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Fig.1 Diagram of human-MRS team coordinated motion control system

J I E
) d :
A ﬁg:‘w_ o~ e
2y 1L U
L o g
Ai,- =0
L b
° e
° A =0
@ Oﬁ Q c\./. 5[‘%5@%5&&@ j
=4 A=2 4,=0.58 A2=0 g Ajj =0 hd
12 [l g PSP H B S A e e A, 7 A

Fig.2 Adjacency matrix and algebraic connectivity level 4, for graph g



76 LIRAEE L P N

Apr. 25 2025 Vol. 36 No.04

i OV () 04y 2
Fi - a}qz % axi (v2,_v2/) (2)

K, NS i TE N R GERR R IR B L v, O 4, %
INEINESR IS = &2 S WO DL W N WILE STk TN a7y
'y

u,=F/-Bx, (3)
o, B, e R PRIEFEHI g A rIBHE . 30(3) B i 2
BAF il % 15 FESEER 2, (6)> A7 > 0, Bp4ERp 4 BA ] g AR B
T PEEE o 0T g BA P PR R JC AR R (D) TR
B A R BE i 2 (3) RIS, SO 1.3 5 g
F iz e, fEdE N B SHE i 2 TE N RGN RlZ B
1.2 ARITHIREML

Br i IR PR OR A g DA P 2 Ab A
RN GRR FEAR I | R B H pg i . BRAE IR B TERR A
N GUHHT B AT BEAS 25k H b i fe A %A, L)
N GRS A

HEE SR IA A iR H R r Gl AR IS RRdE R
o1, AR SO AT A A B AR BRI AR PRI 9 e
WML M. Bl gy rong 9 /N LTEASHO P MEFTRISE
IEUZE/‘J/l\w})f%iaﬂﬂ]”,j,ie{l,--~,n},je{1,'-',m},n,meN,
HARZE 0 T CAnBRE i) s8R o5 T, i 3 Biezs o A
BYH A A A A I A B AR R B Y AR AR
Ko €M F I HO A B C H x o M

i F BB SR AE T A, A5 A T 3R G b2 1 0N 53
BRI B AR R T O D 25 AR AR 1 S DR AT

)
Ay
e
:
s
:
o
.

K3 EgaEARIR R
Fig.3 Illustration of path planning

fiE R A DA B R S AL B B0 A AR A H IE 4
L, 5 T BER B T UL AR 58 2 1 100 CANFEFE /R I AR 12
SR I BERR ) N 51 Bl s R B AR . S T kT AT B
R BN B3 D 2 R B AR A D0, 2SO R 25 T T
I¥] f KR4 25 U 1 19 Ford—Fulkerson J5 53 & , 45 SCHHE M
i ARSI B B L T TIE AR . AR ST AICE
W b TS MEERT AR AT 53 g p A TR A L, B
Frog = WF i W € No A SCH Je A0 98 BE AL S i RN
N BRI 2 g B H 838 ) 2 0] A R BRI ALy, , By, 7
B FEARA) R TR AR AR T 5 FH A o SRJ5 DA
A B0 20 (1 e Hp B AL — M P R i i, PR
FHSE AR e A8 R DI BB I R B 42y, RIRRHE p, 774
P EEARGN R P IFPRICIZ IR T b7 RO . BRI
W 52 T % b P M i A RS B . R R
IBA TR LR, S5 R M I WS 2 i
IR T AR T A AT AR I 2 i X2 H 3, Sl
ARy B kg D224 A7 8 )t 2 ) e e (e P A
/D) kAR
1.3 HHEAR SIS RRISFHNUSS/M R IR

FR A 1 IR BT AT SRR S (R B2 S ALE
SR T B X S T B B SO R A PR P A B
1o il vE R 45 ) BELL N SRR A -2 T N R GeHEAL AL I
HAF K g BZESEE A BT A R R IHGE 8 (05 A 5
JEHIENTE N RGP A TETA IR b F OB, A B 2R AREE 3k
JE) 5 T TN B3 2 i SRR A B A1 L RS S I S A
FUSINER B b TIP3 B A SR Y 2R L
LA Ml b B2 2 i FRZH R S IR il B S i 2 3k ik
nE 4(o) FE 4(c) o
1.3.1 ZER RO A fil 50 S i

AR SCBET I 27 8 RS M i S 1572 T8 24 Pl
B5 s , S AR Sh il 5 A T2 L F2 45 0K Sl L AR Ay
Ji . 1L Ubuntu F AL ROS HESL T FF % A 2 A 45 il i it
RSN AT R IIRAVIR S BB S5 B U5 , 2T Wi-
Fi JOZR 3% 1R TCP WS i 45 5 s K sl A e, PR 5
P BN fh SE A T2 FET il B A T 2% AR AT A5 2 A% 58
FEFHIZEE NI

BELREEPINRUNE 6 IR, 2 4 ABF R R 6 ik
BTG, FEAL G ANUN _1E  i e Je 4R 4% 2R B A1
FE S SE A T2 A = ARSI P TR

FERCT I Ly ERE N 7 R, FEARE
P HL AR (A) (AN TR TR (C) XL 3D HTERAME (D (E



Wt 2 BE oG R B A -2 A & S BEdl Bl iz s T F o 77
A
mad
’ i 3 il SR A i 2 s
(b) (©)
B4 BEL KA B 2R sl OB A Al i S5 1t
Fig4 Wearable dual-mode tactile feedback for human-MRS team state and path guidance
ERUH / BT \
MAX98357 ! |
L A
CIIZ)ISO—D e O i sube wave ?Eij]ﬁé"i—»
o Mss837 || o 4" . /
= B HRRAEBAR|T \ e
WIFI TCP '
Ubuntu [ {741 < "::I' > ESP32S3 T
ROS# 4t
DRV8825 o
PWM== e s _*’Fﬁf’m"
SDf N -
S RAILIE)
JV 3.§v
|

TPS54331 TLV75733

DC-DCHi, I LDOHL i

12V 3|Amax

- CH224K
USB-C USB PDHML H

K5 2B A i S ke B A4 Fa P

Fig.5 Structure for wearable dual-mode tactile feedback device
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Abstract: One of the typical manned and unmanned systems coordination applications is that the multi-robot systems

(MRS) carrying payloads follow the manned system to pass through the complex environment to reach the

destination. With the requirements for robust human-MRS team formation maintenance and high efficiency for task

completion, it is necessary to offer intuitive, sensitive and rich feedback means to the human teammate, so as to

improve his/her situation awareness about the team and the environment. To this end, this paper designed the human-

MRS team coordinated motion control framework with the wearable tactile feedback, developed a dual-mode tactile

feedback device worn on both upper arms, and proposed the tactile display method for the path guidance and the

team connectivity level with vibro-tactile and squeeze-tactile feedback, respectively. A simulated platform of human-

MRS team coordinated motion control was built, and experimental results show that the average task completion time

has been reduced by 17.9%, and the average connectivity level has improved by 6% with the tactile feedback,

compared to those with the visual feedback. These results have verified the effectiveness of the proposed approach.

Key Words: tactile feedback; manned and unmanned systems coordination; multi-robot systems; formation control;

path planning
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