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A Method for Correcting Body Posture Deviation in Legged Wall-Climbing Robots
WANG Haoyu, WANG Bingcheng, WANG Zhouyi, DAI Zhendong
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Abstract ; This study addresses the body posture deviation issue of legged wall —climbing robots with low leg stiffness when
operating on steep inclined surfaces. Based on the conventional legged robot model, an extended model incorporating leg stiffness
is established. A body posture deviation correction strategy that requires no additional sensors or actuators is proposed, and its

effectiveness is validated using a gecko—inspired robot. Experimental results demonstrate that the proposed strategy significantly

improves the success rate and stability of the gecko—inspired robot while climbing on inverted surfaces.

Keywords : posture deviation; legged wall-climbing robot; low leg stiffness; control strategy

0 355

WihE e HAR R i 2 2 SOTCBENL v A fie ZE A
FRZRE , 752 P W ] P i T B2 7 oK R AEAS 5 3R
T HE AT SR B AR T2 gl 4 Sl i
2P, AN IS R A AT AP RIS 1Y Ty nid
5o N T HEEMTETERE, HATE A e E A XA
RIS AL 2 LR S BT s g G
WOV TS O TR X R SR T A
g B A2 H AR R i, R S P07 A4 5 H s 3 1 1Y
Heft A1 5 2 TR

Hefu A LR BR &, AT DUARSE 2 SR 10 F% 3 LA
LA AT s B Bh TG L L kb, (HALAS ANTERS
gt B bl T A AW 22 57 RERH [T A R |
fesh RGMBEILIR2E BRI IR 255, S ELAR
NIz B 25— BPE AR, Hh BUL B 222500 22 14 1)
AL, LB A i 22 ) TR R B2 AT E AL g AR5
FEARRRBI Y B ATTT LUK SE 5 ) B sl i
FasE o SRR THE€ 90° LA - e, B K fi £ 35

i N RYBEICH L AL, ALY 2 25 (i 22 [n] 1 45
AR AT 8- T AT T 426 fik £y JEE AN 0] T A W]
BRI 2y T LR ARG BB IR AE I R 3 R T
PERYIRTE B 2 S HUR R A A M BN Y%, 5 0] %)
TRANCEEHLAS A, HX A S AT 4% 5 H AR-F- i
R i 28 2 A 35 e ) 0K, R TP 78 S A RE B
A,

AR SCEE Xt R ST BEBL 5w A 20 A 1 R 8 ) 2
JE HESL TR B E 3 SR AT HEAT T 10 00
M, FET S H — Fofr sl /s 2 M€ BE AL A7 R AT A
R NCAT I ATLB 825 i 22 14 2 SR

1 BEABNI 1L IR EY

1.1 BEEHFESH

FE R ML ge N1z Bl Ao Hr v, 4 JiR 5
AR ST L WP AR £, B AR s T R ok
GIELVIRANSEN 25119 72200 12 Do S 3 O NI R S NS N
SR IRl 7 ik A JE ) ORI AN, SR
Xt NEIAL A AR, A A R/ B A Y 45

HEEWB . ERARILETH (51975283) ; A2 ML R HUEZEAS J1 2 Sl 4= E 3 5 S 30 = 56450 H (1005-12D2300225)
F—1EEB N FRTF(1999—) 5B v A S 0F5E A W5 5 W) b as [R5 A HLas N, keepupy@ outlook.com,,

- 180 -



- HLBRARA -

IRFF - A TRARNREMBEAGIG LS5/ EHG EF &

PR S BUBE T AR AR T3 M R e ok, X fiff
1975 A B S8 F LS R RS IR 22 R RO,
R 346 T 4328 Bl A0 G ik v 1 98 /s 0 34 T T
AR JE AL ARG S S0

PRI AR S 2% 1 56 1Y =2 [ 19 3 T 77 1 31 T2
AR HEAT DA B . 1) B AT A B 3450 52) ik
AT R % R AR 3 ) BB AT A & A it
ML,

AR 1) 159 AT R S B8 o0 A, 24401
AL T 7 A Ak, m] A Ay S 3 AT — i [
Tk A R, SCY IR A R Az T 2
B 2) 5 AT R B R N,
MR AR U & AT AR R AR bR R IR T
SERf A A A ELES:

P w 58 SCHAT PR3l 4 70 10 B T4l 28 5 1)
IERNIRS K 3) RIE T R A 2848, #Im §%
F1 0 78 SR FT 0 08 78R v xof G DR A B A e 1
i, ARTEA LA 15

2
a)=—fi(3[—x)
6E] (0
t H—d—w
an _dx

P f AT A Hd sz 2507 F 3 B 1 Y
T3 50 A2 0 B [ R S (R N 2R B S 5 1 AR AT
JE s E QAT AR B ERRR: 1 S FT A AR,
R BT IEFTR I RN IE 1 F7R . ORERT H
L SR A R e L A i o A A T R 1

014 x= 0 TS SR 0=

B1 REAHMEFEETEE

AL £ @ BRI ZR DRI mRE S AT A S
TE x0z -1 TR AZIA A 2 « Bl A 2 Bl EIE AR 1Y
BN, PRI P SCTY 2Z [E] AT 25" i JE % F R PO A
T n] A AR 3R 1R

T=R(q)T (L)T(6,,0, )R (q,)T (L,)T,
(6,,0,) R (q,)T(L)T(0,,0,)R(q,) (2)
AT (o) AT 25 IR AL 2 - 7% AL 4 A
¥50,=(6,,60,)" g x HH 2 i1 _E 3 300 4

o, =(0,,0.)" N« FIF 2 5 _E 5 60 R
PR,

JEREB I B2 H1 Jr A HL A% Nz Bl 2= A AU AT AR
PE et Denavit—Hartenberg ( DH) S8 &7 5
BRI NATLER) -1 ABAR R A i AR R Z
B P IR AR AR BRI A | BE DH J7 vkt 4 T A o
DH J5 % T 2548 5 5 P R BL s N ST T A
PR AR A B B L, IR 4 2 i Ak A 22 21 A
KT AR AR TR S5 IR AR B T =1AA "1 A
FRYG T A BT 7T LUIAS B Lo 6 % = («,
y,z,gox,goy,goz)vr FZA T 32 227 B M=g(w,
q,9,) SRR NIRRT o= (@,,0,,0,,0, ",
w, ), FHRERT LR 9= (q,,4q,, -,
q,)" HEIERHE TR q.= (0, ,0,,0.) " o
1.2 AZEHH

JECEERL 8% AN TENCRE I G IR W7
SRR A JR 0] ) S T2 T B AR A Al BT, B LA
IBATHIXT NG T 208, 1T L) Z20 W ARk B BRI g
BT RIS H T R R 5T A T T AL B o A
/PN, LR B X6 AT R 5 e G/ T AL AR N A
B J5 0T N 1) A2 B 7 % T R I AT A S e i LA
AT Z R i, R LS A BR &Rz 370 Ny
PRI 5 S AR T Z BRI B i SR T LA
NHLE 32 T3 1 B0 A T8 AH AL D) 4 i 25 3 K AR
1t BRI A TEBEAL g A AE RS E A 7 AR A D) 46t
Z AN 24 TR AT 1R R XS LA N AT
e TN

HRAE b5 g B R R L A ey
FIERUN BB, BEFTIE AR do |, E 3l iE
KATIEAR 8q Mk Biel IR AE dq, , 45 MEHUAL
¥ 8I'=J,3w+J,dq+J  dq, TN T A i BRAT 25 1
SN F=(f,.f,.f.,m,,m, ,m )" (RN
F'3I'=F "] 3w +F "'J 3q+F '] dq ' J, e
R™ J, e R™ J, e R™IHINKTHIF w.q.q,
iz 35 HE] LA s N TS PR T) f, e
R | e I AL A 1% 7, e R, B3N
KWL AW 5 v, e R, B I FIh -
(f,'dew+7,'dq+7,"8q, ) . MLHEHE L 3, TEHR A
A AT AT R A7 RS X5 I B8 BT A T ) S T A T
0, T LA B PA 25

£ [
{Tq]— J|F (3)

- 181 -



- HLBRARA -

IRFF - A TRARNREMBEAGIG LS5/ EHG EF &

f,=-K Aw
7,=-K Aq (4)
Tq.s = _quAqx

K Aw,Aq,Aq, 327G RI R, (1)
FIREREE 1496 22 0T LIS TS R EL A4 5535 5 1)
BEATMIEE K, .

AR (4) T K, K, xR A 2 v
MR R IR AL B S, TR AR
Ja R AR T Bk AR L AR R i
SRR, SR LA A4 2 e, i)
WO AR R 5 AN R R HESR B AR 5 56 AR
T, AT A 7 MR N 7 % RS = A BT AR
TR IE ML B A 5 22 S Wt s ol i B8 o B s
HEFFRE 9 HAH S s A XN

M EREHLAS N L v 55 AT 1 TS s, #L 5
AEGT AT T 14 2 2 B i A S AH A2 it A
XFFHLE A7, it LA TR BB S8 28085 1E A ]
REAR R F S P AT St 7 B A I IR, PR s A
HFRHLE LA A5 T SCHEAE o B ML A B ¢
TILE LA H bR BB, R aRERENL R
I REIAS 2 ROCER B B 5 55 S T 422 fk 25 7= A
JE (EUE A 5 G119 3% 2 A 1 SR Bk 30 R Iy
BURS  BRICTS 52 B0 T HERE /N AN J2 LA IR &R % AT
RAEIEAZE | It LAAS SCH 53 At 2% Bl e AL 3 52 3]
M35 . XL T BARILE RS PR N AT )%
S X IR AN PIRE IPVSFIF IR e

zssfci +F.y=0

=1

(5)
z (Sip/ci +f,=0

i=1

Khr.f, e R A5 i SRIRA 42 ) F,, e R H
BULs2 BB T 7158, € R™ T AL ; 245 i
RN SCHEARIS S, =1, 295 | ZRBROVIB SRR S,
=0;n ﬁmﬁ‘%)\ﬂiﬁ%ﬁimﬁi e R’ N i SKHEAY
AR EHLas A B A, T LS A T
FRACTAl, BT AR AR 0,

XNRGEA 6 NTFER k=3m DKRHAE, m
AL T AR R AR, PR m=2 I 5 A
ME—fifF, 24 m>2 I 7 FE A TCEU# , IR 25| A
AN,

2 HBETREBIERRE

FE 1.2 TS 3) T LS N A 7 FE AR S LR
BOm KT 2 WA o8, R A R s 1 B, fif

- 182 -

P ORRLRI R 2 3 3 A B AR A, SR i
JHE 1S PO s FR A A 81 1 b A g 7 B 14 S T A%
i, BEm H AARCT AR i

R P 1) 1 SO B AL A R 5 1) 2 SR 1B
AW p XS =[P x1f [Prx] € RRAR pp
TE XS, AL RER 30 (5) 5 dn M

{ 1 . L Hsl 0 OK}
0O --- 0 Do+
[Pﬁ'lXJ [meX] 00 S, ]
f
[Fcnm:|_0 (6)
o=
R 1 S 2T AP L A R
f'= al}%r}l&in { (Af+F,)"M(Af+F ) +of "Wf|

) (7)
s.t. d<f<d
Kb of "W PR ARt T I AR PR, AR
PR B A R PEAN TR AR A 7] LU HoAth 2, 2 e
Uiy SV, O BIICA TR 245 f e R HAR R
S SR NS 1 JE i ), JHE 4 8 R i ) 8 e
M S, J5 034 € R™ I FIIFEA GG feR™
S A i F = F, 0]"eR® &2
FIIAN 1, M € R™F W e R J 1E 7€ BUH HE FE

deR" deR" 53579 R T AMER aeR
T RIE I AR, VR IE IR R B B K
LS s 52 6 R 5 o T ) DU 5 B K i B
BEARE | MITT R AL A B A 72 A 670 T S0

W3 (7) A AE R R B AR TR 2 Sl —
YRS T SR Hh 4 4% S 45 TR T 52 1) JEL 3 00, AT 52
LS HERR Y 143

YRR RS2 1 O, AR IR E D
L, BT X B P TR AR S MR S T A JE HEA TR i
TSR 42 ] £ B BIVAIL RS A2 30 11 8 522 i i
Fi J2L 3 B R S A B 7 i IS 5k (3) AN
R (4),15%)

KAw| [J,
KAq |+|J) [F=0 (8)
K.Aq ] |J,

52 IR R 52 0 T, MR S S22 AT R B0 56 4 TG
A | B ST BTG FA L, L B SR A4 7
FIRER g, , AT LAZROR HAR G A8 4

o, Aw
g, |+|9*Aq (9)
qs Aq‘




- HLBRARA -

IRFF - A TRARNREMBEAGIG LS5/ EHG EF &

B4 HBR S5 288 FARA FI R R I A A i
BHFAXIM=¢g(w,q,q,) TEITT KT w,,q,,9,,
q.. SRFEFARIE 2 iR,

A BARHLE RS H AR

S
.
, l

[ megemiEsm | [ o |

[ wbLEE T
[ — I
)

[ st b |

B2 EERMRER

3 Ml AMEEELE

PRSI S A ) SR 141 15 O 17 BE PR ML
NEF=-2, 40 3 FroR, igdlas N SR s
PR RIS | D G 78 ECRS R R ) ey 3R 20 i R
BE(PVS) B, TR L A 25 TR G B AR
BT RESR NI B, AT LI AR A5 RS B 758
RTINS REDESY oy e a I B S Bu R W K U
7 RE R AL A e 5 S A A B R R

Bk, EF-2 MEBEA 3 AL, B Ty 4 A
YRR RS B B, 3R H b B 1 BE R L AR
A EF-2 43N 823.9 o, HLE K 18 em, 5

9 cm,

B3 {FEEREEA EF-2

SEEG T P R F G A0 A0 S A 180° 8]
THIMEAT, B 4 SR BREZIUF e A L2, [F)— i) 2] H
A1 SRBRAL TSI, L IS HOA R SR AN
], 52060 A AN LB 22850 2218 IE SRS, 5250 B
LB 23 I 2208 TE SRS . A S b AL A
HRHEAT 10 AT, BRI ICAT 4 A JH 3, Me4T 3
WHE N 4mm/s,

PRS2 56 v BIL A T 18] T A0 e AT 3 FE 4
Kl 4 o, 1B B AR L IR A B 7R T

A R REE )

B4 HRAEGEEYETIERE

T L S i MR 2D
(b) 5B
L AT 7 70 BHVR £ 70 1 25 BAE S A T 46

PNZE L AT DL R L 2 525 B rRALER A
FIHLE B RaE  CAT R B, 5006 A (EFT AL
A 10% , 525 B HIICFT RN 90%

BLER A BL B JLA] A0 0 B 26 4 IMU R ok
KN B ES MBI, K S P, Lk g
R FELAEOREAVD 75 BH VR £ R0 0T £ B R 0°, i TR
UNEES R I T TN T

MIELS Hha] DL A SR BUST 1E 15 e 1Y) SE 56 A

S5 RN 2 K 5828 A S B AL A 5
AR AR REIE T 22, AL P ALER A
WA B RTHE , N2 JE R E i /i JC 23t
B2 AT N AL B 5 80y, R F AT A
By, L SR s AT, S256 A PRl A
I AR KRB A 4.460° , fe/IME R -3.961°; BHIE fi
M RAE R 6.416°, 5/ IME A -4.680°, 41 BT A 1%

- 183 -



- HLBRARA -

IRFF - A TRARNREMBEAGIG LS5/ EHG EF &

T FIAL S S8 25 O 2248 1E 07 120, HLAs A AIRATD £
AU IEE (EL 205 /1N 63% , B TR 11 1Y) A UEE {E0 45 /)N 58%
B 225 0 22 1B D7 i LA B2 A A4l
TR/, R PLE 283 2218 1E T X T 05 B
PRHLAS A AT LA g {8 B T AT A A By 5 R AR
SETE,

i

0 2 4 6 8 10 12 14 16 18 20 22 24 26
il /s

(e ) fRALSA

5 NMEBEEH

4 LHiE

AT ACREHL AR KRR AP AS S 31
BILB 225 i 22 (B R AT F 5 308 0ok 38 0 3% AT IR A2
e RIIE A O 0 T A i 37 T S M A R AR
FEF U 5 B T LB KSR 2B BT
o IR SEERRIE T ] B e R e
BERL s ATE B AT 1) R i e vk, %07
DA B 45 B AT 58 B, 318 T R 23047 RE
S/ AL SCRRBEHL A A, Bl s A JCT5 ds & 4
1 A BA T i , BT el AL B (AR} 5 5% 3 0T 4
T BB BE T, AT A 0 BE PR AL N A S B i, 4
EEPIBES N
% 30k
(1] 258, %, B, 55, TCRETE YeMLAS A8 3R &

KIEFaHLI]. HIbHlE S B 3h1k,2023,52(1) :1-6.
[2] ZHANG R X,LATOMBE J C. Capuchin:a free—climbing

robot [ J ].

Systems ,2013,10(4) :194.

[3] XIE D S,LIU J B,KANG R J, et al. Fully 3D—printed
modular pipe - climbing robot [ J]. TEEE Robotics and

Automation Letters,2021,6(2) :462-469.

International Journal of Advanced Robotic

- 184 -

[4] YUE T Q,BLOOMFIELD-GADELHA H,ROSSITER J.
Shape — conformable suction cups with controllable
adaptive suction on complex surfaces[ J|. IEEE Robotics
and Automation Letters,2023,8( 11) ;7735-7742.

[5] SONG S,DROTLEF D M,MAJIDI C,et al. Controllable
load sharing for soft adhesive interfaces on three —
dimensional surfaces [ J ]. Proceedings of the National
Academy of Sciences of the United States of America,
2017,114(22) : E4344-F4353.

[6] WANG L. W,WANG Z Y,WANG B C,et al. Reversible
adhesive bio—toe with hierarchical structure inspired by
gecko[ J]. Biomimetics,2023,8( 1) :40.

[7] CHEN R. A gecko — inspired electroadhesive wall —
climbing rtobot [ J ]. IEEE Potentials, 2015,
34(2):15-19.

[8] LI X S,BAI P P, LI X X, et al. Robust scalable
reversible strong adhesion by gecko—inspired composite
design[ J]. Friction,2022,10(8) :1192-1207.

[9] KRIENGKOMOL P, KAMIYAMA K, KOJIMA M, et al.
New tripod walking method for legged inspection robot
[C]// 2016 IEEE
Mechatronics and Automation. Harbin, China: IEEE,
2016, 1078-1083.

[10] WANG Z Y,DENG K B,BIAN Q Y,et al. A gecko-

International ~ Conference on

inspired robot employs scaling footpads to facilitate
stable attachment [ M ]// Intelligent Robotics and
Applications. ChamSpringer International Publishing,
2019.38-47.

(117 AN R, AR FE. T ORI 2 25 ] 1) o 2 1L A
NICHGZRms [ )], A rh R R 224 ( A ARR
hR) ,2023,51(6) :10-15,22.

[12] CHEN Y F, DOSHI N, WOOD R J. Inverted and
inclined climbing using capillary adhesion in a
quadrupedal insect—scale robot[ J]. [EEE Robotics and
Automation Letters,2020,5(3) :4820-4827.

[13] GORB S, VARENBERG M, PERESSADKO A, et al.
Biomimetic mushroom - shaped fibrillar adhesive
microstructure [ J ]. Journal of the Royal Society
Interface ,2007,4(13) .271-275.

[14] E 3 30 B RNRIZ 3 175 LS NEBE R )7 K
HA AT D], st MRt iR K=, 2015.

%5 B #3:2024 - 03 — 06



