$h 5] Lo PRy Ve

3T\ — I

JOURNAL OF GREEN MINE

ETHFEENSIREY RIS A SR RGBT

W RN XL EEX FF Ak HEA

Design and verification of a multifunctional coal mine quadruped robot system based on digital twin
XIE Jiacheng, ZHANG Jiapeng, LIU Shuguang, WANG Xuewen, HUANG Zhuo, QIN Lang, XIAO Zhijie

TELL 152 View online: http://1sks.xml-

journal.net/article/shaid/89bbh19c¢b0666b0e 14d7d6d5aee788e¢a38156d192338970e5da2897¢f0d4902dc

FEAT BRRRNER IR At SO

Articles you may be interested in

TR TR B A BT A5 AL S

Research progress on the evolution and control of overlying rock arch structure in coal mining
gm0, 2024, 2(4): 357-367.

BT RAEAR N T RERH

Artificial intelligence applications in coal mining technology

SO 111 2025, 3(1): 63-72.

LT BRSO  DXA Z XUB P

Ecological risk assessment of mining area based on pressure—state—response model and multi—source remote sensing data: A case study of Gaotouyao
Coal Mining area

SO 111, 2025, 3(1): 51-62.

SRR SR 2l 5 7K SR e JRE B T K R T 1 v T

Progress of prediction and detection methods for the height of fractured water—conducting zone in coal mines
S5 111 2025, 3(1): 1-13.

EHR B HORTI B IRy AT S

Research progress on rotary cutting drilling testing method for rock mechanics parameters

SAOH111. 2024, 2(4): 333-343.

PSEAT{EVAPIN CIEA SIS

TR

Jo
il


http://lsks.xml-journal.net/article/shaid/89bb19cb0666b0e14d7d6d5aee788ea38156d192338970e5da2897cf0d4902dc
http://lsks.xml-journal.net/article/shaid/89bb19cb0666b0e14d7d6d5aee788ea38156d192338970e5da2897cf0d4902dc
http://lsks.xml-journal.net/article/id/774d8bbe-f737-47b4-8e70-5b005d81043d
http://lsks.xml-journal.net/article/id/ff3ae049-f281-4dc1-a5ba-cc742eb17d7d
http://lsks.xml-journal.net/article/id/e9c7646f-efb9-4a92-a184-b67643249576
http://lsks.xml-journal.net/article/id/e420ad37-8c66-43e5-9777-afe4ec9cc709
http://lsks.xml-journal.net/article/id/a234829e-58ee-4d3a-9d1e-4d7e677317f8

F2BE 4 5 @, i 1 Vol. 2 No. 4
20244 12 H JOURNAL OF GREEN MINE Dec. 2024

EFHFELNSYEIRT NRNEARE R

HER", KER, B, 22X, & 2, 5 gD, HEAY

(1. RJEF T MU TAREBE, L7 KJE 030024; 2. 00 2504 45 LU P48 B 5 8625, LU RIS 030024)

W OE sk, AT TR AR, T A THUEARAESBHAAR X2 EE, W
RHBAVEAMBEAT G —F, BAFHEEMFZ[Ema ), FATEASKEXE, ATHY
IANEHFTIAN, RRAEKRN IAES, #7577 @ORT FTRE, MEF L 50w ELE
ANARGET, BARTRAMELBIE SN, LIEWENBARAMET . WEIE AL FELL
B RAL/AFT SR ok, S@aisr T AL TN S HRMEANE L-F, B
FRE, BEEAMXREBRARBTT AR REMHET WEANBA R AR 5., W@EMN
BABDBIEZGIABR I RINBEANITE R, BET WRABASAREN, HTmELERRE,
LREY: WRMBAZHERE, JTE, BAMNFTALREHGRIFELRS, BE
F TR T ZRIAL Ay BE R BEAT A, FFHR%S TR T, B AR ARA
MBEAWN A EZPHATRBZEEAE, BRI R %A EATAE = Yo 5 TR E BN DR R AL T
AMANR LT, EMEEGRITAFTEEFLRETRFEATS LM ETE, B
g fe A Fe RAAC G TR A — M BRARAE A

KEIE BT IBAWEMNBAGHFEA,; ERAX]; B I

HRESHES: TD421; TP242 XEAREM: A  XEHS:2097-3357(2024)04-0457—14

Design and verification of a multifunctional coal mine quadruped robot system
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Abstract: In recent years, due to the special working environment in coal mine, coal mine underground robot has become
the focus of R&D personnel all over the world. As a kind of robot, quadruped robot has attracted a lot of attention at home
and abroad because of its simple structure and high adaptability. In order to assist people to work underground and com-
plete dangerous tasks, a quadruped robot system for complex tasks such as underground inspection and handling in coal
mine is designed. Firstly, complete the relevant basic theoretical analysis, including quadruped robot body design, quad-
ruped robot kinematics modeling and quadruped robot static gait planning; Secondly, the key technologies related to

autonomous perception, autonomous decision-making and autonomous control of multi-functional special quadruped ro-
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bot in coal mine are studied; Finally, the virtual simulation planning system of quadruped robot, the virtual monitoring sys-

tem of quadruped robot and the physical system of quadruped robot are constructed. The solid prototype of quadruped ro-

bot is made, and the system integration test is completed. The results show that the quadruped robot has reasonable struc-

ture and perfect function, has good adaptability to complex geological conditions underground, can complete environment-

al perception and adaptive obstacle avoidance walking in unknown underground environment, and can complete complex

work. The virtual simulation planning system provides information and reference for the autonomous execution of the ro-

bot, and the virtual monitoring system provides three-dimensional running state monitoring and remote visual human-com-

puter interaction interface for the robot. The design of virtual dimension provides digital twin platform support and solu-

tion for underground complex operation, and plays a positive role in intelligent and unmanned mining of coal mine.

Key words: coal mine robot; quadruped robot; digital twin; virtual planning; virtual monitoring and control
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Fig.1 General framework diagram

2 MR AERNIEIE S

2.1 HER NG

PR ALAS AN HIR R E DT R A5 BT, TU 2 AL
o NERFREI ) 7 A TEIE DT I 4 A B AL, A8 05 A0
B, E S R R ARSS A R AN LR S 1,
Xf 2 LA BB RS, THRA5 AT OB KRR

JINBR R BE oA 0.09 = 0.455 = 0.455,

KRS 55 AR T AHZE 43 A, S L TR T
D7 WKl , He R S AR A FERIODC T o FEREOCTY
T A il 28 5 5 5 1 e L 2R BE B R 63 mm, RS ik
1. A3 H % 35 KG UART 347 M2 AEHL.

K JHE PR e 2 T = 1) R 29 R 273 mm, /) U S48
JC T B EAIUIE e O BE 25 A 36 mm, AR 13 AR iR



460 % &

2024 455 2 4

TSN /N U S S 45 550 B 6 A R AL E % il 0o E
SAESR 72 mm, B2 AN/ U SZ 4R T 2 ) BE B A
201 mm.

AN R ORCSE 5 e /N R E % il =L o R
273 mm, K U 32 48 )i T 216 AILE 5% il 0 R o0
27 mm, JERAEIEERAE 15 mm, K U X282 2 vk
JEER A RS A 231 mm. FEA0 EEER BT A DY
PlEs A niE 2 FioR.
22 MEHB/ABHFEE

(1) I8 Bh2F: 25 RER A ST A8 1, SR A J vy 1Y)
o7 B FIEEZS

(2) Wiz g2 S g E M R, 45 0 R

A
X, 2o S WA

2 RN AT
Fig.2 Quadrupedal robot object
FEAS, KA A T AR &
T AT I T &2 2R L 37 5 ) 2 D e plas A1y
HEFF AL AN 3 TR a8 SCUNTF Ak R & FT 1)

0,
o ____________’___(_) 7 pa FT 0, <
L P
4 T L,
b
Z, _
Pz *Zy
2195 BEoR T - X,
X, (9.6 ~ 0
E Py
_ 1 5
JBEIES
Z,
iéi;x
=1 w
3 0, 255

B3 BTSRRI
Fig.3 Rod joint model

RERET 1) LT 1, 4 S hEIERISC AL T e
ST N IR, TR [ AL B SMI 7

BUARALBR R (B} T s BE7E DY 2 AL AP S )L
ik, Z, 3 B HLE B AP B b, v, 5
DU SEALES ARG 0P T, X MR AT T8 U

B FLARBR R (W, ) e SRS BHAEALES AHLEHY L
faf et ik, Y, KRS AR A K A T 1, Z,
& ) AR T8, X, HeHEAT T8 W AE

TEFLARBR ZR Wy 2 S5 25 B — [ 5 A5, 25y
] S0 U I ZI LAt FEAR R R { W, AT

i PEABBR R (T (k=1,2,3,4 2275 VU 52 68 1) )7 5.
HoH AR bR FR (T} A B S T LA AT A, Xy 5L
Bt R LTAT, A8 MALE M, Z, S5 PR A AR
RINZ, VAT, Yo A T2 M o

SERLVY FE AL N EFF AR R A HEST e, FLRRR A
EATSEOLE 1.

TS SH0E LN

7H: ﬁ: Jt/i TE aj-i: Zt(i—l)?{ill_ Xt(i—l)jf m SIZ %5 @J Z;; E/‘J
FRES;

FAAF A 012 Zior) 56 Xy HERE BN Z, 10 £ BE

KR dis Xy U5 Za D7 T RS B X B

KATHSN 602 Xy B8 Zya HEFE B X B AL

VU HILAS N Y AR 1 i P AR bR AR R AT 1A
3 [ iU, HAE M8 s A2 fe AR s 3 AT A,
R 2 S ) 5 B R S T3 1 o AN B T o
WA, 1B Bl Al TR RO e ok 25
SR AR, B AD A RTEL AR . TR AL AR
S5 L TR s A i, R i ) S S X LS ALY a2 3l

®1 MENBAXTERSH

Table 1 Parameters of the joint linkage of quadruped robot

i aj- a1 d; SR,
1 0 0 0 61
2 L1 90° 0 6
3 L2 0 0 05
Ji L3 0 0 —




55 4 3]

A B TR AR AR B 2 D RERE DY LR NS R GE T 461

SO, WO T IBIE B IR AR R L A
TER 3 TR BEAT ST Y o P AR AR 2R AT
AHOOE T AT Y 22 48 5C 2R T P 328 A 728 46 R B -1 R
Tk
T, = Rot(x, 0,1 T rans(l; — 1)Rot(z,0,) T rans(0,0,d;) =

cos 0; —sin 6; 0 liy
sin 6;cos a;_; cos 8;cos a;_; —sin a;_; —d;Sin a;_,
sin @;sin a;_; cos @;sina;_; cos a;_; d;coSs a;_
0 0 0 1

(D
308 3 A A A AR AT Rt D R AL 2% N0z Bl
fi#t
X = ¢y [Ly + 2Ly + (c205 — 5253) 3]
y =s1[Li +c2Lp + (€203 = $253) 3] 2
zZ=S,L,+ (S2c35+C283)L;
Wiz g2 MNEiz 82 e B s 5, BACh Y6
PEALAR ZR T B R i AR R TR AR A SCTT . =

4
4 1 41 1 ' 1 ' i Il .
; 4
3I 2 342 ’ IZ 3 2
@ ) ® @

@ A OEENHE A SRR H bR
(a) U 2HLEE N 3-4—2-1 iH T

o

+on I
HaO M3 M4 FHEO BE2 BRI
W 2D 27 W% 29 2
MrEe BB BB BrBe BBt BirE
(c) URHEENDTE

A R BEERT R G5 3l J5 R HAT WE— 10 i, Ak Al
X B T A S AR R AAE Bl A0 i, L S A B
Py = (x,y,2)", Wiz =1 fig oy

6, = arctan 4
X

z u> + Lg - L%
6, = arctan —— + arccos ————
‘[x2 +y2_Ll 2ML2 (3)
Lo oL+
6; = —arccos ————= — arccos —————
2L,u 2ul,

Rt u= J(VFFP L) +2, BECL, Ly, Ly 35
HEFFR
23 MEHEABS AL

S TS LT v, LR PR A XA
R R .

ABETFRH 3-4-2-1 WY (F 4a), H3ET
OB A HA Il 2 52 S AU, O R

A o
e 1 : 4 1 41 1
A/:{ : 3
~ | ; ‘<
I TIN 3i 2 2
@® : @ ®
< | 4 4
)\:01 I Dl Il
, | i
\\ |
3¢----a2 13 3 2
|
® ! @iz ®

@ PR OEBNM AR H bR s
(b) VY HLE AR =AY

@ B OO bR ASESIBRAH bx
(d) FL IR HARALE

K4 FRErERIE S DAL
Fig.4 Stability criterion and centre of gravity trajectory planning

7 3-4-2—1 FOLIGF R, U2 HLAS ARIBE
IR ER V2 B0, T 2 AR IR B S = i, 3% 2 A4
S AT M4 U = i (] 4b).
AT O B T IR I, 0 3 S 3 ]
AT S, R B PR T Sy T O T
YR, WD 5 5 B T RSB AU = R
MR K.

B RAATE AT, L 0 B B T b =
I, T RERLES A8 SRR M, 155 DR

RSB B B I VR R B B, B B A2 [R] s S
PO, 56 BOPLEY S0 38 1 ARSI RY B2
BB T CoAFDGT b T PR 1 o

LRI T M LR TR, AT RIS
Al (K 4c).

Pl NELO R BE (K 4d): AT LA A 4c
AL, PO R AL AR T 40 2 25 ER B R B Bt
(R SCHE) FELO VR BB (DU 2 52 4%) . TEiR BRI
B, AL 0 PR REAR O b T Ak, 3 A4 PR v R 2



462 % (A

ia L 2024 455 2 4

PRFm b, e EO PR B, Hlds N PATHRS 3 4 4
B i, R AL B OB RS S BB = MR N, it
NAE BN BR B T2

VY 2 B s N 2 A PR B RS A% = AR TR 43 )
Kl 4b D, @ X . LUK 4@ 4], M IE]
TR 1, 2, 4 SR SCHERR, R o Ak AR AT RIS
S EE R AR R, HE o 3 S BR A HbRyE L a5, BaT
B B = MBI . SO =M
OAE R HUR T R B AR S0, A FRE # i ok, A
HEREE/N,

F2 KA TR AE = I O B EARTHEL, 22
SRR A A0 R 435 2y B Fe Xk 7 ) XS 4% = A R 0
ArE A 4d HRIOMOITR . BLAZM IR A
1], 26 HXGHE = MAIE WO TR A A KLz
BT

H = AL O A X AT 8 XL = AP
AP P, Ps N Py (x0,y0) AR FR:

_ Lol xs +|Lis| X2 + | Los| x,

Lol = 3G =32+ (31 = 32)?

|Lis| = \/(xl —x5)2 +O —y5)2

|Lys| = \/(xz - x5)2 +( —)’5)2

YO SIS A 5 T 54 0, BV AT SR
Tty
x(t) = %t5+ —;D;xoﬂ % 3

6y . 15y, 10y, , 10T
e T
S, T S T R B PN xo, v 9 LS =
FIE LA 7
1 232 S LRI S B 2T 1138 1 5, L
28 SRR OSSO A 28, 1eHL 88 3 it
BRI AL AR, IR A (] dc), AT L
A5 25 IR 5Y H 6 AR, T OTREAT 23 3 2
M 4, TR A 2, FREIAT 1, Hobis

)
y(®) =

Xo = e M —1 N N
" ML+ |Lisl+ Lol @ HIFORE SRR AR 5 ASE TR
5y = Ml lLislys + Laslyy fil B Rk AR RS L AT A ), 742
[Lio| + [Lys| + | Los| BIAH, SRS b fih & T —ARZSAH; 7RO IR AR, AR
s HEBUE Rk T —ARAS A, WP Sa 7% -
2 1 ) e ez 1| i o fmantn of pmank 4] [me v
VU JE SCHEAH
1A 1 123 3
N
JE 2 fii 23 fiidh
FRZNAH 2 FEZIHA 4
I 0 ik Az DU 2 R J2 4 it P g
(a) VUM MR Fe 72 1] (b) LRI RIURE
5 PR HLEALEL IR

Fig.5 Online planning framework for quadruped robots

TESL PR B R T, HLEs A SR AR IFRTZEIR
A, YIRS B E 7 1] AR I, R A AP A R
BEPEAT VAR, AR FL O PR R R, 2 U EL O 1)
S B R AR ST 0 B s S B0, 5308 SR A2 IR

N M FRATTAE B — UL S R A AR, HE S TR
WEERS S B AR ML AAR R (Bhx, y Y 2 00, X
Y XPER B 234, A% O IR, WBG% o B 7
AR BRA IE T 1) A B 07 1), AW T . AR
8 T IR E J5 ) BER AR P, BTEE 7 o) 5 AR 0 I OG R

W2 2,

DU R HL g A AELR S S LR AR AN A sb R, 75
RBP4 32 0 R A i 2 5 S bt 5 A
R, PPy SN AR S RTS8 A e, TBL
e NHEALELHLI G Be, MRS S RTHL a7 A1z sh Btk
R b B A R — RS Y A2 351 Sl 5 75 DU AR 4
21 A A S B AR A B R i AR R . DU R AL g A
MR 5a DU HLER MRS RS B TR WP 2E AR — 4
AR



5 4 14 A B TR AR AR B 2 D RERE DY LR NS R GE T 463
®2 HEFXE
Table 2 Phase Sequence Correspondence Table
[ 2z Bl iclig
VI ) T TEHAR > 13403 > 230404 > O TR > #3402 > 1A
VAT 1) FOIHEAH > $BBIAR 1 > BB > B OTEAR > 2504 > 2 FAH3
XHhIE T 18] HLOTIRAR > BEEAH4 > 2SR > O IREAR > S > B2
87y 1) HLOTIREAR > BEEIAN2 > BEIRH3 > ELO IR > SRS > 24

3 ERMAE.ARISIEK

3.1 EIME

E# K H Unity3D F 44k 17 00405 5L, 2y
JEHLES AR AIFF S A Unity3D B4 b, BB IHLAE A
BB Z (B AC ¢ ZR S HEA T L5 SR o 1R 300 fi
THRAFIZE AR, WA 6 R

IR
SR I A by R
FI) A2 i [ Mathf. Le: erp
(from, to, SlerpRatio)
(@@%ﬁﬁ% (b) ZH 2

K6 MUy Rk
Fig.6  Virtual simulation programming method

3.2 BREAIXI

D) AR G0IE 7a R, SR A R A X
J&, BEPERR RS, 3l Sl 2T LIS Bl 3 0k
TR L, SR Z E A0 s AR, B S, SRS
ARt 5l TR RUdHR L, SRR IR
R 18] (] B 2 > R BT T4 L, BT S S I B
B, WAl LISUE — SRR A RE 2, o Ak
S = AR MRS U 2R, 485 B 5 2 s 22 2k R — iz
RIRICR

2) TR IR To—I&] Te R, MR R

AL, BEPERBR PP, HILge A e 1) R Y R o 2 1

ﬂ£ﬁ%iﬂ SRS, 30 SO SR T[] SR — A
A, )t A R[] A k2 A S 7, 90 SR A — R
G WU 5 R R RT, WUEE 22 SR B T L ki
(e

BRI SR AR R T A R S AR X T AR DG
T AR BRI AR BREL, KT R R AR BR (R, ARERE K
A BRI, TEA LA AR E 3 2 L AL BR(E

3) A FEA WA 7d B, A ERECT AT Rk

() Ff R~ FEEAGE 2g2 T

(b) R AR SBRRR

(c) HA BRI R 22 TR

(d) F Bl 1 A A AR e IR
K7 bl O FLi

Fig.7 Single leg planning simulation tuning attempt

FRUE I TIRe, Hhandietied] , iR s &
33 ZRERMK

D) AR WK 8a fiow, 780 A8 45 i 1
MR IEHE, 2 dm B nf DL B a] LUZAEIE, B

AR TR 1 B AR = MR R,



464 % (A

ia L 2024 455 2 4

U 2 Jm w0, FEEALAR AR 254 % 8l 2 i Bl

Ee o

30.00

45.00 30.00

45.00 30.00

1
V4
125.00
1

45.00 30.00

(a) 2 B~ A i T AR

25.00

45.00

(b) 2 B AL AR

(c) 2 Jilft— A T A il i A
€8 ZBRALRI 7 B
Fig.8 Multi-leg planning simulation tuning attempt

2) BRI, WK 8b frn, BB Al LIF
FUHLERASLLE AR ZAXT T HER AR FR A7 B

3) A EBA L Wk 8 R, ZHR— A A A
LSS s 222 26 R B IR) AR A9 181 2 D RE, HL ans pe sy
B BRI | s LA, LRk T D ] e i
Tite. HEREZBR-A ERGUR, TEREREECT R g
i, JCIE P, P2 AR T RE R A A5 il
SR .
3.4 B ZRRGERER

WNIEL 9 JrR , a0 BTt Y Y R LA AR

Z BB Z R INE, B T 2B B9 R AL R e ]
AR B 552 BRAE K 40025 18] v X AL A% A 4538 73 s 7 i
MU AR, BE— 25 ] LS By Bl Nl 52
BT RET R AR B SRS

(a) - A

(b) Z =B AR

ii

(c) Z -2 HA B

(d) ZE-E EHAAR
9 JET unity (BRSO R GEI A

Fig.9 Test diagram of unity-based virtual simulation

planning system

4 MENHF/ABEZERSIIT

4.1 HEZLHIFAR
SLAM Hi AR gl 22 i i) — Fh B R, 7 ad
B, LEHLAS S A FE80E 2 A R hil i, Frig



55 4 3]

A B TR AR AR B 2 D RERE DY LR NS R GE T 465

(1) B 3258 R R AN Z A T30, 1 A 325
NS AHE, SLAM 8 U “[F2 i s
il L P 7 B R AR — BRI S A T BRI i 1)
DX 35K, 38 2 ML X T 20 P85 DA R A R g JE e, S B
ol b, DR AE R P E H O L E AR . 2B
H P BT S, SN T LA AR T HOETE RN
A EE#RE,
42 SMHENEAR

X} BRI A4 B e iU , Hlas A AR S B 3
) RE, ST 2 HARH B A, 1 H S
A ASER sh LA A “HRAS” , kT8 5 W13 AR 5)
70 R, AT AR R A T, R
A ER RSy . AL N RERS ST A O i B A
HEATIN B, TN R R 2 AN, SR — AR
SRVIU e g o 1 <3 = o 11 R E 5 NP S
|z AR

TEATI B, — 2R D BHLER AN 2247 2 4
BB 2 (B A B, 7 ML ARSI . AR 1Y
Te B I N, fir 2 WLAR AATSE, I HAEDLES AA T3
— /B B P, Sl LAY EE, BT LAAS T ALY e
e fr B, Hoh gt a8 i E,, XA H &t nT LA
ML N ZE AT BRI A TR (vI, vr):

_(Ec-Ep) = .
= T. X 780 (radian/sec) (6)
_ (Erc - Erp) T .
v, = T X 130 (radian/ sec) (7

Fie IR TR A 2 S FRATT AT LASR ML ge A AE A TR
WIESE V,, V,, LIRSS NRIATIEE 7, FIPLES AR
A W,

V, = v,r(meter/ sec) ®)
V. =v,r(meter/sec) 9)
Ve = 2 ; V) (meter/sec) (10)
Wy = (V,; Vi) (radian/ sec) (11)

T DL EWBUE S, AT AR A5 AL
%SF}\‘F#H#%U E@{jﬁ ()((kﬂ), Y(/(H))) *ﬂjﬂﬂ 6(k+])o

ds =wT,d0 =w,T, (12)
de

Xk+1) = Xk +dscos (0]( + ?) (13)
do

Y+1) = Vi +dscos (Hk + ?) (14)

dé
Xkr1) = X + dscos (gk + ?) (15)

0(k+1) = 0k+d9 (16)

Horb, ke R HLAS NI S RTIEZ, k+1 Romblds A
(T —IF 2 iR BRSNS AR, v LA AR
SIHLEF N FAEAR, A SR ReRess A &
MIRERS A BT S AT sh I AT R A T RE, I
IERGPUR/E N R A Wil (T T N B I S S IR Vs I
ELY/8
43 EHRFIZIT

EH VTR R EEIR 4B 150 EHL, #E RSk
FHl Raspberry Pi OS(64-bit), Zi F£1% 75 £ Python3.9,
Bl J1I5 & B 35 kg MR AE ML, AL AR e B
mpu6050, Jo£k 53 11 % ) HC-12 Tk ik, I l&l 10
B
44 GRS

ARV RIAZ O N EEIR, % python E Ry e
WH o LA e I 22 R 2 1)
REMLAF AN D RETT oK, s HFR P S5 F an sl 11
JiR
45 BERSFIZIT

WE 12 FioR, BEEIREE Webots 117 BF- & i TG
L HB 05 Unity3D BAHLIEAR, ZoRIGE 5 G
B, B T e, (RIS OR S ARy B, MR S

5 EMEEKEREE

51 EMMERS

DU 2 AL B 4 AR o0 Ay 8 e X A At
2, BB A T S MR AL 5591 2 AT 1A H 5
T 7E AR R AW AIL 8 SR A0 325, B R 401 3
FELE

Wb R DL 97 2R 4 T DA DO JE ML N AT R 0L 45
B AL H U R A HICL 1, i PC 3 S5 HLE A
Vil 5 T AE . AMLACH AT LS U AN 32 H.
WA 13 Fios, sCE A BlbR Rk 4595 4 .

28 3 FITBEH 4 HE 00 28 G5 06 S o B0HI 140 Wi 7 0%
R CHEE T A5 R G R BETT, W15 RGNS
JREY Webots 1 B 51 i3 o2k 53 115 Unity3D A
BLIEAR, R JCL # DA HC-12, HC-12 Jo4k
RO A B R — R 2l G i A SR B
TCLk TAEMIBE Ny 433.4~473.0 MHz, [ & £ MGH,
IR 400 KHz, B3E 100 4>, #Ed K& SRR
100 mW(20 dBm), 7£ 5000 bps 25 H i R T~ Hz ik
RAE H—116 dBm, FF I HUIE AT £R1E 1000 m AY3E (5



466 % (A s Ls 2024 4E45 2 4%
LR IR | LIC 3R
mpu6050
EAfES | BEES AT Jogk R Hal i
e ki e WEER 4B EAAL
H L LR
SR RENLFEHEAR
i
Clemewmn| 0 [mEasewen] | [mmoemen] 0 [smoewmemn
| v o ¥ o ¥ L 3
3 HERATHENL 3 3 WAL 3 3 WAL 3 | BT 3
R St s il s e s il
| BESEAREAL | | BESEAREAL | | BESEAREAL | | BT i
U S s — —( — — —
s LB R LB R L LR R 3
7777777 veM 28R 3EBE aBm
K10 pURHLER NBEMF RGN
Fig.10 Schematic diagram of quadruped robot hardware system
| R I R T
UL SRatel PAME | | configpy | | my libpy |
| webots_controller.py CC.py S
HEHL AR LE Hd mT AL

gait.py

o]

animate.py

ISR
leg.py

e 15t 5 4% 11
| touch_sensor.py | | servo.py | | mpu6050.py | | upper.py | | webots_io.py thread.py
JE i b A% 2% BN %?%EM i P aHEn ZLMETRE
i R%
ML B %
RV R YN 3R B QLR L P
Fig.11 Relationship of quadruped robot programme file structure
+33V 433V +33V 433V

HRHL
MCU
UL

VCC
GND
RXD
N TXD

T

BB L,

WOEATE -
i df vce
T— GND
RXD
TXD L
) MCU
B SR

K12 Tk H D AR
Fig.12 Working principle of wireless serial port



55 4 3]

A B TR AR AR B 2 D RERE DY LR NS R GE T 467

[nmAnzERE

K13 ABLEEH A
Fig.13 Human-computer interface

BB . MLH A MCU, P 6T W 5 41 2
TR, & Rh iz A A WA H RS BT e 0
BEPR 22 R LB AL, F P n] DU FH 2R
AT 54 BEAT3E#E . 4 RS2 FUL, FU2, FU3,
FU4 1925 RPIR SR 2 TAE 3 20 51 8 3.6 mA|
80 pA. 16 mA 1 16 mA, fz K TAEH A 100 mA(i#H
DIREGPIRAET ). FET I O dm il R 4, 1t
HINARGE AT LA IE 8 TR AE IR BRARR, FEAS AT LA S B0 ) 25
FEHIEAT, ZEIR AT A 1 ms LAWY, 56T Il iR R g iy 2t
192%™ M HUL 2R 8 T DRIE v 114 T 0 803 SR e

TERE S5 EL A5 2R G B ML AS N SEWIREHL G A
THAERH LA NEAT READL L A5 S5
52 EMEEER

1) TG [i] SF-$H 1 A TG S5

WNIEL 14 PR h 2 H BT I R AL g ATEF-3H %
THT A SB35, Y RTAL B 2 2808 L B R A B
T EAFE] . 8] 14b 435 s 1 U 2 AL s ATEF-3H
PRTCA T, HARHID A8 . BEVR A . DA F71 BE I 18] F) 27 5
A PRI rb B R o0 S A AR A I (L, SRR Ry
SAMMIEME. WK 14 Fos, 76002 PLds NetT i
FErh, HLEY S A RARTE SN R, RFA0 £ -5 D O £ 1)
R EAE 0.5°7c 47, BUR M AYIREAE 1974547 . BT =,
VU 2 HL ATEF-SH 3 T A T ARG, 7T LA A2 15
R

2) T ) 52 T A T A S

VUL g AGE AT 4 A B EAY A5 S T TR
IR F M, IyorE . S, Aag, ¥l
VA B 55 B I 5 R MR R 20 5, 2835 0 T%
M THT A9 7 PR 7 A DU I T A JH0 A R X J T A
855, Bk Py R ML g A ) 2 2 R AT E RE

W 15a iR, 78 Webots 1/ B35 14, #4) #E—F
AT, BEHLAT BT RS, 2 Fh R as e LT R
SRR 200 mmx 100 mmx 100 mm ., 200 mmx 100 mmx
50 mm, MY/ HLaF ATERCHBTHT AT, AR DIRAS
AR HAHLE 23500 . DLE A 20

15 0

0 5 10 20 25 3
Time/s
. 0.50r e
o 025r i
2 028 vﬂh f
< _0:50 L 1 1 1 1 1 1
0 5 10 15 20 25 30
Time/s

(b) ~VHEER AT AL B 28285

14 OB T3 TS
Fig.14 Experimental diagram of quadrupedal robot on flat road

surface

M AT L, DU R AL A AR S 2% s T A T AE
I BELEFS AL B LS ARG 5 A i A B 81 5 7l 1 11 o
TR R AR5 1L, sl A 1 BB B I 3805 AL A% A vl AR

Time/s

(b) BB IAT A SN L 5
15 DU HLER NS AR TS

Fig.15 Experimental diagram of quadruped robot with complex

road surface



468 % &

2024 4F55 2 4

PEPR B ), B AT 09 [ I SLORAIE T 7
g K e T A 3 P R A TR R

UnPEl 150 o, YR HLES AR 2% B AT AL
B LSRR SENN, 5 AR SH  [hTEA T i JC ] g
25t AR T BEAE 100 mm A MBI OR X
VU B ATCAT I ) S A e M WP TR i, AR B
PR ALAF AT 2 A T P AR

3) Gl 1] 15 RPEM A THE 5L

&3 HE J1 S A i L s AR Sk RE I B 245 s, 1
B I N WAATERIRBR A HIE, #5415 RIbIE,
R T B — BB I

£ Webots 15 BV 65 A, FEE—37 8 15°R986IE
R, W 16a 7R, PR HLE AAEBEIE T EAT, M
BERDIRZS LR AL 2750 | HLE i B 2 240 JiiE
VU B g T 1) 35 B AT AT AE RE T o MLas AAEDS
FLHRE N B3z sl AT Q0 8] 16b Firs o 2 1l T B2
RIS, P4 LS A SR E, PREFHLE 5 T T
AT, DLORUERG S AL S 047 3000 0 AR, i v U A2
HLAR NI N3 11 A E

WEEIE 16d, AT & BLPY ML A ATEIEY G Rerh,
SRR A DA 0°Z ¥ A2 FiC 15°, BCHERA 14 S L 1 3¢ T
BRI Ah, IR A A AN, SR S
B0 R BE AR ELRGE, A sSAs A iR 2E .
IR 1 IR R AR R, R B T 10°/4E 4
0 B EL, >4 M T TR A B /N T B BRI, AL PRk
BRI AR TR

P 16¢ ZHLAR ATE 153 1 EAT ML i B2 B
I AZ Ak, Af LA H ALY 1 8 0 9 19 A2 HL iV, 46
ARARFF eI e BE M AT

RIS R EAE T EH P e 2 ALEE A
ATRASEERAE 1503 (PR 7o tE— 20X i U 2 AL
a NHEATREAL L s YR SE 250, B Ukt pu 2 L ds A
ML IIRErE. WE 17a—I& 17¢ fiis, EH ety
ZYJRe D LS AN S5H A HL, TAERTRE, BRASHUAF 1Y
SERIB IR, S fLAEDIRE

Zi L, UL NS S B, haese®, RA
X S AT AS Y R W BE T, REREAEIE R
JRIFRSE Hh S8 IR 5 [ IS REATE, O HLRERS 72 I
BhAL . MRIE ST A SR AR, WAL B K
53 iF i

WS, B HLEs Nt 5 e 2 A AL,
EERBAE LI T 7

1) SR HLas N ZhBE L —: FAT, HF P AL A%
AT P IREEAE SRS, B R BRI

2) LA AT 22 LA T HLds AAARSS

250 F
25t H

gzoo-
5175 F L
£ 150 F

125

0 IIO 2IO 3IO 4IO SIO 6IO
Time/s

VE: H_tarJy VI BT IEATAT (L5

H 95 BT AT I BB 5 i 2

(b) 15° I NCAT I ML i

C 15 s
2100 TA#J”“~”kJm~Km
5k
g 0 L . . )
0 10 20 30 40 50 60
Time/s
2
ol
® 0 W
<C _1 1 1 1 1 1 1
0 10 20 30 40 50 60
Time/s
3
0 -0.5
< -1.0 ) ) ) . . .
0 10 20 30 40 50 60
Time/s
(d) ST I L5 45 5

Bl 16 DAL HLAR A BE B 5
Fig.16 Experimental diagram of a quadruped robot with sloping

road surface

MR Z EBOOR TR, RAGTERC2E, W N S A M i 2
FR3E R R 5

3) BEW LA NS R R0E: SR HLERA A
BRSNS I 7S N [ s kN S VA R S
PR R A

4) P AL e s

B REAL AR BEAIG: I T HLAR
N i SR FHAS 4 T A A 1805 R

fig
PEATIE AR I, ARME B



55 4 3]

A B TR AR AR B 2 D RERE DY LR NS R GE T 469

(b) PUALEHLER A\ Hfiiz
Bl 17 Hlas AZIfEsEs
Fig.17 Robot multifunctional experiment diagram
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