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Walking Slip Prediction and Control Method for Humanoid Robots Based on
Physics—Constrained Generative Adversarial Network

[ Abstract ] Aiming at the problem of plantar walking slip when humanoid robots walk on unstructured terrain,
this paper proposes a hierarchical control strategy based on early prediction of high—frequency force signals. The core
innovation of this method is that a physics—constrained generative adversarial network (Physics—Constrained GAN) is
used to reconstruct signals from low—sampling—rate ankle force sensor to generate high—resolution force signals, thereby
extracting time—frequency domain features (such as frequency—band—energy ratio and wavelet coefticients) for early pre—
diction of walking slip. After these features are input into the walking slip risk assessment model, risk values at low, medi—
um and high levels are output to trigger corresponding hierarchical response strategies, ranging from simple ankle imped—
ance adjustments to complex whole—body coordinated movements. Experimental results show that the proposed method
can predict walking slips dozens of milliseconds before they occur. Compared with traditional post—detection methods
based on ZMP, it improves the walking stability by more than 40% on low—friction terrains such as ice surfaces and lino—
leum. This study provides a novel approach to solving the problem of robot adaptability in dynamic environments with—
out the need for expensive high—bandwidth sensors.

[ Keywords ] Humanoid robot; Walking slip prediction; Signal reconstruction; Generative adversarial network; Physical

constraints; Impedance control



1 BEEEAR

NIEHL & N S T2 81T E 2L o AUl i %
DRI Z — . RAFIETE I (ZMP) R
Pl (MPC) A5 BEAE - b E S 3 R,
AL TED6 B S B S L AN A AR S5 R Ak b P
BF, RIEATEFT AR R S BT R WO A

EEEA

WA BT ESTI T IE E o P —2F
Je M, BIGE AR 2N ZMP 5K SR SRS S HEA T
PERE (A PRI 17 SR TR I s R AT
B SR, RV Rk BROL AR AR
Mo AA SRS S EE 5 AR R, Rk TG N M T

ERFEESHA

r

Physics-Constrained GAN

ESEEER

BHOWEES

r

BSRisSAEFRER
RMS/STrREREL/INE R AL

v

ITBRSIF{ERE

EBECISIRIA T BB e
BEERRIE SRECOM/ B LEmfoiE

\

AL

Bl EFYIBARERTMER AR ATET BTN SEH A ERER



FEPERY R IRAE A (T4 b TR 3 KT ) S e
G o

AV RS (WA ) FE I 2 I 1 fil i 8%
i AR 20 5 5 R B s A A A T E FT W . A2 0k
o K, FET BT N F1/ T3 H AL R Y v s i
BN T FGE R SR, — A CEI e T S
P& (=1kHz) . @RS EE A AL AR M A AR I B 5
HLMELLAE TG AL A0 ZE 0 e o o M S 7 b AR R
TE o REFGET DL NG RLA AR R AR AR (2
100~200Hz ) W) J1f& IS, ToA R T BT T IR T
S I RO Bh 5 5

Rl ASCETEMR— %O R el 1) FG
BA 7S HE T 1A IR, SEI NTEALER R
FrAEFT W B I MER T . Ak, FRATER I T —Fb
BT MR S RS A ik, JO O Y R
FERBERE, BT MICREERG S5 “WE” i
WUy, R ST T I O A R

2 FREIT

A SCHE AT R AR AN B IR s, 58
AR T NE SR FA L RS TEAR B o 2
il iy P BRI

2.1 [R5 EM SRR

211 [nlRE L

WA AN IR IR R AL IR 5o
Siow(t) , REE RN fioo =100Hz . FRATH H brf2:
TG — A RN frign = LkHz [ SR FERAF 5
Shign (1)

212 [Fo BRI

%%ME PR T BT 4 (S0 Shign) B
FFWE S, XAEAN ok, AR
—ﬁ%?%ﬁ%ﬁ%imwﬁm%(HHMN)ﬁﬁ

III‘%XU”Q{]:

RS (G): R JH—4EU-Net 2549, Hobig A —
Bt Siow (), Hii i M EHIAY Sigh (1) o U-Net HY Bk ER %
FE B A AE F R 1 A9 200 1 P B A A 5 0 2
.

FIHEE (D): R4 BMLS . Hi Ay —B
G, ARG RFIWALAE TR N Sew” M “H
A S TR IR 57

YIsBZa (OCHET Sy ) - Rl gt Bfe e HAs

BUF S PHAE, 5 A~ AU B A sl ) 2E
RIVE W B ALK A i & 2 BER IR 5
Foen FICTTIRZS (0, 0) WSS A FUI 1) 56541145 «

Tprea =J (0) "+ Fyen +b(w) + g(0)

Horb, T OHER] HEERE, b g REHLIER] g/ 80
I, g HE I IR Tprea 5 SEBR I
%E Tmeas ZI‘ETJ E(J i@ﬁi%%%ﬁgi Ldynamz’cs o iz*ﬁgigi %IJ d:
AR 7 A B F T L5 AL N R SR Bl )2
@O

H &I & SCE R ITET

Torea s PN AYICTIORS) S AE 15, 4B S48 A
F 1 RO

m:i&%%ﬁ%%%ﬁzfiﬁﬁm PUEN
I PRAT A A g ) L R RORTEBRAE A ) (fE 55 %
i])

w s g g ST L 1 e MO ) 8 ()
i, LA GRS SR AR

J(O) . WLEF AHOAETT FLAE K 1 2 [ 5
BT SRV s D . LG 8 T (0) " FH T s il
(9T LT Fger WIS OGS 25 (B 1 S R0 . AT
if, T () i Fk— B X B — A 4 X R 25 )32 Bl Y
M, T HLE ANz s AL (AND-H 240

b(w): BHHLFI Ty BSOS, T A w
) IR R, R T RN iz Bl 7 AR B 15
FH o AL AR Bl 5 AR b R AR DT

B, Al b(w) =CO,w)w, Hrr C Rl H EF )
R

9(0) . HIHMEI, FoRHLEE NS ENTE S 7E
KATZS ()= A AR, 38 E I A ) SARE R O
A R T

THE T 4 Tpred 5 SEBR t 15 Tmeas (7]
LA N OG5 B Bl 2 48 ) =2 ] Y 33 5 15 22 4 %
Liynamics o AR IS A BLAS 7 2B B 155 20 250 2
MLt NRGER 3 )

A L ) AR PR -

Le=L,+M Ldynamics + A2 Lgnootn

Hrr, Lo A plias iy it 2k, U Zkid 8 o i
s/ MEZAE R ACAE 2 280, Laao AXTHIR,
Looorn R HEPEBI R CIETIA SR mATES ) |

2.1.3  WPSEARIE S



AL S 1Y A BER AR S Sii (6) BEATRRAE R
B, A4

PITRE (RMS) . S WA= A ] 2 H P9 A9F
HyfiE

B

WA BE R e B S B AFFT A e, 35S0~
200Hz. 200~400Hz &5 5CFH A Bt 1) g i 5 G RE 1 1L
B AT2EFT W 1T IR 38 5 2 5 SRR = A B R it
ESiN=

AN AR R E /I A A R e R R Ak
Rk, PEICAEREAE B[R] B RS ph b RRAE

2.2 FTEFTHE RSP 5 2 2

221 KBS PR AR

W I 77 B FRAE B A — R IZ LR 5
2 (IS EALSVM s BENLARAR ) | fa i —A4
B KEEIEAG R E [0, 1] KRR A(ERE XU K1
IR = AEG

RS X R<0.3

ARG 0.3 <R<0.7

A R=0.7

VORI R T8 NS I = BER I E S
Shign () PG G5 RHFRASAE , A RS HA PR T
IMESH¥E. Jrs. E., g, WRS M
FEOE CnFeliiarit ) AR (—Bd) st
THESE, SR SERFIE RS A LR AE B AR 2o 2 o 10 422 fih
K& TR bk .

SR R R A B 2 2] O =0l
Yro INZREE R A N TARE R SLRIEAE B B, friE
PR R Xt IR SR (K. . &) o TESEBRN
TSR DAL TR, A S AR R R 2
AR ok I TR AR, IR ey [0,1]
XIRI N BELEE R, DA MY E R XU FEE .

RS PEAG(E R U315 LA SVM B, RIS
et B R R BUE 2 sigmoid PRI S 7 1
Xt FRAMLARAR, DT BUE AR AR He A1) sk 45 MR T
RS . ESE R W5 AT XU 55 2 2 [l g 7
M, R EU KA R, T NIERS
(A AHUEME Hh g S B 1 sl AL ) i alds
il

AR R TR BE 0.3 F1 0.7 S 3 TSI B
Wi SR A T SR 1o ARV DX [] i

=H

BLAS N IEH R EGa AT, o 45 KU DX T firh & o 3kl
AN, e AU DX U 57 R PRA T S sl R 4, AT
FEAE AR SARMLARCR 22 [ U1

222 Gy L A

MREE RS PRI HT A S ST SE, ERAT
&

HAER . 7 RSO TBIYTE I S8k, B3
FEARBRSC T eI 0 (xly 5100 ) ORI, Foif IR
ARUN RIS, DIAERCR B8y DI Re i, A
AT EFT T

AR HIE R E RS, R S
FWE

4 B A 4 -

ERTZ ARSI 7 B YR ST 1 R 4 Ay 1
SR, hER AR R R

QIHFEFTL (CoM ) Bl : PRET AT AR T
OPLE, S EXETIEE), BCoM Bl fa e
X3,

QH AR AR YRR, AR R
{14 DRI — A 4 (R P I o

3 HEMRSEIE

R B UEA T B A R, BATTHE Webots i FLIA
Bep e T — A ATEHLER ARERY, IF 383 T (5 Bt
EASHT

3.1 AR

HLES ABEHL, B Enlom, 320 [t A, SUMES
BN RS (A Foh ] [A] B R HU100HZ F11kHz
HIEE ) .

MAHIE . THumpe=0.8 | Wi &Eikp=0.3
K p=0.1, FERECE— TR AR
T 22 18] BE 488 ) K/ N R, T Bk UL, B Rk T
PN AREfl, BHAFAAXTZ 3 (SExTHE s )
MRRFIRREE . fE YR (R CBEE e ) b, B
WERBOEH AT bR,

Xf ik

FEA: LG TZMP R # R ) = 5 b
ik,

FFEEB: AR SCHE HAUPC—GAN FLIA TN 5 43 945
il

3.2 MEREE SR (R TR



F1 WABIRESER

W HIE T-HbA L =10.8 MR B n=0.3 VKIfip=0.1
WIRES A B B A B
I TE B 100/100 100/100 30/100 85/100 5/100 65/100
¥ﬂﬁ£{gﬂ)ﬂi@i& - - -35ms N/A —50ms
ISWEl d =7 0.95 0.96 0.88 0.20 0.78

xr, MNATE LB T O AT E AR
SRR SR NAREARE, EEP s
A ANid HDS G B

IINATE A EL: TiiEB TEARBE R G T iR T
T IrEA L JrikA TEUKI FRATCEATE, Mk
B REAERERER 3t ] I AR

SERTNIEDR & OATEATHE R RIS
FiFE>5mm ) A A 20 55k S b AR R DB XU
i BsF 22 B ) 2% B 3R WFRATT I Uy ik R i i T
FrEATH . VKT b, VI REFEATS0ms K i P,
AT S AT T OCERE Y ORI [

SRR : A — LG TZMP w25 . K1
FSFSERI VI sR A, BRI B E . T B TR
BEBEIAE N R REE LT IEA $2T1 1740% U L.

4 L5iE

ARSCHEH T — R T I MBS 5 A AT EAT
T S A0 1) o A R O, LA R T AR A
FNUET)) TR I b SR R A v RN A, L
FETTHRANT

(1) A7 M Ho 32 S T Physics—Constrained GAN
AL, R RSl ) 27— B D B DI 2R 24
W, TC e R AR B A B AT 52 MR S5 B R 3
TR A I A R A

(2) Mg T —A S8 B AT E 47 1 IO 5 4 il
HEZE, MAESAbRE . FRAESREC. XUBS PEAL 31 532 0
N, TR — A AR R S

(3) i ESLH AR 7 kA s, g5 R R
B, ZJr B AR AT AT = A IO A T AT, IR
FETHLAS NTEAREESE IS T A TE AR E T

RN TARRG R b Tk — 2D LA I 45 25 40 LA B
R AEIR , R R TR B SR8 N AT
B R EGUE, HAh, R A S RS ERS

T BT 2SR, A B2 R R O A A
PR

S 2% 3k

[1] 23 F. ABEASEH ZRH A sS4 5
EAFR[D]. M T AT K, 2019.

[2] #RikHE. ATALRANM G d24) & skt ¥
AR R[D]. ¥ 1 L R I K 5, 2025.

[3] TR A . MEATFIE A ZHX Fo A2 HHF R
[D]. B 4%: B4 T K5, 2025.

EEE
TEA, B, WIEN, BNAREBRHEAY
RS EFR, NFNENERBGBR T,





