & Uk S bR T Sh &Pk sl 71 5 R
JS2, FLAHEBEAL ] B AR o]

T S P AR R AR YR AR S A rh S
LB Bl IE N 1 d AR FLAERERL ] A% O
FET G BRI RAR IR 2R G, REVSAEA R A ot v SE L
it

SRR BX 50 1) i FB ) 7K A 75 el ok I i A% o PR 9
BT B, Hs s B i sh 71 A KA R
TR 2 U iR 45 R e ki 38 VLA i sh 1
AR (ML 7(a) TR EE B ZULA M),
SCELEE R BRAE ST DL P A0 1) 4 g e 2 7 2
R (¥ I 322, B A e 2 e 5t 98 A P
BUFSRAAR ELAE RTR HE T AT 73 (LI 7(b) B
BEAH RS e 71 5 71 77); AE N B3 0 R s/ FE
JICLSE R B LA B BOR A IR & 15 )
i 57K B A B UL RS, AT LE GRAE B A 0 D[R] e
8t G 3 P RE RN B I e e i A T AL AT P
By DA (LB 7 (c) it i) 75 ek e TR R, s
LA AL S SMAL S LA JSE AT BAIER A7 P2 7)), B )
TEARFETT T4 A LA R R ok 2 A I P 3L [R] k58
THES-T Aoy Ml 5 B A HEE AL RE™. B ARRA,
I 5 BRI R B T — B R E B A A WUAI S
T35 RS I 23 18 shiz il R s 71 2 AR A L.

T A Pl R AR R B L A v D B AV R R A A
SRR, FR VL 5 U B T v B Wb ]
BN 71 ARG BRERAT, WLPIE I S AU 4 fE I

reproduced with permission from reference [24-25],
©Wiley, 2024; ©Springer Nature, 2013

fili FEAE U (R PR A 23 v R 1), X LE e R A5
DUTREHERE I, 7 A 320l B0 4 AL AT ST 4 1) T 5 B Y
WIS B 2T A TR R AR A, %
LB —-HILIA R G AE A A A B A T R DL H D se A
bk FEWEVKIN, LRE FTE e 5% % BH 8 22 ph oK AR
173, RasE Ja biaah; fERGsBkERIn , e ey fit AE
SRR E, B e OL B ERIT. X — RGN
PIEPIRHLES NI BT i T R

4) TR A HEREHL ]

RGN SR AN IE R RS (0
KB AZ 5, AL A RE 5 B & B DI 2 Rz s s
RIRE ST, XML I AZ O L AE T H R B AR i
KAE. Bilhn, K RE 22 I 4 800 i, FhiEZY
50 i, IR E A LK PP A SAE P SC iR
LRI I 705 SRS R AN R R R
Gt R 8 A A A Y R A AN 2 s o 5
W%, BEWSTEANFI 5T h R sl A LA 2 ik
ik, BWR LY B iz %5
HOEIP R VERE I & R BERY. AR A1 X S Y
SR 3 R VR A HEBEN L EAT 2.

SR S O fa TR TR 5 HERE A LA A B,
i 8 P S A P 808 I < 7Y 5 M 2 K R A T B0
B, IR KT 5 0 N SR OB B A . X
TS T 26 L 0 668 G REAE /K o C & 4 i 55 2 B 41
Bt SCREAE R E ARy B E s Y AR S
SCHE (WL 8(a) BAFH IRt A B IR PT) . DR s
o IR SR (3530) M fER b, HERE
MR T <SOSR AT <92 3h7, ARl
A CASEAR BT U] (B 1) 93 2 DL T S AR 7008
FRFE R AR DI, X R A HERE IR LAY
R



5 R K EEPIIES A 5T A L8 AT Tt e 887

SE EIS B AT TR W, 5 R 8 A it
IKF RS TR R RIS Bl 5 R, (I R
SRR T2 5 SR A e, i A T R R R
KBRS, AR, SRS A HEBEA
o OB v, T DU P fid S P I BB 8 5
K3t S AR 775 #EK A, X B SR A AR
PR, 868 0 ' 3 1 Dy B R AR AT L A/ B )
ANAEFFIFAT. — A0 35 MR AL AR S A IR 22 S B
53 BLALHE J7 ) b AR AL S - it e 3 201 i 52
[ 2 25 AR 30 SR R I = AR HERE 7, T AR 7K et
SR BL 1) _E 2835 DO AR ik A2 F 7 B T 10y
B PO T IX — T B AL B PP 5 WA DL
ZIB S AN R, S A DA T S A 70 o FE ST B
TR I L ERIZE VI ZREB D
SCHFFIX— 418 SRR R AE 2 X 7 i SRIE R X,
U EEIF AR I R ERF —3hE, %
i e FEANR] (112 30 27 SRS LUE AR E I 22 52

FEIKHR, SRR AR g 5 R X R BB D FIC 5
Ho o BARF2 ERF SRR e ANEL 17, (R 4 DA T
BHL AT RIZK SRR3R A PR ik 2 IUT ) i 68 50
PEAEAEAEBE <PIL7, B 4 5 ff 2% A B2 R /)i
KRR, AT A R BEAICRE /g, PRUEE 283 3h )R 5
VE. FEREIABE R, i 68 PR KA S SRk R A S A AR
(LI 8(b) o f A T IR AR DA ALE B 38 Bl SRR 1Y)
EE R =7 2 1% R, ASBCELEMN [
5w A ERE 7T, 36 SRR S I [ R STEEORRS
DU S EEHE. N T SemflE b R, Wt o B %5 48
AHT IR, AT RE KPR, A B 14 RE WS 78 1 S 2k

JRUR R

WA BORR &

(b)

B8 SRS RS KA E LR 2V
SCHR [27-28], ©Springer Nature, 2018;
HAE CC BY ¥FAIHMY, 2024
Fig.8 Diagrams of locomotion strategies and biological
characteristics of mudskippers® !, reproduced with

permission from reference [27-28], ©Springer Nature,
2018; under the CC BY license, 2024

b SEILTE KR B A ER BN ™. SR G R, SRR
i B8 5 P A 5 T R B SR ) 0 S G AR K
SEVEE PP B S AR E TR it b U Dy 3 IR A 5 5
£, R UIHAE R TR A HERE? B AR DR B

1.2 BE5IMMEREH

1) AN

IKAE R KA A B 47, B i s A — L i
WSS A R ALK SZ 2% ) X LR 7 B AR e K R
735 KA S R AN 25 5, AT 28
7 )4 ) 20 S P H A B 2P T e T S R iR
o 2 RN 2%, FERGR T BT IO e
JIRET e SRRV 2 B B2 IR A N RE W v ia B4 |
S 5 EER RS A PR [ 5t AT A&
AT R R SR B IR el vt s E A B TR
7K FR S I 1 AN T T 1 Rk ) SR Auh i 2
(1) 22 0 A1 Bz SR AT LA 52 88 B R 7K RS X, DA T )
SR X0 SCRE TR 1R BRI R F )
FeE /E BB B IX SR ATE AT 45 AR B, 5 AR AT
MLEF NAE B TE o] £ 5 R TRAT U R 32 45 1) 2 1B Ik
FRLA, d i R A 20U 77 5 AR R SEEILXS

F AR S5 1 S B i 5 A e s

KA R SRR IR R i 2 3R 5 0Kk B N R4 1)
ARSI E RS, AT SN, L R%
RSB ARI ZKIL (FLBh I liE) MRS, X215 5
L0037 5orH BoAb 7, {80 2R R 7RI B L 2%
T, R HEAT L E ) PRI B R sh A, L
B 2 A S RN D R PRI T AR B, 2R 5 A0 i
TEFR IR AAAEIC B, SCHF 1 IXOMP T M) AR A AH DR AT N
1) 2 A% SR AR A A1,

BLES NI FU B R B 2 R F 2 A% B 2% i & 42
L3I N NS A e I VAN 1R S e 5 A 4D N
ARG A G RER, IBCEAE B ARSI (158
A5 B AR K. BAA 9E 3R B, R MUBRUR D N
5 R WS R, T DA 6 T BT A SBOK ) L —
MR AR A, [ B 12 oo 76 S 14 AN PR AR AL R S i
PEBY X — i B9 07 AR AT ATL 2% N S0 B8 7K P 1
BRGNS B L T 5%

2) P SR g

PP B0 1) 3 304 o AR s e 0 A 2 H i
K A 4% (central pattern generators, CPG), iX
—PREE WX 24 TE TR = B I 2 5 R AT B 3 e A
BN, FERR I g, B8 Y SR A B b
1] CPG 73 A TG REPIN, Xz S 74 % 7] 3 5
SEILUEVK. WE 9B B R, Mt NS KE M, w4k
PV (xenopus laevis) MGIFAEN A, 28 i) 3Z
B n) R AR SR, IR UL R CPG, H



S 52 %

al bl AR A B el
o N RN it
low [DA] R
high [DAN e
a2 b2 c d e2
FE Sk AR JR vk R Rk CPG AP BN pikigs) cPG TIES
AR AR R o i opg RS CPG iﬁji(;'g(z
5 etk CPG NA  SHT NA  SHT 4WzJ o
[AGLIIEES
ety ELiEne RN
VI L ST R S 2 33] 3 .
K9 R CPG B AR KOS R 5 ™, VP e

ik [33], ©FElsevier, 2019
Fig.9 Diagram of the growth regulation process of CPG
in xenopus laevis®, reproduced with permission from

reference [33], ©Elsevier, 2019

Al R R SIS, BE S T S5 E CPG A
FSLIB AR, X 2 15 2532 Bl (10 16 40 ] 2% 45 g e ik
AR SRR AN I B A 25 A T B A
T, DL T e PRI LR R . R 7T —
AR, AL I R3S Bl R 4% D T SR R
IS AT, HOD PR SRR B IER R,
X HLHIAE 2 S8 MESD P P I i A7 AR IX e A
FRINVIE IR NP HIR 0t T 2R A @
A A CPG Z8H, WIENLAS A\ SEBL v
1142 58 AT 2 LA, [RJ I 45 “RE ] MLR” 5K
1 4% S s SE LD A D e 5 2 BS IR A S 1%
TSR, U B RSO R Sh A A R s A3
B AT T 2 s RV S &, AN 2 I 5d
IVELHIR YN E s il e

1.3 EM5MBEHFRANNEE L

1) WG K B E A

I AR 51 v 1R T W 2 ) 22 1 K A T i T B
Rl A ST B EATEAE R A BT 2 AR AR
AR R B A R BE 77, AR T8 R0 452 Bl ) 44 i
BB ARG DY AT AE. A0, IR b A 155 0 255 25y
WAE K b el i B 3, 8 kit U LD R e AT
HOT A AT 77 R Bl HLEs N2t R T
ERFWIRE BB R, vt BERE Tk
SCREAT AE RO B &3 . IX SEZh )0 PIAT AL 25 A\ 5
TR K AR LA L A I8 8 75 AN 4
FRHE, 5 UL AN AR 6 K1Y 7 A FH4% i) 5K
W, AT B i ML A AE B2 /K i A 85 o ) L
by &l

R T g A1 65 81 58 7K [ 7 AR IR AT B W ) 32 3l
AL RALAS N it 4R 4 1 B 25 s, R A2
Ko R, DURBCYE e R ERAE, K K11
BRI A, Bl R S SC I R D,

Hma R g n] Ak 547 BB, i DU i A
WEFARAL, 2025 B T8 B I U 3 AL 3R, FFfe
TEREFERAT 5T A R FH 9% 1 R 350 52 B0~ 1 5 HE R 67
fi5 1 AR AR RS, @I i B AR e KPR,
T RE R TR DR R P4,

B 7RO AL NI R R, Li 5659 F2 H <A
YDEE 3 K ALES A (biouniversal-inspired robotics)”
PR S, Ja AR A B8 R R AT i
THRUEE, st U AN [F) 3 4k S & i A 38 NI &
TE AT e . nl L #% AL 28 N ik S . & R s 4k
TEEHRI 2 A1 RS Rk, Bop, B2
WA ST I A A B BN 1 R R 8.
i SN 1 e S K A HE BN 2 ol T A HE AR ABL ) i
ARG W A fa K 22 oK AR R HL A4 U J sk A [ i
AR S A RO B X S ThRE S SIUA B T IR R ik
PR ) 5 A% 29 A L [R) 8 10 B R OZE, S HLES AN
WA 1R Rl ke e 1 A A . BIMLES
NFESHE TR, ¥iXeEik R hae LN
WG, A B W 2AF5% . 2R <@ 0
AT HESE, SEELMAEY) 22 41 B TR 2 FEVE B 2K
Ak,

ZR E R, IX B A= s Bl A RN 45 KRR AE D
WIALEE AN BAR it 7 EE S % fE450 ||
HIF 5838 18 % AP KB AR RS B 3B, Beih 21k
T HIART B R B s 45 R AR, DAEEAS R A
HRAS m CHE R 9 G0, AT e ) 1 T I8 R A
AR50 A8 SCHE T AT S AR s AT AR ME L AE
25 1) SR g THT U Sk L FH AR R R T CP G 4%
FIFEG AL, 8 A AL RS A 5 N A5 SE I AR S
PR R ). X B AR BT AR AR ATL 2% N B
i kR A W AR AE K i A S s R, 7B R
FeHOTE A R I R G AL Bl PR RN AR e 1.
AW SR A R N 45 R T B AR ) B,
K 10 fros, ML AT 815 DT R SR 2 S
BANRE IS LES N, SEEL T AR S K Tl T
TR A 250 .

2) HLE N A1) %

i AENLER ANAME TR i, SRR S50 1
“UIERAL IR . ML AN T AN S AR
Wiz a7 3, a0 A= e B g £E K T 5% PR
7K b HEHLAS N2 F S i) £ g 78 VD H i
VKW e ik LA N R A, Salamandra
robotica I AL#% AP # &1+ H T A 6 HEiE )
X 25 AL AR L, Al A AR UK B AT 76 B P S AR
Bl

W 11 i, OroBOT 21 NL2E AT
WAV E B EEARRMESL G —: R ER 312



5 R K EEPIIES A 5T A L8 AT Tt e 889

B 10 AN NSEEN R R, SVrn] i E
SCHR [41], ©AAAS, 2023
Fig.10  Biological inspiration for the implementation of

bionic robots®*!, reproduced with permission from
reference [41], ©AAAS, 2023
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