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Fig.1 Diagram of Physical Intelligent System in Extreme Environment
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Fig.2 Shape Characteristics and Behavior Program of Intelligent Robotic under Different Scales: (A) Magnetic Drive Bacterial Self-
assembly Motorm];(B) Magneto-optical Cooperative Micro-robotm];(C) Solar-driven Electrostatic Aircraft!'s ];( D) Jumping
Mechanism+Momentum Transfer=Bionic Jumping[m;(E) Bionic Soft Intelligent Robotm];(F) Multi-material and Multi-motion
Mode Robots'® ];(G) Micro Cyclone Thrombectomy Device“”;(H) Bio-hybrid Electronic Robot'**; (I) Soft actuator+Control
Device=Bionic Motionm];(J ) Variable-row Multimodal Soft Robotm];(K) Self-powered Underwater Gliderm];(L) Physical-optimized

Self-reconfiguring Modular Robot! %!
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Fig.3 Research on Integrated Design of Material-structure/Mechanism-function Design of Physical Intelligent Body in Extreme

Environment
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Fig.4 Research on the Autonomous Perception, Driving and Self-healing Control Mechanism of Physical Intelligent System in Extreme

Environments

EAEAME 3 . Khattak 25 SV % 19 2 8500357 1 iR P
G TR R BN T8 3 D 5 25 MR Bh A B A
AR TE5E A TG BARAE Rz SO AR i &0 K, 58
A T2 PRER . EEXK TR 249 EE Canm i i | A%
R 9 GPSIALE ) BN PR , MasmitjaZs 02 141 1
TR 2B 5o b2y S Rl G iy A FRIRAIHESE . i ot B
(U EE o NI e S = 7 N 7R 1 YA 81) = R 7 S 15
XK T % s ARSI E N, il P i s aE s s A
o BT P AR AR R 15 25 AR AL, i — 2 IE T SRR
SREL R T BE RN . E AT AR I (AN BE
BH AN S ARG ML HE ) | TunaE T & T 0]
TENEME RN (1) 15 25 B VEAE ZEX-ICP 4 H T iR vl 1
PP 5 < L AR AL U R S by A A B A £ Ak
FEAEZS (8] 53 AT 5 25 X0 G ZR 0 377 [l i 2 s 2 fi Ak
AR F K6 0 45 R i o 45 2R 2 o, 7E TC s M B 3 | T )
Hi TP AR AL IS TR A SO ) i 2 BC v A TSRS [ R, S
TAMKIIABE SRR A EHEE S . Naclerio®: @it
I SR T SRR 5 28 RO AR S G i 0 =, SE T
Hb T R A R ) Sh 2SR S Ao N R R
ZGE0) I TS A KA IR OO L e AT
YL AR e AR B S 4S5 B . Chen
25 LOS A ot R RT3 B B o I A i 51 B T
S22 B, e T B B E S e S H bR g 7 5 T
BT B FEM ARG P B, i S AR AL
A A R P TR AL T A5 S 9T T LA

e X ek . 55 B B, A MLARURE AR vl R S
AR I = Bl R R A s 5ROy e £, 45
B SR RIS AT A B TR A B it e, Zh APl E bR
RUBYATR AT SEPE . R R G AE SR T3 VDB A S
I P SR BT BB SRS A RHIE  S0iE
T HSSASFILIU] s 1 O

g5 LR  m PR BT T 09 B 3R T A — 15
AU 1) 2205 S AR il e S AR O PR BRAE T8 il
SR AR R L GRS T 03B R 4 B oy
AR RIAR . BAVIREL Y ERE
[ bR S ARSI AR WA S T X ) AEZ )
I E BB IR S AME . SR, AT T
Ui AT 9 AR S S T IR [R] R AR L MR B K
N7 1) i 2 R A It SR AL 5 it ) 25 R i Y
B PR FEHLEATI AN TE W . ARRBETET & 1 & e I H—
YIRS A IR R IR AEES TS HE N
HERIAR  HESN B RE BN TS Rl 1) A8 H A Y
LI S ANB 2 25 1 T Sk W] SRR AR I
2.2.2 IR 5IE i HHLE AT I

Wedm AR L5 A AT | ShASHE 2 5 e ft s 24 O e
TRAER B 5 iz Sl 7 BB R A S AR BR K
PR GEHETRE 0 S 5 TR IS0 4 ] vk | 7 TR X AR i
IRBEIN PSR SR IC B0 A T 0 A% fE £ I 25 M Al 5 2
o B, BK S 5 i SR Sl 5T A OB R T
WATTEA A —PREE SRR G | 3N ) A8 5 BE AN € HLi T



358

o R

¥ B & 2026 4F

SRR IR W Z R SR T S RIS S
AH AN IE BN AE YT . MHETHETE O MESR L —iz 3
PERETE AR, e MR R BEIE N 2 AR A PR S S ik
PERET AR S

A Xt ARG — IR 85 52 2% 58 FLA R A e k2T
R SR A 1 S DA ol e —
130 203 R ST 4 R R B P A TSR T e o R
2] BSOS TR SR A AR g ] SR LASE
SEHTIAEE . HARRILAE T R 2RI 2 AR (R ER
(4 B0 72 A B E A A AT R 28 )N BLAT — e R
A58 3 BB Sy AR . Kim &5 O 5 T el 5
B GY R I R A B 2 T IR S BLI] A
RO IRE ZbIE KPS 5 AR S TR AT E M,
SEPE T UEDK AT AT =R m A D) S e B )
Pl 5 B s A S TR A, Arm 25705 1o BcHE R
MRS R RACRASE IR I A A LA (07 28 S s 0L, fek
Bl N ELas T AMERE ) FEAR B sh—i Rl R
G HE 25 R0z 2h B 220.7 m/s HREFEREAIT
15% 5 55— 2 T 2L 3035 IR TR FH sl it 7 47 AR {4 5 38
SRR HAE P [ 45, Zhang 25TV L TR 2 ) S8
flaf ST Rl A REZRA ER T 38 N IRZ s il 48 A 280 il
WER AT AR L RS B TR BE 1 45 T = i B Y
Wedm S EAR S RE S, T B P 5 R AT E 5
SR BRI ; 75 22 SO AR R TR
JECI A A A /N S IR P 3 o 2 R e ) 2 S A 24 TR
5T IR S ST R A s = s )
A2 RO T TR M HE A IR (932 345 ), Richter
LTRSS R E M B YIR SS FRE A IR AL R,
KRG — I i R G AN HL A T
SEBANAAA B 14% 10 B/ N 25 A% s AU R 22
Ebadi® P 9 ZHLE A ALHESLRE A o T HL A ALY
TR B A 5 T AP TR 25 [RAR AR AR ), il i & SR 7
BEITACB AR B EAE RS, RS2 R N Y
FEA DML T i,

R, W PR T 138 s BT E AR 977
PRAR ] “ G5 e —BK B — PR 58 " — PR AL A 19 3 1o 4 i i =
BEAR R IR RIN = K, — R TR R Ak
2 ) 5y TR LA BT T LR A RO B AR
Y RERE SYERELI TR ; — R4S BURLR K 124 5054
SR GRS —A S HARA, B R TR SR A A S
(32 Bl RGP —J& il A HLER A IR 5 0 2
b, 20 AALEE F1 538 A5 Z BRI, ARTFZEME A% 0
5] REAE T it 22 R 28 B A5 R A ) S SRR AN 2, LA
B A5 HEALAR) 25 RUBE Bl g 2 EIRAIL R i o Kok 1] g

RETFREA SEENRSIZEMETT, LR A Y
A T 47 1) vk | s Abas s S A AL
TREEANAG, SCINIE I 58 e A e sl b I T A8 B A A 7 Sy Pt
T HEWE , AARA T3 T8 58 74 1) 355 AE A7
fE].
223 HRERAEFIFHR

TE AR B B | PR O AR A 2 N M
LIRS T R BB IR RS RELLiE 1 TRE ) 2
HoE e A Ak . RSN F 2T TR A
PR Ak A=A T TR T S B Bl A wE LA X AR iy
B AR AE A w pi . L, A& se
25 ) P AU AR 1) A D Qi 25 26 018 il s Yl A4 g <
e — AP S 2 AR AP B NFRIRASARWHR A R 48
h SEIIh R FEEhGERE PR SRS BT . 4T
WFFEIE NERS R TR, A IR B 4] SR RS
Fa 5455 FMR 4 = 2 A A

R RGAE AR SRS T AR T, T
Bl B 20 5 D) R A 0 S 4R B R S
] 23 A S 2 i A 3R R R AR
R 554k 53 15 e ALt i RGEAET 7 BT R BT
FE f% bk o 21 A A B B IR, OB T Y D) e B DA 4k
PATHOAES . TB RSP IIE TR T 0 A
AT R  JE BOHR S K R AL, A5 G B RS
PRI, 51 38 Re AR TE (5 R B 848 & H br it
Hehlb i, [F] B AR I Zxrb 5 | A BEMLIG FE 3 ALE S 2R %,
BRI TE X R RSz ALRe 1o X AR v IR
FR) 5 2 s 5 5 A5 T KT, Arm 25 7OV < AR TU AT 55
SPBCTREAY R G = A Y Re EAMY R ECHL AR A (%R
A RA A B R ALY, 8 i A S L AR AT
AT, SEEUESS BT . EFRHEAE IR 5w AR
JRUBSE , — Fofr XU 6 8 R0 A 55 KKl 5 40 2 25 s 4 4 it 42
LA TR R R R HE BRI B U Ak 1B BB
515 BARMEhE i1t AR AN P3G 1 5 il A
RO AP AR A 5 SE B T A EIRE S
1454845, VermaZs ! 7P R T —FhHLE LRI T R 55, 52
BT BhAS G URAE B S I  AR A RS (AN SRR i
B R R ) S AS IR TR kA DR PR I Bl (CAnAIG R
FECEMLIEAER ) TS5 o SR TG IRl ] B vk 5
PLAEREREAE20% , AT 55 U145 5625% . PolzinZ5 76142 i
SAPERERL— 3 Zh E AR A @ALE  BRR RS T, sk
HE SR8 1 AR T W e vp i BB B, CR 3 N 2 AT 5 18 AR )
3 o PR RS U s S B B DI A 0 B TR 5 b
il 38 o R REK R A R A B S IR H T
T RIS T AR AR T S AT SRR



40 A2 M

AR A5 < TRT 1) A1 i B B4 ) PR RE R AR T 5 359

s PRI T R RE MR ) A g AL AL S
B, 1] ORI — DR — AT AR Y 3 Sl T 5 el T
FFE A . BUAT B S AR A T e B B o A0 i A
SEVERIZRE VU RE 1A AL, 5 TR B SE I D SR )
PIMR] 80 5 BEAE B Y MERE LB i SE AR 8 15T B4 B[R]
ATEETE . AR FR RS R Rl 5 B A BT I AR
L TR ey ) WY Ak AR A il R IR S AT
55 FAR B 25 B R0 A LA D SR — 1 81 AT 34 () P i
ERLIN INITES W 22 Ease e IR e bey ANy
B REMAEN IR T BRI A B AR O S
23 DEE RENFGETHARERGESZAHH]

PR SR R TR R R RN
SETES R R, AU ARG~ ] S 1
PR T A TR PR, o AR BE 5 ATRLG 1O fiE
PR R TR 5 JE LA RO S5 58 I g
SZ BRI B 2 77700 A SR S MR
Gyt B im BT v R R AR SR A T AT 55 25 1) e
EAEA D PRIE Sl AR E S 0 e LA e SR XL v
HT R I BRI T & R T, HAZ DR B AN AE T
—FEAEREAN K, AR T R8I0 A BRI A 5 BT
AR Z BB RGNERBL . —J7 T, A S PR 358 X Iy A s
P AT BE B P2 R AR AR SR BUNAS = £ HLA B, &
OSBRI 2 B e AR S 5 SR M P R AT BRAE
ASXE LA o5 A 55 25 18] B SC BE A 4, 7 ) 29 B )3z Ak
RESI S RRE N o —Jr i, e R TR S B IR IR
B RE AR G TCIA MO s R RETH IR BE R Bt , o 20T
IR IIFELR S KB G 2610 T S8 USRI S Pk
R XA IR MUBROE 55 ek e 19 E R AR
TERR S PR I5E PP LA B

s PR IE T RO Bk 29 ATR GE vk RE R G
SRR, AR 32 B [ N A2 T2 T o XA
PRUN ST, 1% G R P 4 26 190 4% PRI R AR R T 22 B

B A
o AAEH

l Ny
Wik AR TR LR )
7

CS T
B
fatsmn

i il
i

Liu e SOV PR A X7 I 46 2 F A I PR A LA e 8k
P A AR TE T A PRI B AR B UK B . 2R
M, 7 R R AR AT 45 o Bonke B 5@ 14 51 A LA
AR SRR R TV RS S BB R L, BRI T
T B AR REAS S T AR BITERE . SR,
BFFE L% B0, B T fet (Un M A K ) Xk SR LA 1
PERIR 76O A PR AU, 75 L Tl K% Zhang
i L2149 22 IR 10 bR BTR A T 2% 3 3o ) 22 R I
2 R T 157 e PRBOHE AT IR R G, SEB T 0
A BRAR TR Y R SRR ARSI T 1] VR 2 S A
IR T BOSORFR Bk, D905 4 B A TR0 1
BT S53E RERALH . Yang S R i KBS BINT 45
w3 S I 2 TRR SR M AR £ O B
SCIAE AT 55 (AL EAT AT SRR , 70 U e AR i i o T
SEIL T 98.2% M A WA HIR A HERG . RN, E RS 55
TASAT 55 ML T | Qi34 L o JR Wl e Pt aof 5 i
R v R WS LA IR EE B, 51 A Bl 2] B
HIEAWIAR AR NS AR S 55 NS TR e R
SRR, B TG k. AT B AR
U AT 45, GaudetE 5 TR i Al 2 S HEZE 14
T T XA T R R T A R e S K
IRRLCR . FEN H B BRI o O B S0 TR
bR DA A B, LS W I 4 eI A A R 2 6 TR
BN, FIESIEHRN A ESMIES T, Capra
2 LSO g T3 T RN T JR T ke phe 3% i R A ) T
JE iR AL 2 7 i e A Ak B B i B 2 N
TERS BRI 260 RIS Bl T BARR =44k, 2
71 HH el 28 0 4% SR A B0 A% FRER B 14 58 355 )V i

TR [ b T A LU A5 52 b S5 37 5, R0 4 B 53 10 R A TR
MER ] FE B Liang 57 il i M d B AL A A5 50
V923 (1G5 — 3R 5 L5 LN 5485 {1 PR 2 B ¢
FERA ST T 2SR B A e 4 s ) S X

i @

B 5 tRumIAE ALY APk

Fig.5 Challenges of Al Applications in Extreme Environments



360 hoE R

2026 4F

h Hb ST SRR DR PR 1R B A L

e AR T TR U5 A2 PR S REAE 2 o, A A 2
B HE 72 G0 SE I B 5 RS A A T A O X, o 8 R AT
e [ NP2 AR A A T RS . 7R TR 5 TR s A
B s WFoE & il AL G AR, ARG T
RYREFE, W REAT 55 AR M AL AL PRAR AL T AT A7 AR
GuoZE S ITEPIRGHLAE A G, 3 TGt 8
B PR 2 N4 7R DRE Rz H AR RS B2 (4 (7]
I 15 38 15 28 R AR 1 50% , S L T A S5 L g
AIERRITEAL o BEXT MBI T ARYLEE AT 5, Suns S 4y
T B R AR U EI LS A GEREIS % 7 RS FE 1Y)
I T B TR RRAE T40% o 1Z P BAIA$2H AT 55
B b4 il 5 | ARHIE S S AL D 30% 0 A T
R T R AR AT 55 s b N T
S300 . R I A A S REAE ST RE T
PR, OrchardE VT & B2 200 A, a2
ok b e 2 SO ASE B A T3R8 A 37 55 v 56 B B A L A
AT 55 B BT ol SE BRI R IRk 1 1/47 . HAETHER
SR A 2 TR TG TRAL T M AR SR B 22 1)
TR BRI IK90% , JE I H R AR TR
PE o FEZ R BRIR RS VRS A E RRAT SR B v T 1)
Z BRI G 581 5L R it H 25 5CH#E . Mao
a2 b R B s A 2 o 5 S T 1AL, S T 3h
AIEOTELBIRITUAGR R B A PR 5 s 7
HPENEE L 60% , [FB PR 3F RGERPERERRE o THI0] 53
A A TR R | Ligk 3 R B T 1 L B B
N S ASAT 55 0 e AR A | 38 2 5 RE Ak 1R R AT 55 18 5 I
¥, FEREAR30% T3 45 (% [l s, SEBL 1 U8 5 %5154
%094 | EEELR] . desh, fE R ST RS %A
BASE T QIS HA 1 5 43X 2 > SR W |l 3 P o 25 () 1
A5 AT R ARAT 55 BRI B0 8 11 283k 40% 104

ERHER G S Z AT, S el o i S 5
LR LN LR 2 2 =05 W B I S A . H
SEREEL T AW R EBUAR R R S
78 NS E A SN RPN RN R e R S . N 1R 22 <
FRAEAR 54 F B 20 T8 WA S IR 8 R AE 5 ULk BE T o
T RDRHE HEHE AT e o BB G %
—ERREE LR T KBRS r MO . AR,
AR TR KA i b2 ) ks | AL BT 55, 1
A RRIRTE R 22 s i A ER S KT RE
WangZ % ] FH 228 RE L6 KT8 5 M0 S PR s R ML 2
NTEZREARTFE T A FHR . Daide 0 i p =t 1
A TRy PR K AN T B BT 5,
(AT 45 BRI ZE B . Mon-WilliamsZ 7 F] FH GPT-4 Filfe:

A0 AR T8 5k I IR 673 191 - i
F 1 SRS SR B S VE TR, SEHL RS ATE A B E B
BRI E LKA S . XuZE S A TR i > K
W ) RIS PR B — A T AR v | AT 7 A A
RIS 2 B2 B R S T R . R B R VR A R R R
RS A YRR S R & i R (R S & =
Y T AT T SRR 5 i A AT 45
AR A% 70 WS PR35 P ook 30 24 A8 Ak 37 B AT 2 AL i
I IRETT o

Wi BT 52 R 5 A N AR AR T B —
AER A HEFRAE 5 WO URI R 22 16 AU A 1 ., FE
T B M FE LR | 7 Tl R R R ) R S A 751
Z B G HR RSB AT AL o R/ IV Y B i 3 3 2 4 A 5
TERIRFR ST 4502 A7 T I3, LI B/ IME R 7E 3
AR AKCR 5 S W S8 TR R 1, B R S RE S AR YT 55
53 R BERLE AT 4P Bh A5 E TR I, 7E (R A
505 B 1 A6 [ I AR 43142 5 BERE T4 . Dennis
A 1995 FIY A 3 07 S A5 £ SRl P /N R4 0 4
TR, 55750 i) 5000 A — 35 DU 8] Y S I | DA 7 4
FRol TR A1 [ PR 2 HE A A . Li%e 005
3o T R SR L 27 T 5 S B AR i) XL 1) 208 4/
RS B Ll 0 $8 5 T 5 B 28 = B SR A i
HIZEE 00 TER 25 BR RIS P A HERiTE . Liu
i 1OV NS [1) 5 | AT 11 45 ) 338 T S e A R J
R A AL, 16 v ] 2 HEAT U R AR E 260, 5 I T B e
TUREAE XoF 5545 XU ARG , S T /N7 B 4 4 2
SRR AT 55 i S AR T . FanG 2@ it E
IR T v /NG B 0 5 R 2R LR
I 55 s i A T S8 %0 P /ISR 4 KR I 2 1) 48
ANEERY SRR T BSR4, S T R
IR AT 45 5 T S RIPEREAR T

5 LI WO IR e R LTI AR A PR
B AR , T/INVREAR SR R A S 2 R A
PR B REAR AR n] SEBIAR E 2 2] SRR DU X — %O F}
LI, SRR, T BN R G2 T AR A
SR AR OC A . AERE 2 T, 1 B — N
SRy B b R AR A LA R SRR B R
Py ER AL 2 S ASREAR A A ISR AL B A
PR FRAE 2% 2 557 JZHAR ARG T, LA A Ok
55 AU R VA R (2 S B AL R 7R S R R
T, D) AR AR 2R Kt (R RERE A 1F T BB AL B,
254 HLB A8 B IR 048 2 I WL 5 /B P ] 4
MBI e R G AEVERE | RER S S Rk RS0 B A 16
BEFA . RRTFGAT W B — o B/ NREAS | W



40 A2 M

AR A5 < TRT 1) A1 i B B4 ) PR RE R AR T 5 361

> RERCHURR A B 2 — i U R LA B 3 TR TR P ]
S ACAILE AR BRARBIIY | 1 Bl AL AR SE 564k
TSR MAmIKEE, m A A E% S A EEb
5 ERBE I IV B 7 B RS AV AU IR IR
T TRUETT 2 AT 5 S I S R
2.4 MHRBE THYESERGHEBEESAENE

WL

Wi PR BT 4 B i R AR IE 1S 5 AT {5 B R AL
IS, I ARG PRI S 5 R0 2 A 4 WU
FERPRAR , EARPRBIAE =T . — S i 5 PR
WA, 2 IR 0 253 5 i A 7 15 A
VIR 1518 2 45 10 1R L, 6 0 135 3 2 AR
Fa (ANt 200 RS RHEY T2 ) A5 W AR Ik (25
TS SRR ST RN ) AL I I i FRFa
(HALREIEIR 200 ms~5 s 10 TRA IS TR BE) ;4
5335 B AE B S AL (T TR A R RS R AR T
S R £ 30 L R A RO AR I R R ™ R B
N R A I R L 0 1 ROR T 20 %
~40% 103y A ) B PR ) 2 RE AR IR RS SR L
(OB A2 S A . R B B R e k| S el
fEVEfEHL. BEE T ReiR R G Sk B 2 2k 7 1)
KR GBAGEAR S EME RN DS, 7 Tl i3 |
B I 5 X SR AT, 08175 5 57 I R SR v D e
TR K55 | 4 T A S s AL S TS DM B
AAFAE A B AFALE] , R S R D | AL A
FRICE BB RE ST AS I | ME LR I B A DM fr 7T 135 5
fit, = I RGYIIE M TR . TEFREE S AT MY
WE RS T , RG AL EAE WA 0] S5 A5 18 L S0

G IR R U R i = o o 0 B 7 W)
s 5 AR R T AR 3B A AL 200 54T 55 P IR)
TREERR G, SR SRR A% i 3] P ] 2 54 1) s 3 iy
Pk, X5 A5 PR Y R 6 R R RE AR B UK RE T iR
T LR
BT IR PRAR , AR S FH AT A5 U [T HESE A g
W UM FLE AR REH R S G =4 2 R
T REMIRE UG T Bkt R (El6) . 7Ei ]
15 Up FIHESE A 5 T, WP O © AR e A WML 1)
AlG AU B AR ANLH . B2 g 2 T L
T AT (R 484 | BEGE TR PR 4 BCHE B AL (N4l A
B AR T SCBLH IR R ZRL 100, 2 A IR 22 45 114
I3 AT I ST RESR | Al i — 20 AR 2 R AR TR i it Ak
o o SRR A BRI XU 10T [T, S AR
Ak ) B O AR IRl SR i A% 0 TR, 3 A X
FIEVEFE | DR S g 7R T HE E RCR (N 440
£ R IE A AR 0 TR s 304 o R e f s R 108 e o
FR5E U R385 St 90 T, 9 B A AR R 5 1R
BRI T 22 R e Bk U AR R RIS
ARUBG i A EE th U T 2 TGS PE R . 78 R 25 38 (R T
B R DAE TE I HE Ry PR R SR A 1) R A5 R
LR e 8 2 ik X 25 A B 2 I ARk AS 18] 23565 U
JEQIIZE iR el it By ]2 ) e AL R e Ak, JF
(G A7 R = T < o S VA el N T TN
PENOV, B35 22 0 AHLI RV 5598 5 ) 251, Wang 210042
2R BB IR 0 e MR B B Bk B DR 2
TSR SEI 2 BB AT 55 1 < AR I 2 L a3 A R
117, B AL PSR SR T R G R R . FE/K R 3E 5 4

=RBAR

& st
. fEEEEE @%
o BEERE &

. AEBERR g

G E U 28 AT

¥ 2 oo R EER

%« o BEBBRRE@E
VI T ET I
B, . TEESHEEEE

BHhniEy {&
> S 2%
$ e
f N %
!m - x . -
o I R (S g
= &

o RET/ VM- eI T RIS B

o FTH/EAN: FEFEE “ERIZE. 24T

o IRilE/0ME: IR R ACHRE+ 5K FEDOA fl it
/B AR SIE fli i+

Eo EmmAMEHEERESUEHRNHTR

Fig.6 Research on Group Communication and Trusted Collaboration Mechanism for Extreme Environments



362 hoE R

¥ B & 2026 4F

S, TG XA ARRAR B A I IE | AR | 200 AR S bk
ISR P SRR R T MR , AT TS SR AR B S e =
ARG . Dai% M R AR BUR B H S A 4 R T
TR, it 22 B o 1) e AR A i I 4 AT 5
R AMEAL BRECHEEAUR B B 00k, S8 T K g P 3h
BN AR B € WA TT il o BE XTI R K £
P 3 R S B L R R T 3
JSEA i DL - $lir e o) S B T A2 AR BB T S AR R GE Y
AEEPE SRR ENE o X SERT ST AN [RI 48 JEE B8 1 R i K
TR E A F R, S 1K R R AE B A A
JEo e RGARIBO S RlA R T, 2 R
FEIT R CTE AR S PRl i — Akt R IR e 2
B R A R i, Zho 0 0 2 ek Ak
> SN RE SO S & AT T KN B A
ERUT AR Y RN 5L 5530 BRI 6 I PRI 25 2
Y DS L R SR S KR R SRR
Wt R e TC Al A, LA S AR Wl AR R A AR
b A B A AR A G Rk A T B A KM T
— AR E AT BRI — R R4 KT BB X B
ZU T e X2 ) TLRL A3 v RL K TETRAE KT RS
SRR MR IR RE &, B 2 MR & RIS B A
PLBR S, Bs— Al 2 AL A BiR R K 1 g 4 4 )
AEST . MCIRHIFTT A B BOR SUR AR5 BT, MR G2
ey 2 THT Sy S P58 T 0 R 2R 8 1) {5 3 A R e
PR T E B

L b BomPRE T YV EE BE R GG (5 5 AT 5 b
[ AT 5E IR S 35 T JR | SRt f 2% 1 I S B0y =4~
W B DB RE R AT A5 B 2 AR A Sh A mI A5 B )
P T () A S PR B R SR PRI S R GRS . LA T
PEC AL T AT R HESE (ARt~ ) 5 2R etk ko~
AR )RR RE PRBE 8 A5 501 (AR S S AS A B TR
g AT SRR AR ) R BERE T IR SR, D R SRR TR
P T H IS SHOR S . 2 TR P R B
YT ER A R, 0 B e R G rh o A N RE AR LE B
YRR SR HAG 555 (R EA—B RS R E T
IBAG A RN A o o B — A am i 1 5 L5 PRI AL A )
DZ Q0T HESh P B BE R G e NHELL B 2
AR EREE T, F 3 ATAE A E U 2R D IRIT 55 (9 fiE
I3, ) PR A5 —Bip )" — A 7 1) TR e e i ok
K SR RERSTZ H 1E ML, 5B n] S IR IR A |
55 T R B e B B WY R BRI, S B B2 2
BN HIR DR 15 2 HR G s UL, 32T R e i m 3h
BEf A G RE ST 5 LLRGE 1 HEFE AR S 2R
Rl T8 e S R KR O Jogk R S 22 ) L il

o B U E A B, S A T A S A, 42
THERAAT 55 ThAT A AT S

3 XERIFERB

B FLIREE () R AR ST R R R 2 Re (1)
U AL R AR A i A G AR Z e S
SRR — PR SR — A T 1) PAT A SR e S IR B E b o TR i
b7 e S DR =N g S B VAN ¥ R 8 T
1 S 3 il AR 5 RE < 2 AH B R]  RIFIFH AL
BEUCE il R AR R AR S5 4 55 2R B A A B 1
PME, BRI B IR R 5T B . REYHEGER
GAE R IREE T AR —25 4B — o —iE (5 — 8 e
(14 G R} 2 [ R 5 PR AR s PR B R AR 25 W A Tt 22 |
B e PMER BRI AT SR SR T I UEA TR AT, L
A T 2 0 AR R AL BE ARTEIME RS RN B ARG
Ui RE R G . ELARRL Ry .

(1) REAHT B AR G5 M AR A R — 254 /0L
—IIRe R s 2 A S AL o ZERCER N R,
R0 AL S R A R R TRT I 15 T IR AR | SR S R
A 7 3 B A AE 2 R I T IR A . Kk A
PRI AR —25 4 AU — D e — R fk ik 1T 32 218 FH ) 5
() RUBE S5 PR AR A0 A N AR s 1 A6 1 LA 5 Aok
TR, MR AR AR Z W) B ) S B0 AZ B O0L Y
RERBAT R S Z5 R PERE R SE M . BRI, #1352 ) R
JE S MR—25 R MU T RE LR WS RE R 5
T BRI 2 AR i 2 S PR A I ), A
$i8 738 L AN B AR AR PR ARG B RS H UL R AE S B 5 )
——H— L Z GG TR R R A H— LR OC R
555 RO VAR B0 O IRAE IR BE T S5 A PE T 517
R AL

O B—HM—RE=EAHEEREG T HER
SRS RRNA PR AL, PREEshAS H AR oAk
ESHER , SR G ) ) A B A e
(] B, A A0 i IR A% T 58 2 1 AR A 5 B AL s,
RGFFEEEITRES . (5B MR SRS = EAH S T
RS L G SL T 1 e i S e rp A BRI ) 22
FATAT G 2 0 AU o PRI, i A 57 BB R R I X 1R R
T MR SERIIR R R | RO EE . 2R 5 R

5 EAEIR AR T G —RAE WH5 | SRS 5 H
I s AlG PRI 5 R IR ) | B AR LN T i
b5 B FEIE AR T AP R S 1 S ; SR R G g RS
BHPEAL SRR SN AS A ST 55 ok 2 H A S PR
BEFEIE

(3) WP BE A ) 55 REFE A% A2 BR A& T Al 3



40 A2 M

AR A5 < TRT 1) A1 i B B4 ) PR RE R AR T 5 363

B RE R GUBUE A S A IS R AR AL . YT
ALK R BEARAEAR KL AR LUK RS g ek g~
A2 B0 X, T RN SR e I R 2 i AW
RTLRGERE ST . IR AE IR BT REAE A
BEIRRAZ B AR BR A MU 35 2 B2 ek O R
PR AT B Tk A R A AT R S 32 B APk
Mo AR, RUE I BL TR AR /B B )
MG FRR MO 25 8 e TR L=
XHRCHE BORLS BEHR 2 A AS BOC R =2 R GRS A
W MELUE A A 5 T IR i S sh AU . R
ARG R ARG, Bl A 7 X AR RS e 5
BEUR S FC SR AR ARG, X B AR REAGZ M AL i A
0 DR, $8s B d PRE T Rd e — R A — B¢ 2 ] 1Y
NTEVE LA JFAE Aty b7 sk bl Rl A i S5 1Ak
BIL 2 PR R A i o 1] 225 ) DG B~

(4) B s BRI 20 00T W) B BE R S 2 0 RE A I) 555
A5 S M g AR AR S A T E PR RIALEE . FERmIREE T,
A Bl Bt 52 O B O BR -5 8 DI Sl 5 2 B ik Tl
7 TE | 1 A SEE A TR B AR R R g R e AL
MASE# , TR B RER G h oA SN2 RE IR AE M
AR AN — B AR AT 2R 2805 R R 3R A 45 ) A
Ko MRAAREREE 5 5 U ML A TR E AT , 4878 55 18 15
S BRI A Tl — R AR A A B AL
S BEORRF5 n]AR P R G P PEAL B, SRR AR 4
Jeyil A 5 o SRR AL SE UM I, M B e R AL
F = A 20 A1 U REAE R i PR T 20 SR A 2
AEFE /2 15t 5 BB HL A AR e A S 0 B2 ) 2 1
Y (Ot AR SRR A BORA A T LEL L
Je S5 8RR A U REAR (8] 24545 B A% i 15 Bb I+
PIMERLE], T P B e R G AE (5 S FRAR I T 52
DR UMA] | F A S 55 18 Siat T i vl S FE e
Seah

4 Bi5RE

ARSI IR IR AR 5 T G AR FRL 2 BTV S5 AR Y
eI PRARE P PR RE R GESLRR ST, R TG T HLACT AR A
BERRE S TR Pl TR AL EEE ey isL
ANERF AU . AR SCE o RN S R 5 ) B fE R SR
BEAME S S, IR T =50 n] XM R e S Se L
N R BRRERBOR L. RN RGELRY HE fE R
GEAESS AR R ) TR B ME {5 A B A 7 T
AR BAR , I 41 B PR W B RE R LSRR T
— R — I —E 5 — R RE R G R A . &5
AARWNEIZRADT A A B, 3R T e dm PR

PP i R SRR T Y B T 1h)
4.1 RIRINE B TERE R — S/ —ThEE— K

igit A%

TS 22 SR 3 A8 g P 5 R ADUXE 5 000 A v 55 52 e
B AT R R M5 AN 25 22 AT 55 Z Pk, 7
A Zh A R REA TR B PR g B VA B RE A
BARGRIR . R 2 A R R A S SR A
TE , RGBT 2B A S A AR S5 /WU —DhE
— AL B RO R T Sl . AT

(1) Z G Bm PR 5 RGBSR AE 5 TR I
JR G IR AR sl BB e I AR IR A8
JE& e 55 2 Wy B R 5 B AU S IR A PR SR T IR, 48
SRIRIE N ZR XA T R BB F) A

(2) B AR LS R IATI 52 A4 L — b Al s RO PR RE 20 A
5V L T 3 /A v A SR i 22 ) PR SE F Tit 52 8 REAE
LR R A5 s R PERE T ST IEIT T . JE
T O RERE R 2 WA R I RE R AL i iR A%, TR A
Y ] Z2 KA DA 12 3 S O R AR S M AR R BHPE fE
ARSI AR | ST BT — M U — A i 4
TR AR SR VR SR SR AT 55 S S UK A AR
LSRR RPRH S SR 2T

(3) i Z2 R 58 1 A AR SRR PR AN 7 D JE A L
i P FEAART AR S PR T AP A A AR A L T
Tk 4N RSS2 WA T N W S A TS L A
PEER] b T2 B AR G M AL 1/ L SF 2 i &
PRSETT BOMR RPEIN J5 v, R AR AR AR B B A T i
VAR ST DTN =i Sels 2/ 9 T AV G B S 7
R ARG T BIABAT 0, AR R AL 5
TR RE LB (3t n] S A M B

(4) B LR R e BT i AT AL 5 20
HRI R BRI, RS T AL AT BT S5 e i
AR T 125 WK RE AR S P 50 5 29 SRR AF 1 AR S A AR R Y
et . R, TF A S PR 52 BETRRL B4 H
HIB A R, (AR R LM IR A B D R A U H]
DSt P RERS RSB
4.2 RIRIME TEEEM B /A K55 B RURHIHLH

H A S PRE BT 5 | R B B B R R AL R Gesh
PRSI i LN 5 LA SR A T S R o — R APk
AR RS, T EOR MR T IR PREE AR B DR SRR
RS AR I RE S AR BB i XU, , 7 FE BR i A2 255
PATRE N S RIWIAEAFRE S . I, A7 1) R A T R GEfif
PR A5 B2 BRAIE T RS HRIREEA NS B 28k
BB SIBA T B RGN RELERS S AT 55 BT, 2
T TR —ERENS TR O 32 R R i K o3 DI RE



364 o R

¥ B & 2026 4F

GAEMET R BRI 2 A ROE U AT 55 B JE il
BT ERR AT T A

(1) Z 255 BURIRL &5 -5 B PRI AR BIF S
ot 1 IREZ Y EE BB AL E T B AMILEE
HG—RIET R Y B S | 500 FE N RS 515
S HEEOR X S TR PR AR

(2) AN BRI 1Y 1 3 I 38 30 55 B [ 4 -
BRI E S 5 P2 T B H | I D P S s e el
A USRI 22 AR (BERE CR 40 s HESE,
S AT T AR E (R Rua s SR

(3) RGEMEHAE B 5 32 A AL . FFTE TR
2o 5 RS R S TG 5 SO B T % R
PR ¢ IR Y 2l A AL SR 54T 55 sk AL B,
I — PPl —EA— R B P IR A AR
43 DEHE RENFHTHAERGE S ZANH

BRI SRR AR B JRORR B BN S HL
TRE R0 SRERESZ IR, (AR R IR 33
SCHEREGEATTIEXME A IGE o B Sm PR EE T Al
ZALRE T 45 AIHFELB AT A, iR 7 IR —5 > — e P
— ALY R G IR T A, EA R R B U ] Y
PRI R o FBISE LBl (A, B e 7 [ G 4

(1) WS 5 /AR 23 > Tl 92 Ao ~) R
BERI A S PR R AR IR X BR IR AR 2 AN 58 4
UL R L, A7 B ST - A K 3l 5k R T
FrpL, K A B S TR Rz A > B
WHESR . —J5 T, PREK Y AL (25 20 ROR AR G
RO ABBIRAE 57 2] i e, Beff/IMEEAR 26 4F T 2 1ot
WE S AR, 55 —J7 i, A58 e 880M A BR3Z
G I/ MEAS AL > 5 A o BIE , SR
BT R B 2% P T T I B P RE IR, 384 e A X
ARFNFREERYIE Y BE 15 85 7t M e

(2) 0305 He i 1 5 K Bl ) RS T AR AU 2RI ) - 1
X R S 5 HP LSS X LA AR B AR AR A v P AR 2165
F TR, AT AR RN Zicd A8 v B (A o A S DA 7
5 B AN R B BRI RE ARE 1R 5 B HR PR Y
TTHRHLEE . fEME LR b A AT 55 SR S ) 0 (RO 2R
A HESRAILTR] , R GEWTFE I Ty B AR 24 TR B 5 LS
AR XA 2T ISR DL S AT 55 1S A A T i B
AL TVEA RO R AR AR e R A S Y
SEALH R AN SRR A AL PR TR ki R i AR
Pk AZARE ST S S IR B i R

(3) T [ {3378 & A AR T 254 5 T A
BL - 1T B S BRI P R B RS2 R | REAE 20 R ™ 6 1Y
SePrT R, WFFOE BE i S 5 i AT 5 B s A e

Sk SHERALE . — Oy IR R A A S
BB T B R G 2 B HESORS JE S e
(] B PR OC 2% 5 93— D T, I T 05U R i) s 4
P S5V AL , (8 AR REAE AR AT 55 A0
FUBAT 2% AT B3 A R TR M, S RE AL AR AE IR
PITERIRAN 5

(4) E b WS AR REVE AL L 5 A G
AR - T ) B o PR TP AR RESZ R AT 55 S A HLBhas
AL IRHE W98 3 T 2 82 ) SR B9 2 BeTE Ak
B i A TP AR RE IR Z R A2 B, it S
IR KRS A 2 SR v Sea
RERSE RS AR th 4ty A A AT 5550 L 54T H
Al HE— R R B2 R = 5 SR T AL AL
PRI RGN EAEME GE NS KA FiE1ThE
4.4 HEERHAEHBFHESESIERRE

e B PR P SE AR BE B 2 32 B IR (R AR AR
JE HEIR K [N AFTE 240 Be | 2R Rl G 1 52 S 5
Ko AR, B BER BB AU R R Ak M5 B SE
7%, SR FE R EE SR A, PMERE M LR
TE. KL AR S B B BR AR 48 Y D3 [ 5 R4 v T i
FEURBR K o A% G 6] i )38 15 Y 3O DL I I S R
T SS oK ik B I ) A A R B BE R G
AESE BB RS &R UL 2R 25 G AR5 9K
Bl T R IR N4 AIE AR O AR R B A BB
o AT Tr 10 4 .

(1) T [f) B S PR 5 4 2 — It — A 22 S P Rl B M 1
BL 510 52 237 Sl A5 PR, 0 g B s A Bl 5 b 11
223 G VR A () B T £ P 45 A BT R G AR T
PR —R—Hh— 37 5 1) S R L G BR BT B AR R L BR
B2 N 1A R R 2 A e 2 R AR B 1 DR
BEJJ

()T 55 1) i SCIRAT 5 E 3 0 BRI AIL ] - 0
ZR BT 55 W IR 75 5K, SRl e LU e A5 i L 4 | % e
W R4 5 B R kR 5 o s s h A A S
A SE B 1 18 SCRRIE SR ICRIME 5 F A, SEB OGN
B HLE, P R 58 T s A ROR 5 28 e
AT R —2E

(3) 35— — R G 0 R Be L AL 248 . T 1)
EIRAZ FRAN AT 5575 5K, e sl KA DGl s | gl
FEZEA A HRICH DR A E A B
WA RS S I I AR —r R S BRI,
AR BFFER 2T A AL M B SR b il (R
A R RE T AR SR B R R G, S
e T4 ShAS R SR AR T RER G E TS5



40 A2 M

AR A5 < TRT 1) A1 i B B4 ) PR RE R AR T 5 365

PRERERE T .

(4) AfEE S P S AT 2 AR R A XHE R
LA ST AT SRR SR Ml R S A B Rl 7 SR 1 5 )2
TAEE R RS B AE ST S PR E A
BLA ; [T PR X g 50 Tl (R S5 AT BOR 3R THE
pSR i i ree N E RS At R
4.5 “HR—MBHRETHMERERZRIEFE

SHEE R R

Yy B e AR G A AR S PR 5T T S B 55 | R
JE IR ST TR OCHE R A R i R, BR
FyEE Z & B PR BT T A BV RE R LR 65
[RIIN, e B Py B RE AR GEAE B m PR e T BPERE 5 T g
Jr T BEAT Z 4EVEAG  HES BT 0] TR SE kAL .
SFTETT A4

(1) Z G i 25 1 09 A2 S B BT BOR
e I R R SR AR | SRR B0 55 2 R A R A
T S BG— e PR B R AL B TP 5 Y
iafs

(2) VB e R G LR B YERETTAG bR AR R AL .4
HEAARIRE PABEE N A UM ESF Z 4Bl T b ,
MRS RS I IEAE E S AR E P R R AvE

(3) MESEEE G BT 2R LE AR G B AR T
D7 H—S2 Wik st Bl 2 1535 AR sh L], S i)
G5 SRR IR I — R A

(4) S AAL 55 G55t NI R GG E TS AL RE J1PPA
J7 i R R AL Z AT 55 AU T 1947 R e gt
B, A AR - & IR 55 T ORI E S TR

[1] Wingfield JC,Kelley JP, Angelier F. What are extreme environmental
conditions and how do organisms cope with them? Current Zoology,
2011,57(3):363—374.

[2] Rothschild LT, Mancinelli RL. Life in extreme environments. Nature,
2001,409(6823):1092—1101.

[3] Bouman A,Ginting MF,Alatur N,et al. Autonomous spot:Long-
range autonomous exploration of extreme environments with legged
locomotion. 2020 IEEE/RSJ International Conference on Intelligent
Robots and Systems (IROS). Las Vegas,NV,USA. IEEE,2020.2518
—2525.

[4] Hemley RJ,Crabtree GW,Buchanan MV. Materials in extreme
environments. Physics Today,2009,62(11);32—37.

[5] Eswarappa Prameela S,Pollock TM,Raabe D, et al. Materials for
extreme environments. Nature Reviews Materials,2023,8(2):81—
88.

[6] Bell ML, Gasparrini A ,Benjamin GC. Climate change, extreme heat,
and health. New England Journal of Medicine,2024,390(19):1793
—1801.

(7]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Schreiber DK, Schwaiger R ,Heilmaier M, et al. Materials properties
characterization in the most extreme environments. MRS Bulletin,
2022,47(11):1128—1142.

Zhu GY ,Huang HP. Ultradeep drilling beyond 10 km revealing new
insights into earth systems and resources. Communications Earth &
Environment,2026,7(1) :124.

Fan YR,Chen H,Liu XC,et al. Radiative cooling in outer space:
Fundamentals,advances in materials and applications,and perspec-
tives. Advanced Materials,2025,37(43) :e06795.

Hackett DA ,Chow CM. The Valsalva maneuver:Its effect on intra-
abdominal pressure and safety issues during resistance exercise. The
Journal of Strength & Conditioning Research,2013,27(8):2338—
2345.

Mao LY, Yang P,Tian CY,et al. Magnetic steering continuum robot
for transluminal procedures with programmable shape and function-
alities. Nature Communications,2024,15(1):3759.

Sitti M. Physical intelligence as a new paradigm. Extreme Mechanics
Letters,2021,46:101340.

TR SR, AR RIRPLE A DO A . RE
#,2022,67(10) :959—975.

Wang SQ, Xie ZX, Yuan FY et al. Bio-inspired physical intelligence
for soft robotics. Chinese Science Bulletin,2022,67(10):959—975.
(in Chinese)

Chang YL,Wu S,Li Q,et al. Milli-spinner thrombectomy. Nature,
2025,642(8067) :336—342.

Shen W ,Peng JZ,Ma R, et al. Sunlight-powered sustained flight of an
ultralight micro aerial vehicle. Nature,2024,631(8021) :537—543.
Pan F,Liu JQ,Zuo ZH,et al. Miniature deep-sea morphable robot
with multimodal locomotion. Science Robotics,2025,10(100):
eadp7821.

WEREE, 205 PN, 55, T S R ALK T LA L R
SR KT ARG ,2023,31(1) :68—85.

Yan SQ,Li YH, Sun TS, et al. Development and application of petrel
serialized underwater glider technologies. Journal of Unmanned
Undersea Systems,2023,31(1):68—85. (in Chinese)

Zhao D,Luo HB,Tu YX,et al. Snail-inspired robotic swarms:A
hybrid connector drives collective adaptation in unstructured outdoor
environments. Nature Communications,2024,15.3647.

Vincenti B,Ramos G, Cordero ML, et al. Magnetotactic bacteria in a
droplet self-assemble into a rotary motor. Nature Communications,
2019,10,5082.

Yu HD,Liu XR,Zhang YB,et al. Photocatalytic microrobots for
treating bacterial infections deep within sinuses. Science Robotics,
2025,10(103) ;eadt0720.

Wang X,Xia N,Pan CF,et al. Beyond surface tension-dominated
water surface jumping. Nature Communications,2025,16.:3034.

Li GR,Chen XP,Zhou FH,et al. Self-powered soft robot in the
Mariana Trench. Nature,2021,591(7848) :66—71.

Han MD,Guo XG,Chen XX, et al. Submillimeter-scale multimaterial
terrestrial robots. Science Robotics,2022,7(66) :eabn0602.

Kim Y, Yang YY,Zhang XT,et al. Remote control of muscle-driven
miniature robots with battery-free wireless optoelectronics. Science
Robotics,2023,8(74) :eadd1053.

Ching T,Lee JZW,Win SKH,et al. Crawling,climbing,perching,



366 hoE R e o 2026 4
and flying by FiBa soft robots. Science Robotics,2024,9(92): simulation technologies and facilities for deep space exploration.
eadk4533. Spacecraft Environment Engineering,2025,42(3):229—238. (in

[26] Pfeifer R,Bongard J. How the body shapes the way we think: A new Chinese)
view of intelligence. Cambridge, MA :MIT Press,2006. [41] Liu WB,LiuY,Cheng YY et al. Unified model for size-dependent to
[27] Tabuada P. Event-triggered real-time scheduling of stabilizing control size-independent transition in yield strength of crystalline metallic
tasks. IEEE Transactions on Automatic Control,2007,52(9):1680— materials. Physical Review Letters,2020,124(23):235501.
1685. [42] Huang TY,Gu HR,Nelson BJ. Increasingly intelligent microma-
[28] Iida F,Giardina F. On the timescales of embodied intelligence for chines. Annual Review of Control,Robotics,and Autonomous
autonomous adaptive systems. Annual Review of Control,Robotics, Systems,2022,5:279—310.
and Autonomous Systems,2023,6:95—122. [43] BR/Nal, X 55 BEARAK, 5. ZRUEZ R IMEL T riksiit
[29] Nowzari C,Garcia E,Cortés J. Event-triggered communication and 73244 ,2023,44(15) : 17—52.
control of networked systems for multi-agent consensus. Automatica, Zhao XQ,Zhao Y ,Huo SL,et al. A review of topology optimization
2019,105.1—27. design methods for multi-scale structures. Acta Aeronautica et
[30] R0, Z00R B EAR 5. TR BEI I & R AT Il 45 S Ak Astronautica Sinica,2023,44(15):17—52. (in Chinese)
JEE. i TR, 2026,28(1) :48—57. [44] FRICHE MR, BSUR 55, T AR B REA R LR, P
Su B,Li PG,Qu GC,et al. Ten-year review and future prospect of Rlf34r,2025,39(3) :376—388.
intelligent manufacturing development in China. Strategic Study of Zhang WB, Yang LL,Dong YC,et al. Intelligent materials science for
CAE,2026,28(1):48—57. ( in Chinese) the future. Bulletin of National Natural Science Foundation of China,
[31] Kantaros Y,Zavlanos MM. Distributed intermittent connectivity 2025,39(3):376—388. (in Chinese)
control of mobile robot networks. IEEE Transactions on Automatic [45] sk, skEF], oA HE 55, S It B . e | L el
Control,2017,62(7) :3109—3121. J1% kR 2016,46(0) : 1—94
[32] B A, M. RS AL T SRR BUIR Wu B,Zhang CL,Zhang CZ,et al. Theory of electroelasticity
KIBFEP RS 2FAR (TP 9E30) ,2021,8(5) :447—453. accounting for biasing flelds; Retrospect,comparison and perspective.
Yu DY, QiuJW,Xiang YC. Research status and development trend of Advances in Mechanics,2016,46(0) :1—94. (in Chinese)
thermal control materials in deep space extreme thermal environment. [46] BAEE, DRac &I, 5. RS HRG WEL AR SR, BEReER,
Journal of Deep Space Exploration,2021,8(5):447—453. (in 2024,73(5):328—350.
Chinese) Chen C,Ma MY ,Pan F,et al. Magneto-acoustic coupling:Physics,
[33] Li GR,Shen P,Wong TW et al. Plasticized electrohydraulic robot materials,and devices. Acta Physica Sinica,2024,73(5):328—350.
autopilots in the deep sea. Science Robotics,2025,10(105): (in Chinese)
eadt8054. [47] Chao XJ,Hu HT,Lin JJ,et al. Bioinspired twist-hyperbolic metama-
[34] Parro V,Lezcano MA ,Moreno-Paz M, et al. Microbial biogeography terial for impact buffering and self-powered real-time sensing in
along a 2578 km transect on the east Antarctic Plateau. Nature UAVs. Science Advances,2025,11(36) ;eadw6179.
Communications,2025,16.775. [48] Qian C,Kaminer I,Chen HS. A guidance to intelligent metamaterials
[35] Peters AB,Zhang DJ,Chen S, et al. Materials design for hypersonics. and metamaterials intelligence. Nature Communications,2025,16;
Nature Communications,2024,15:3328. 1154.
[36] JU—, 3K, VR, 45, PRI 2 1A 20 A R 5 [(49] YUK, %Iy, Ui g, . JIe AP RIT ot I SRR R . )
FACVE T ik R 2 (. P ERL2A R4 2019,33(5):533— ZEiEE 2022,52(3) : 508—586
540. Yin JF,Cai L,Fang X,et al. Review on research progress of
Kang YL,Pei YM,Xu F,et al. Key scientific issues in the mechanical metamaterials and their applications in vibration and
measurement technology and evaluation method of full-field mechan- noise control. Advances in Mechanics,2022,52(3):508—586. (in
ical parameters inside materials. Bulletin of National Natural Science Chinese)
Foundation of China,2019,33(5):533—540. (in Chinese) [50] Huang TY,Huang HW,(Jin DD,et al. Four-dimensional micro-
[37] S AR B S EEIREE SR S R RS, hE building blocks. Science Advances,2020,6(3):eaav8219
TR ,2020,22(6) : 56—66. [51] Fang X,Yu DL,Wen JH,et al. Large recoverable elastic energy in
Feng JC,Liang JZ,Zhang S,et al. Environmental and ecological chiral metamaterials via twist buckling. Nature,2025,639(8055) :639
protection equipment in deep sea. Strategic Study of CAE,2020,22 —645.
(6):56—66. (in Chinese) [52] Xiong JY,Li X,He ZY,et al. Light-controlled soft bio-microrobot.
[38] He HC,Li LX,Hu S,et al. Water abundance in the lunar farside Light: Science & Applications,2024,13.55.
mantle. Nature,2025,643(8071) :366—370. [53] Xin C,Jin DD,Hu YL,et al. Environmentally adaptive shape-
[39] Li QL,Zhou Q,Liu Y,et al. Two-billion-year-old volcanism on the morphing microrobots for localized cancer cell treatment. ACS
Moon from Chang’e-5 basalts. Nature,2021,600(7887) ; 54—358. Nano,2021,15(11):18048—18059.
[40] XMk, ARIE, X B, 2. WS HRIA T IR IR B AR K [54] Gao XZ,Li JC,Li J,et al. Pain-free oral delivery of biologic drugs

BT R, ﬂnliﬁﬂlﬂiﬁ 2025,42(3):229—238.
Liu JQ,Zhang ZL,Zhao BC,et al. Progress in planetary environment

using intestinal peristalsis—actuated microneedle robots. Science

Advances,2024,10:eadj7067.



40 A2 M

AR A5 < TRT 1) A1 i B B4 ) PR RE R AR T 5

367

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

Sun JF,Lerner E,Tighe B,et al. Embedded shape morphing for
morphologically adaptive robots. Nature Communications,2023, 14
6023.

Zhang MD,Liu YC,Deng CS,et al. Light-driven lattice soft
microrobot with multimodal locomotion. Nature Communications,
2025,16:8059.

Fang HB,Chu SA,Xia YT,et al. Programmable self-locking origami
mechanical metamaterials. Advanced Materials,2018,30(15):
1706311.

Li YB,Yu SY,Qing HT,et al. Reprogrammable and reconfigurable
mechanical computing metastructures with stable and high-density
memory. Science Advances,2024,10(26) :cado6476.

Xu ZC,Ge W,Xu QS. Reconfigurable robust microrobot collectives
with large force output enabled by gradient magnetic fields. Science
Advances,2025,11(26) :eadv9290.

Baines R,Patiballa SK,Booth J,et al. Multi-environment robotic
transitions through adaptive morphogenesis. Nature,2022,610
(7931):283—289.

Khattak S,Nguyen H,Mascarich F,et al. Complementary multi—
modal sensor fusion for resilient robot pose estimation in subterranean
environments. 2020 International Conference on Unmanned Aircraft
Systems (ICUAS). Athens,Greece. IEEE,2020;1024—1029.
Masmitja I, Martin M, O’ Reilly T, et al. Dynamic robotic tracking of
underwater targets using reinforcement learning. Science Robotics,
2023,8(80) ;cade7811.

Tuna T,Nubert J,Nava Y,et al. X-ICP:Localizability-aware LIDAR
registration for robust localization in extreme environments. IEEE
Transactions on Robotics,2024,40.452—471.

Naclerio ND,Karsai A,Murray-Cooper M, et al. Controlling sub-
terranean forces enables a fast,steerable,burrowing soft robot.
Science Robotics,2021,6(55) ;eabe2922.

Watson C,Morimoto TK. Permanent magnet-based localization for
growing robots in medical applications. IEEE Robotics and Automa-
tion Letters,2020,5(2) :2666—2673.

Zhang YS,Wang SW,Fang JC. Measurement-while-drilling instru-
ment based on predigested inertial measurement unit. IEEE Transac-
tions on Instrumentation and Measurement,2012,61(12):3295—
3302.

Xu R, Yurkewich A, Patel RV. Curvature, torsion,and force sensing in
continuum robots using helically wrapped FBG sensors. IEEE
Robotics and Automation Letters,2016,1(2):1052—1059.

Chen TG,Newdick S,Di JL,et al. Locomotion as manipulation with
ReachBot. Science Robotics,2024,9(89) :eadi9762.

Kim T,Kim J,Yu SC. Development of bioinspired multimodal
underwater robot “HERO-BLUE” for walking , swimming,and crawl-
ing. IEEE Transactions on Robotics,2024,40:1421—1438.

Arm P, Waibel G, Preisig J, et al. Scientific exploration of challenging
planetary analog environments with a team of legged robots. Science
Robotics,2023,8(80) :eade9548.

Zhang DQ,Loquercio A,Tang J,et al. A learning-based quadcopter
controller with extreme adaptation. IEEE Transactions on Robotics,
2025,41:3948—3964.

Richter F,Gavrilov PV,Lam HM,et al. ARCSnake:Reconfigurable

snakelike robot with Archimedean screw propulsion for multidomain

(73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

mobility. IEEE Transactions on Robotics,2022,38(2):797—809.
Ebadi K, Bernreiter L, Biggie H, et al. Present and future of SLAM in
extreme environments ; the DARPA SubT challenge. IEEE Transactions
on Robotics,2024,40:936—959.

Vaquero TS,Daddi G,Thakker R,et al. EELS:Autonomous snake-
like robot with task and motion planning capabilities for ice world
exploration. Science Robotics,2024,9(88) :eadh8332.

Verma V,Maimone MW ,Gaines DM, et al. Autonomous robotics is
driving Perseverance rover’s progress on Mars. Science Robotics,
2023,8(80) :eadi3099.

Polzin M,Guan QH,Hughes J. Robotic locomotion through active
and passive morphological adaptation in extreme outdoor environ-
ments. Science Robotics,2025,10(99) ;eadp6419.

Titus TN, Wynne JJ, Malaska MJ, et al. A roadmap for planetary caves
science and exploration. Nature Astronomy,2021,5(6);524—525.
Cao Q,Deng RY,Pan Y,et al. Robotic wireless capsule endoscopy:
Recent advances and upcoming technologies. Nature Communica-
tions,2024,15:4597.

Coelho CN,Kuusela A,Li S,et al. Automatic heterogeneous quanti-
zation of deep neural networks for low-latency inference on the edge
for particle detectors. Nature Machine Intelligence,2021,3(8) :675—
686.

Liu YS,Liu LX. Deep-sea biological image augmentation:A
generative adversarial networks-based application. Global Oceans
2020 Singapore — U.S. Gulf Coast. Biloxi,MS,USA. IEEE,2020: 1
—4.

Bonke W, Alaei B, Torabi A, et al. Data augmentation for 3D seismic
fault interpretation using deep learning. Marine and Petroleum
Geology,2024,162:106706.

Zhang L,Lang ZQ,Wang P et al. Pixel-aware deep function-mixture
network for spectral super-resolution. Proceedings of the AAAI
Conference on Artificial Intelligence,2020,34(7).12821—12828.
Yang X,Kong DC,Lin R,et al. Generalizing spacecraft recognition
via diversifying few-shot datasets in a joint trained likelihood. Remote
Sensing,2023,15(17):4321.

Qi YH,Gu DF,Liu Y,et al. A mission planning method for deep
space detectors using deep reinforcement learning. Aerospace Science
and Technology,2024,153.109417.

Gaudet B, Linares R,Furfaro R. Deep reinforcement learning for six
degree-of-freedom planetary landing. Advances in Space Research,
2020,65(7):1723—1741.

Capra L, Brandonisio A ,Lavagna M. Network architecture and action
space analysis for deep reinforcement learning towards spacecraft
autonomous guidance. Advances in Space Research,2023,71(9).
3787—3802.

Liang RY,Zhang CG,Huang CR,et al. Multimodal data fusion for
geo-hazard prediction in underground mining operation. Computers &
Industrial Engineering,2024,193:110268.

Guo SX,Cheng HD,Guo J,et al. A novel target recognition system
for the amphibious robot based on edge computing and neural
network. 2020 TEEE International Conference on Mechatronics and
Automation (ICMA). Beijing,China. IEEE,2020.231—236.

Sun YW ,Pan B,Fu YL. Lightweight deep neural network for real-

time instrument semantic segmentation in robot assisted minimally



368

o R

ESE -

4 2026 4F

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

invasive surgery. IEEE Robotics and Automation Letters,2021,6(2):
3870—3877.

Sun YW,Pan B,Fu YL. Lightweight deep neural network for
articulated joint detection of surgical instrument in minimally invasive
surgical robot. Journal of Digital Imaging,2022,35(4):923—937.
Orchard G,Frady EP,Ben Dayan Rubin D,et al. Efficient neuro-
morphic signal processing with loihi 2.2021 IEEE Workshop on
Signal Processing Systems (SiPS). Coimbra,Portugal. IEEE,2021 .
254—259.

Mao HY,Zhang ZC,Xiao Z,et al. Learning agent communication
under limited bandwidth by message pruning. Proceedings of the
AAAI Conference on Artificial Intelligence,2020,34(4).5142—
5149.

Li PY,Wang HQ,Zhang YX,et al. Mission planning for distributed
multiple agile Earth observing satellites by attention-based deep
reinforcement learning method. Advances in Space Research,2024,
74(5):2388—2404.

Liu YC,Chen QF,Li CY,et al. Mission planning for Earth
observation satellite with competitive learning strategy. Aerospace
Science and Technology,2021,118.107047.

Wang ZD, Shen R, Stadie B. Wonderful team: Zero-shot physical task
planning with visual LLMs. (2024-07-26)/[2026-02-03]. https://
arxiv.org/abs/2407.19094.

Dai JF,Ding MY ,Hu MK, et al. EmbodiedGPT : Vision-language pre-
training via embodied chain of thought. Advances in Neural
Information Processing Systems 36. New Orleans, Louisiana, USA.
Neural Information Processing Systems Foundation,Inc. (NeurIPS),
2023:25081—25094.

Mon-Williams R,Li G,Long R,et al. Embodied large language
models enable robots to complete complex tasks in unpredictable
environments. Nature Machine Intelligence,2025,7(4) :592—601.
Xu C,Li QY,Luo JL,et al. RLDG:Robotic generalist policy
distillation via reinforcement learning. Robotics: Science and Systems
XXI.
10.15607/rss.2025.xx1.028.

Robotics:Science and Systems Foundation,2025,doi:

Dennis DK. Efficient machine learning in dynamic environments.
Carnegie Mellon University,2025.

Li MZ,Xiang J,Zhang QS,et al. Flipping knowledge distillation;
Leveraging small models’ expertise to enhance LLMs in text
matching. Proceedings of the 63rd Annual Meeting of the Association
for Computational Linguistics (Volume 1:Long Papers). Vienna,
AustriaAssociation for Computational Linguistics,2025:22218—
22229.

Liu ZM,Liu KJ,Guo MY,et al. CoTuning:A large-small model
collaborating distillation framework for better model generalization.
Proceedings of the 32nd ACM International Conference on Multi-
media. Melbourne VIC Australia. ACM, 2024 :10487—10496.

Fan T,Ma GQ,Kang Y,et al. FedMKT : Federated mutual knowledge
transfer for large and small language models. Proceedings of the 31st
International Conference on Computational Linguistics. Abu Dhabi,

UAEAs sociation for Computational Linguistics,2025:243—255.

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

Akyildiz IF,Pompili D,Melodia T. Underwater acoustic sensor
networks:Research challenges. Ad Hoc Networks,2005,3(3):257
—279.

Liu GH. Data collection in MI-assisted wireless powered underground
sensor networks; Directions,recent advances,and challenges. IEEE
Communications Magazine,2021,59(4):132—138.

Mohamed M, Maiseli BJ,Ai Y, et al. In-body sensor communication ;
Trends and challenges. IEEE Electromagnetic Compatibility Maga-
zine,2021,10(2) :47—52.

Maroua D. A state-of-the-art on federated learning for vehicular
communications. Vehicular Communications,2024,45.100709.

Liu R,Xing PW ,Deng ZC,et al. Federated graph neural networks:
Overview , techniques,and challenges. IEEE Transactions on Neural
Networks and Learning Systems,2025,36(3):4279—4295.

Ji BF,Dong BY,Li D,et al. Optimization of resource allocation for
V2X security communication based on multi-agent reinforcement
learning. IEEE Transactions on Vehicular Technology,2025,74(2) .
1849—1861.

Meng M,Hu B,Chen SZ,et al. Dynamic beam pattern based on
cooperation multi-agent VDN-D3QN for LEO satellite communica-
tion system. IEEE Transactions on Green Communications and
Networking,2025,9(2) : 725—738.

Wang ZY,Sun G,Wang YH,et al. Cluster-based multi-agent task
scheduling for space—air—ground integrated networks. IEEE Transac-
tions on Cognitive Communications and Networking,2026,12.29—
42.

Dai ZH,Zhang L,Wang C,et al. Enhanced second-order off-grid
DOA estimation method via sparse reconstruction based on extended
coprime array under impulsive noise. IEEE Transactions on Instru-
mentation and Measurement,2024,73:8500417.

HRIEINE ] LIS IRz 45 PRIAEIE AR S B/ P A 3 Ul
- 5354, 22 ,2025,50(3) : 799—815.

Zheng TH,He CB,Yan QK,et al. Cross-domain channel estimation
and equalization for deep-sea long-range single-carrier underwater
acoustic communication. Acta Acustica,2025,50(3):799—815. (in
Chinese)

Zhu SC,Han GJ,Lin C,et al. Underwater target tracking based on
hierarchical software-defined multi-AUV reinforcement learning: A
multi-AUV advantage-attention actor-critic approach. IEEE Transac-
tions on Mobile Computing,2024,23(12):13639—13653.

XNZr RN, X R A5, TR s BRI i R . B
REF2ER (R EREIR) ,2019,44(1) : 1737,

Liu J,Chen G,Zhao J, et al. Development and trends of marine space-
time frame network. Geomatics and Information Science of Wuhan
University,2019,44(1):17—37. (in Chinese)

W AT, SRR, KRB AT R B ASR A . p ] TR
2#,2019,21(6) : 71—79.

Xie W,Yang M,Gong J. Underwater attack-defense confrontation
system and its future development. Strategic Study of CAE,2019,21
(6):71—79. (in Chinese)



H40E H2M AR A5 < TRT 1) A8 S B B4 ) B RE R AR AT 5T 369

Basic Research on Physical Intelligent System for Extreme Environment

Shuxin Wang'"  Xin Du**  Huiling Duan®  Haibin Yu* Lianglong Da’
Fusheng Pan' He Liu® Hong Liu’ Huajun Cao'  Fei Wu'

1. Chongqing University, Chongqing 400044, China

2. Department of Interdisciplinary Sciences, National Natural Science Foundation of China, Beijing 100085, China

3. School of Advanced Manufacturing and Robotics, Peking University, Beijing 100871, China

4. Institute of Al for Industries, Chinese Academy of Sciences, Nanjing 211135, China

5. Chinese People’s Liberation Army Naval Submarine Academy, Qingdao 266199, China

6. PetroChina Research Institute of Petroleum Exploration & Development, Beijing 100083, China

7. State Key Laboratory of Robotics and System, Harbin Institute of Technology, Harbin 150001, China
Abstract Current research is expanding toward the extremely macroscopic,delving into the extremely microscopic,
advancing toward extreme conditions,and making efforts in highly integrated and cross-disciplinary fields,continuously
pushing the boundaries of human cognition. Focusing on the development needs of major equipment for exploration in
extreme environments from the deep sea,deep space,deep earth,deep cavities,and polar regions named the ‘Four Depths
and One Pole’ ,the forum engaged in in-depth discussions on the basic research of physical intelligent system (PIS). PISs in
extreme environments need to achieve autonomous and collaborative operations under extreme conditions such as ultra-high
pressure, large temperature variations, and strong interference. This involves the core content of the collaborative design of
materials-structure/mechanism-function of physical intelligent structure ; autonomous perception-drive-control-self-healing
mechanisms; the foundation of artificial intelligence (Al) models under scarce data conditions; trusted communication and
swarm intelligence; and system-level verification in extreme environments. This paper systematically reviews the status,
development trends, and challenges of PIS in typical extreme application scenarios. Based on the characteristics of structural
mobility, intelligence of the body, intelligent analysis of the environment,and multi-system collaboration, it further distills
the key scientific issues of PIS in terms of the tolerance of intelligent structure bodies,the robustness of individual
intelligent systems,and the stability of collaborative intelligent systems. This paper also explores the frontier directions of

the development of PIS in extreme environments.

Keywords extreme environment;physical intelligent system;artificial intelligence (AI);collective intelligence;

interaction
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