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[ Abstract] The efficiency, precision, and automation of fruit and vegetable picking are realized through the integration of multiple
mechanical arms in multi-mechanical arm cooperative picking technology, effectively addressing the high costs and low efficiency asso-
ciated with traditional manual picking methods. The research progress in multi-mechanical arm cooperative picking technology was sum-
marized, and the framework of the multi-mechanical arm cooperative picking system was comprehended. In light of the decision-making
challenges in cooperative picking, the cooperative methods and task allocation within cooperative picking task planning was analyzed,
and the collision detection, obstacle avoidance strategies, and path planning techniques utilized in cooperative picking with multiple ro-
botic arms was reviewed. The future development direction of multi-mechanical arm cooperative picking technology is outlined, with a
proposed development trend that envisions the combination of machine and agronomy, human-machine collaboration, decision-making
big models, and multi-algorithm fusion.
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Fig. 1 Typical picking robot arm structure type
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Fig. 2 Typical construction type of end-of-pick actuator
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Fig. 3 Collaborative harvesting decision-making process
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Fig. 8 Application of multi-manipulator arm collision modeling

F2 AHERBLR

Table 2 Comparison of collision models

Jridk WRERE aEA SR W5
CIVIZEN LN mH AL AT, e
AR BK BK e LU FE AT

BRIR LN BUN KA AR IIAT %

SRR I EAR R A R4 ML (4 JLAT 1
RAfE . He 557 FERUHUME BRpE R FbLES A,
K BRI UM 1 S B BRI EFT R AR N Ji
A REBIUBRRT 22 [R] AR RIEARE A0 o £k 251 IR AR5 R
R Z ] A B Jie 486 1R 22 [6] F R AEE AL, Kong 45 42
H— ol FH T UL A P B G A s SR A SR
B @R B 3 DRI FARBUZ M | i1
SRR FHAO0E 55 20 AR [ s A AR 705 I
S R L ATUBRRS (] P, Lei 451 42
H—7IE T U BIL a9 SIS G $3 ol e 5 vk

RS — Bl LT AN [ A% B R LA ) il 12
RS IS Pk B A (] L) SR ABRE AR A, TR A
Hr A T T | sk A

FRASE R B B TR A0 R ol T A SR R T R
THAER B AT BT IR, X — i e I G 2% (9 T 53 1 (]
SR RAMBOCR T AR, Ry 7 Il Rl A3 A 0 A 3
Fim, Bac S5 BT A b R R A 43 4 OF
FEREIN ARSI T N SUR B T7 3k A4 S G AT A il
RN A TE GO A i, KR T AN 2R
B, TS AR R SR PRI T A TR A A i
B35 R 22 BRI 5 1 1T AL, B A 1 il 4 A DU
SLORIE . BEAT  SRAR MBS 38 4 AN S s o 14 R L
At 2 G BUS BT REA T & A1 %R IR BZ )
R, Gan A5 R T — O TR 4 )2 G0 FORE R
A I LA 368 o A g s M) A ) 4 S 2118 A [R)
AL BRI, B2 o A DU R AR P, Cui™ 4R
TR T 25 43 AL S O RO AR 15 4G I AR
48, AT LIRSS AUAUE 5958 Bris 17 3 B2, 3l 25 3 e
(i ks BRI =Y oalilh )

4 hERBEEZAX

AR B A R RIHUARE A S F 00 8 = H AR
IR ERPOE , FE P FIR A 5 5 2 AR P
SMFURRTIE B (R 18] A R TR T, DLz shint
6] 15 BE S, LA i D AR AR

Z MU B ) 2R 478 DR S0 0 A O s A ML R 30k
(R ISE T, HeH 32 I8 FH AR A LRI B3 70 4 2
PR RTE 0T N T30 RO R
HET RPN E O R RET Lk
4 JE A I SR AE U3 R R ARAT 55 B9 SE PR A
PR R SRR SR A R S R T R
4.1 BRAEX

FEOCALT A 1 D B E o M40 B AR S A
FEVR BT oA i phe A8 1B % FNOIC A TR, S i 5
R ORI AR A SR . RO AR A
AR UKL T WA ) B H A A B RAET, X
—HEPEAL Bk BE S I AT ML R A, R, ARk
JEE B v B ) L I R, R 2l 2 R R A SRS
AR S 2R BR35E | Tk S 38, REAU AL S ik A 2
2% (R Z2 UM % T TR SR A s A M R PP A 3 T
VZIFH T DT S5O FE U R RS 2 D25 R
LA AT, B O Sk LRI R R B A, AR
PERE NS | 5y b Jy i dee 0 19 TRt 482 H P o
RS BRI S BB AL L5, it )
FARE BE DR W 80 28 4 R B I A, 2 & BT T 3K
B, AT AT R AR LR A 98 R S DL

¥ FE Mk . www. stae. com. cn



B R

Science Technology and Engineering

6162

5 T
2025,25(15)

P& A S A VR A R AR T
MM, A2 15 21 B S 46 0, 325 1 HILARE
B ATRCR RS R A A2 LK) | Zhang 2511
TEMCHFE 2 h g | A FENLHIAE B R s F A
8N LML, S A R R B ) AT, Cao
SENOVHR s — et i 22 B AR RO AL S R
PR PGB [, 2 EIRES AR T Rk
RS AL, 76 05 J2 5o 12 3l a9 [R) B, 42 v A
R Z A, e AR SR DU, bRl Slose B
4.2 ANIBRFHEE

N T3 30 i 4 @ ML T AEZS Rl A 4
J1 A Horh B bR SR SCAE SR 51 07 TR 5 HLAVE
T B AS- DU) 7 A T T B L2 3 K0T, 24 H A il
BT BRI, AL 4 N T 383515 5 b A\ &8 i 1L,
FEOCEMGE AR, 1A, BRI IE S5 R IR
Sy AR I B B, L, 7E 2 PR
EVEME A, N T332 i 58 5 0 O B E T
Al 550w AR L B A G SRy BRI B P50 416 3 A
XUHUBRE B A2 F ), B o8 — P e ate N T 38357, ok
FHAN T B8 R E, 3851 1 U 51 A, A RO ik Ry
e/ MEFA B, BRI AR £ X 3 XL R 4,
FEHMHE N T3S W M vk, SRR
B PREL T RS 1 55 FRB, S PR A I e
W Z5G AN A KOR BE, ARO kSR A AR
R RE R TSR ROCR, g AN R
FHT 3 RE pRECRIAS R 480 B bR A 0 7 ik i fk T 1%
SNT RS, XMt se ik 7155 N T3 RET
Bea A S8 S 0 i %) I , SI2 R R 32 DA ) SUHTL A
)% TS IS i RN B B0 R E R VA 62 3 =M i <)
MU B B, Kb 51 5k I R R @A
B2k, S ETC IR B B AR RS A B A O, I
N T30k 5 AU, AR SV B Ia] R v
4.3 BEERE

P8 2R R AUV () B AR IR [R) R AR 5]
VIR, 388 3 i T ] P A ORI R 3 DA A B 2%
MRS . Fod AT Bk DU RO = R A
LR AR IR p N e 17, Tavares 2517 2
AN A B G R S B B 48 RO T B S
B A B HAL AL B, 75 5 e S B S SO A 2 22 LA
RGN AT, PRE A T R  — R A
S AR AR SN L5 5 15 28 %
PR B L AT T %F b, UE B T 58 1k P A 7 ek
P, HEEWS SCIAE ORI S S EE T BRI, &
PR BTN T D 4 /R A 2 ], S 80T E 2 2
B FERT I ol A IS N 2, kil £ T
TE I [R) SR A7k 4503 P 1 P B9S2 5 R4

4.4 ETRERBREMAXEE

BETRAT 1 e A2 LR B0 T A R B 2k
& (probabilistic road map, PRM ) FIH 4 & Bl AL
(rapidly-exploring random trees, RRT) 8.7 DL & B A1)
MDA S (A PRM ™ I RRT . PRM [R5 50 R BF (1 45
P TEPAE DA™ A A B SRR, T 5 | R R 2R I
MELATE FRASCT I 5 52 5 ) ) i 1 52 Zp e 7 B 5
e SEEMUARE 1 A2 BRI RRT S9A LK
R R BE ) 9 R B S I A AT R 2 2 4
JERE A AL BB Ty, R THEZ R G 5T
SIS [ R4l A 55 1) L8 T

RRT 500k BYAZ O AL AL T 38 i 25 1] o i B AL
KB LRR, HRPEL L, R0, 5L B AL
PES A O AR A IR AR B A, b, H 4
JRa Y ] P 52 P 449 50 Bt AL SR A SR AT S0k R
18180 443X+ RRT( rapidly exploring random tree ) %
AP R E B R TR AR F) A 5k
S R F B I H A 515 5 I MR A 18 4 5 e A
BRARMEIE (0 7 2 G RRT B9k, 1 F F 35 A XL
PREF SRR AL AR AT S i TR AR S
TIBATHE ] A B AR T T PRk AR
P ) —FhHE T Ok RRT B30 9 BUHL AU 11 ) i e
MR Tk o LA RS Sy gl 25 i ) A AR B A
I3 3 B R FE L AN H A X J7 A T
RRT 35 i W S0 JE . Sarabu 25 7 BT % 11 19
RUEE O3 [7) S SRR AR AL & N L T RRT 53030 AL 40 6
A2, RS RN AR A B g B I JRTE R | AR
TR,
4.5 ZEEME

AR AL Tk A5 H AL 3, A7 A I Y SRy PR
P I PR RT3 56 5, 22 HIUBRUES D[] >R 47
B 5T AR LRI SEE L3R 3 s, Wik
ZAUBUET B R] A ML R0, WF 58 N BRI AN )33

*3 WMERMEHETHBEENNERLER
Table 3 Comparison of path planning algorithms in

collaborative picking scenarios

ik 3 L I
i AT ERRAERE, % 6 W
BT EERE WSS Kol
o R,
AT 5 g%md”yﬁ L B2 L ﬁ;mﬂ
o B TR »
B 4 e SEAS
vk ST g e
ERAEN SAEMEEE, BRI S RO 3B G
BN RS WRRG g

¥ FE M HE . www. stae. com. cn



2025,25(15)

5K H 2L, 55 Z AU B[RRI EOR P 2r 0k 6163

ERE B AT R A T AN BRI A T
WSCREA YR 1 4 R 48 R RE 1 5 R B i P i
SRR B — Bl OURE B A LR O vk, B AR
KRR, A e ML LR T 3
155 RRT BIEE5 G e N T3 30 R 2 AR5 i
AMERE, MO RRT BEATREMLY™ R, 3k 00 H0 R 33401
N JR /M, Liu Z"2HR T —Fh g5 S B WOE
A 5 OB 0 10 A 1) Bl A R SR, 2252
WAL | TR AR P 22 i A7 7o 1) AL 2 B
PERE, U M 3E A I T 2 HLUE 2 48 19 % 42 0 &
Hr, Cao %5 VX2 RORI , B T —Fh A
(9 RRT B8, LR A T HEsE IR B
WAL TIENT RRT Az i B A2 St A AL SR ms . kil
TEASAY 8 28 400 1 36 A B0 K B B[] 3 R s 32 v B A
AR Y KO

BEE N TR BEMIRABIIE, RZ 2 H S T
RS RN Bk SR 2 ) Ak E S N TR
RESIEMRLG . Lei 251 FI O 35 35 Q0 BB A% Bk
Rl S A5 S AL G0 3T WA 09 B 28 A8 FL )
FEAL AT R )AL, SR Ak 2 2D SR AR, SEEL T
BRI AR, REFRSE R T — M S
N33k AR B ik Ak 2 2T B0 A 475 R 3 MLl %
RN D7, 5 IAK I 30 12 435 F b 35 15 ] o 9 45
B BERS TR BRI %R, BT s
TR FNBEAG P57 1) v B BE L PE AU B 2 PE, N T
BT YN 5400 30 T 11 A SR AR A Bl Pk L &
XX A ], Liu 250 $EH T —Fl @l G RRT B9k
55 R TR TR AL 2R S SR %R B T
TR BAEN A B2 ) 38R A R T H BHIE

5 ZHWEBEHERBARRE

(D RHSGR LG AU NBA LA
PR AIE B A TR AL S AR LG5 G AE S LI R
PR I, SR v b v A AR (A5 SR 4 DX
15 22 DIMRIRAR 2R S8 Y A DO 3, RE A8 4%
S i RAM BRI 5 3l YA SRR T B fig
W F BRI U S 0E B S 2R | AR B A s
AR

(2) AWLEME . ABLBME R J7 Kt 2 U
PIMEI R AR A R 1Y — AN E 2Ty 1], SCHR (126 ] P& T
— BT AHLEME B9 SRR i 3 7 it >R 4 ML 4%
N B i BT A E 7 N T AE PSS HL A T BR 1T
SER, 9 Z2RE Db RI R AR 4 A e B AL TR R . 2R
PIMEI AR o AT DLSE ik T EME AR RE A, T
SRR LA AR AR BE AN AL, 3 RIS

(B)RERERL, BEETE S, 08 B R S5 K
PRI 55 W, R P AR Ml ke SR RS TR A7 R Bl
SIMT AR SR, 36 5 22 DI R SR AW 2R G0 AR A Jé
HAH I RO R )2 S A, S BRI AT 55
v R e

(4) ZHERG o B AR L ek i 2
AT AR SE A AL PRI | 38 1o R 22 b AR M S0
FHRATRIZ A fif AN R RAF PR BT 10 A2 ML)
B R AR AT AT

6 Mg

kY= =|

Z R D3 [ R 438 28 48 1 B e Al A ) R0R
AR R S B A 0, FL R A SRR AR Al AR
HHATE RIS, SR, B3 [5) SR 438 DR SREATY T W 1 22
PR, ELEE AT 55 L3 | 428 G 00 R g A L 30 45 G
BRI, AR SCEZERIE T PR 1R] 2R 4% 07 30 K
SRAAE 55 MUK, il A 000 0 A2 R Bl 3002 A 2 L
R IIN T, e f i 4 D ZHUME B R4
RGBT R,

2 £ X Wt

(1] Frailih. IREEAL Tl A X o ol 42 8 3R A 7= 32 4% K 52 T B
F—R AR 37 A8 (X)) HAREE e [ 1], HR K
FR (AL ERI2ERR) , 2020, 26(6) ; 58-68.

Yi Chaojing.

andindustrializationon the growth of agriculturaltotal factor produc-

Research  on  the impact of urbanization

tivity; evidence based onpanel data of 37 counties in chongqing
[J]. Journal of Chongging University ( Social Science Edition ),
2020, 26(6) : 58-68.

[2] Z=4Z, k&, BUIE. RYUCRSIACLRE . BUERE 3

SRR S AR )], RAEHE, 2024(6) : 107-118.
Li Shukui, Zhang Lubin, Mao Shiping. Modernization of agricultur-
al machinery equipment: evolutionarycharacteristics, realistic obsta-
cles, and innovative paths [ J]. Rural Economy, 2024 (6):
107-118.

[3] Bogue R. Robots addressing agricultural labour shortages and envi-
ronmental issues| J]. Industrial Robot: the International Journal of
Robotics Research and Application, 2024, 51(1) . 1-6.

[4] Jin Y, LiuJ, Xu Z, et al. Development status and trend of agricul-
tural robot technology[ J]. International Journal of Agricultural and
Biological Engineering, 2021, 14(4) . 1-19.

[5] Ampatzidis Y G, Vougioukas S G, Whiting M D, et al. Applying
the machine repair model to improve efficiency of harvesting fruit
[J]. Biosystems Engineering, 2014, 120 25-33.

[6] Nag R H, Sharma P K, Mani I, et al. Cost-economic evaluation of
leafy vegetable harvester versus conventional harvesting: a compara-
tive study [ J]. International Journal of Environment and Climate
Change, 2023, 13(9) : 3145-3153.

[7] Morar C A, Doroftei I, Doroftei I, et al. Robotic applications on
agricultural industry: a review[ C]// IOP Conference Series: Mate-

IOP  Publishing,

rials  Science and Engineering.  Lasi:

¥ FE Mk . www. stae. com. cn



6164

B

Science Technology and Engineering

5 I ®

2025,25(15)

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

2020 012081.
Schertz C E, Brown G K. Basic considerations in mechanizing
citrus harvest [ J ]. Transactions of the ASAE, 1968, 11 (3):
343-346.
Sarkar P. Use of shaking mechanism and robotic arm in fruit harves-
ting; a comprehensive review [ J]. Journal of Crop and Weed,
2021, 17(2) : 19.
XK. IR E KA G NBRBE I RS HT[ 1], Al AL
%, 2017, 48(12) ; 1-18.
Liu Jizhan. Research progress analysis of robotic harvesting tech-
nologies in greenhouse[ J]. Transactions of the Chinese Society for
Agricultural Machinery, 2017, 48(12) . 1-18.
g, WEY, &8, & Pl AR AN RIS
WE[I]. PR S TA, 2016, 16(9) : 71-79.
Wu Xiru, Huang Guoming, Lu Jinxia, et al. Design and experi-
ment of a new type applepicking robot[ J]. Science Technology
and Engineering, 2016, 16(9) . 71-79.
Almendral K A M, Babaran R M G, Carzon B J C, et al. Autono-
mous fruit harvester with machine vision[ J]. Journal of Telecom-
munication, Electronic and Computer Engineering ( JTEC ),
2018, 10(1-6) : 79-86.
Nguyen T T, Kayacan E, De Baedemaeker J, et al. Task and mo-
tion planning for apple harvesting robot [ J ]. IFAC Proceedings
Volumes, 2013, 46(18) ; 247-252.
Xiong Y, Ge Y, Grimstad L, et al. An autonomous strawberry-har-
vesting robot: design, development, integration, and field evaluation
[J]. Journal of Field Robotics, 2020, 37(2) ; 202-224.
Mu L, Cui G, Liu Y, et al. Design and simulation of an integrat-
ed end-effector for picking kiwifruit by robot[ J]. Information Pro-
cessing in Agriculture, 2020, 7(1) ; 58-71.
Gong L., Wang W, Wang T, et al. Robotic harvesting of the oc-
cluded fruits with a precise shape and position reconstruction ap-
proach[ J]. Journal of Field Robotics, 2022, 39(1) : 69-84.
Scarfe A J, Flemmer R C, Bakker H H, et al. Development of an au-
tonomous kiwifruit picking robot [ C]//2009 4th International Confer-
ence on Autonomous Robots and Agents. Wellington: IEEE, 2009.
380-384.
HER, BB, B, & PRIWERMBILRA RS BGTS
. [J]. Rl TREYHR, 2023, 39(13) ; 25-33.
Feng Qingchun, Zhao Chunjiang, Li Tao. Design and test of a
four-arm apple harvesting robot[ J ]. Transactions of the Chinese
Society of Agricultural Engineering, 2023, 39(13) ; 25-33.
Zion B, Mann M, Levin D, et al. Harvest-order planning for a
multiarm robotic harvester[ J]. Computers and Electronics in Agri-
culture, 2014, 103 . 75-81.
Gideon A, Shaul S, Avi K, et al. Robotic fruit harvesting ma-
chine with fruit-pair picking and hybrid motorized-pneumatic robot
arms: EP3873190A1[ P]. 2021-09-08.
B 3CFR . FETHLEALGE A XU R 2R T BEHLAUE ik A Bk R il HL
AP LD]. B PYIERARRH I, 2024.
Fang Wentai. Machine vision-based dual cartesian-parallel-arm ki-
wifruit harvester[ D]. Xianyang: Northwest A&F University, 2024.
B0, Jiists, PO, & JFEK delta ML A S HC 30 L&)
TELRAL)]. BIERHR S TAR, 2022, 22(11) ; 42714279,
Liang Xu, Su Tingting, Jia Zhiqi, et al. Review of delta parallel

robot and its trajectory planning method [ J]. Science Technology

[23]

[24]

[26]

(28]

[30]

[32]

[33]

[34]

[35]

and Engineering, 2022, 22(11) . 4271-4279.

Betmam, XS0 AR, . T ws EACRETHLRE 8
B KBRA[J]. AR, 2024, 65(5) - 8-11.
Qian Fufu, Liu Yiting, Yu Hangqi, et al. Kinematic analysis and
trajectory optimization of ur5 apple picking robot arm[ J]. Automa-
tion Application, 2024, 65(5) : 8-11.

REWWE, LT, Ti5E, H RERMIGTFRERIT S5
FARBPTE AR AR S [ 1], B E AR, 2020, 2(4):
1740.

Wu Jiangiao, Fan Shengzhe, Gong Liang, et al. Research status
and development direction ofdesign and control technology of fruit
andvegetable picking robot system[ J]. Smart Agriculture, 2020,
2(4): 1740.

Li M, Liu P. A bionic adaptive end-effector with rope-driven fin-
gers for pear fruit harvesting[ J]. Computers and Electronics in
Agriculture, 2023, 211 107952.

Park Y, Seol J, Pak J, et al. A novel end-effector for a fruit and
vegetable harvesting robot; mechanism and field experiment[ J].
Precision Agriculture, 2023, 24(3) . 948-970.

AR, BRar b, T3 L. gl Ml A G s 2R g i F Y
BERELT]. RHUEHESE, 2010, 32(6) : 14

Zhao Lingli, Chen Diyi, Ma Xiaoyi. Agricultural research progress
robot sensor system application[ J]. Journal of Agricultural Mecha-
nization Research, 2010, 32(6) . 14.

Xie F, Sun N, Li J, et al. Fruit distribution acquisition with
multi-vision for multi-arm harvesting robots [ C ]//2023 8th Inter-
national Conference on Control, Robotics and Cybernetics. Chang-
sha; IEEE, 2024 7-13.

BRIEL, PR, T, 5. AROIME BoRENES N OCHEBOAR D
IR G KRB -HE[T]. LI R %, 2024, 40 (7).
1351-1360.

Qi Haixia, Yang Zekang, Chen Yu, et al. Research status and
development trend of keytechnologies of agricultural information ac-
quisition robot [ J]. Jiangsu Journal of Agricultural Sciences,
2024, 40(7) ; 1351-1360.

WMk, ERREL, VR, A FETEOCER A RO LS A E DL R
Gi[1]. Al TR, 2023, 39(5) : 1-7.

Hu Lian, Wang Zhimin, Wang Pei, et al. Agricultural robot posi-
tioning system based on laser sensing [ J]. Transactions of the
Chinese Society of Agricultural Engineering, 2023, 39(5): 1-7.
Yang G, Wang J, Nie Z, et al. A lightweight YOLOv8 tomato de-
tection algorithm combining feature enhancement and attention
[J]. Agronomy, 2023, 13(7): 1824.

Yang Y, Han Y, Li S, et al. Vision based fruit recognition and
positioning technology for harvesting robots [ J]. Computers and
Electronics in Agriculture, 2023, 213 108258.

LiY, Feng Q, Li T, et al. Advance of target visual information
acquisition technology for fresh fruit robotic harvesting: a review
[J]. Agronomy, 2022, 12(6): 1336.

Ou J, Zhang R, Li X, et al. Research and explainable analysis of
a real-time passion fruit detection model based on fsone-YOLOv7
[J]. Agronomy, 2023, 13(8): 1993.

SRHELL, WAESE, T 047, 4. BT I8 E Ay SR IFHR IR &
FACRIPLAS AT [T]. PRI, 2023, 44(10)
209-216.

Zhang Rihong, Ou Juji, Ding Lixing, et al. Research on series

¥ FE M HE . www. stae. com. cn



2025,25(15)

5K H AL, 25 2 WU D3 R R A B AR B T 2 i

6165

[37]

[38]

[42]

[43]

[44]

[45]

[46]

[49]

[50]

parallel hybrid passion fruit picking robot based on vision positio-
ning[ J]. Journal of Chinese Agricultural Mechanization, 2023,
44(10) : 209-216.

Chen M, Tang Y, Zou X, et al. 3d global mapping of large-scale un-
structured orchard integrating eye-in-hand stereo vision and slam[J].
Computers and Electronics in Agriculture, 2021, 187 106237.
Tokuda F, Arai S, Kosuge K. Convolutional neural network-based
visual servoing for eye-to-hand manipulator [ J ]. IEEE Access,
2021, 9: 91820-91835.

Cantelli L, Muscato G, Nunnari M, et al. A joint-angle estimation
method for industrial manipulators using inertial sensors [ J].
IEEE/ASME Transactions on Mechatronics, 2015, 20(5) ; 2486-
2495.

AL, JEIL DL, 2= 45 ROALER ARORBERE BRiS
] BEAR, 2023, 5(4) : 1-15.

Zhao Chunjiang, Fan Beibei, Li Jin, et al. Agricultural robots:
technology progress challenges and trends[ J]. Smart Agriculture,
2023, 5(4): 1-15.

Sparrow R, Howard M. Robots in agriculture: prospects, impacts,
ethics, and policy[ J]. Precision Agriculture, 2021, 22, 818-833.
Yoshida T, Onishi Y, Kawahara T, et al. Automated harvesting
by a dual-arm fruit harvesting robot [ J ]. Robomech Journal,
2022, 9(1): 1-14.

Trinidad J B, Trinidad J L B. Machine for automatically harvesting
fruit cultivated in rows: EP20170207730 [P]. 2019-06-19.
Thorne J. Apple-picking robots gear up for U. S. debut in wash-
Google Patents, 2019.

Delbridge T. Robotic strawberry harvest is promising but will need

ington state[ Z].

improved technology and higher wages to be economically viable
[J]. California Agriculture, 2021, 75(2) ; 57-63.

Guo J, Yang Z, Karkee M, et al. Technology progress in mechan-
ical harvest of fresh market strawberries[ J]. Computers and Elec-
tronics in Agriculture, 2024, 226 109468.

Au C, Barnett J, Lim S H, et al. Workspace analysis of cartesian
robot system for kiwifruit harvesting[ J]. Industrial Robot; the In-
ternational Journal of Robotics Research and Application, 2020,
47(4): 503-510.

Xiong Z, Feng Q, Li T, et al. Dual-manipulator optimal design for
apple robotic harvesting[ J]. Agronomy, 2022, 12(12) ; 3128.
RS, DA, (IR, A JET RS 1] Bk BV IR 47 R
Gt 5 (1], R PR, 2022, 53 (8):
132-143.

Cui Yongjie, Ma Li, He Zhi, et al. Design and experiment of dual
manipulator sparallel harvesting platform for kiwifruit based onopti-
mal space[ J]. Transactions of the Chinese Society for Agricultural
Machinery, 2022, 53(8) : 132-143.

St PEFEENORL S NBORBE ST R S T [ J]. AL
2R, 2020, 51(9) ; 1-17.

Yuan Jin. Research progress analysis of robotics selective harves-
ting technologies[ J]. Transactions of the Chinese Society for Agri-
cultural Machinery, 2020, 51(9) : 1-17.

Cruz-Ortiz D, Chairez I, Poznyak A. Adaptive sliding-mode traj-
ectory tracking control for state constraint master-slave manipulator
ISA Transactions, 2022, 127 . 273-282.

Sarabu H, Ahlin K, Hu A. Leveraging deep learning and rgh-d

systems[ J ].

cameras for cooperative apple-picking robot arms[ C]//2019 ASA-

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

BE Annual International Meeting. Boston: American Society of
Agricultural and Biological Engineers, 2019 1-8.

. RV ML R A8 A T BB R BT [ D] R
B WAL TR, 2017.

Zhan Tao. Research on several key technologies of agricultura
picking robot with double manipulators cooperation[ D]. Wuhan;
Hubei University of Technology, 2017.

FkaE. EMEACRIEHUNUE AT [ D], i . PEdbAk
MBHERE, 2024,

Zhang Liang. Research on path planning of master-slave apple pick-
ing manipulator[ D]. Xianyang; Northwest A&F University, 2024.
Jiang Y, Liu J, Wang J, et al. Development of a dual-arm rapid
grape-harvesting robot for horizontal trellis cultivation[ J]. Fron-
tiers in Plant Science, 2022, 13, 881904.

EAR, BB, BEL, S XUE REMEERVITI SR W&
WEIELF ) AL )]. RIS 55 H, 2024, 41(11) .
1951-1964.

Wang Dong, Qiu Chaochao, He Wei, et al. From classic to learn-
ing-based algorithms: a survey of cooperative control for dual-arm
systems[ J]. Control Theory & Applications, 2024, 41 (11) .
1951-1964.

Septlveda D, Fernandez R, Navas E, et al. Robotic aubergine
harvesting using dual-arm manipulation[ J]. IEEE Access, 2020,
8. 121889-121904.

okt ZH RN 22 AR R LS AFR [ D].
PR s INARREE, 2022.

Jiang Zongxiang. Research on the precise picking robot of high-
quality tea sprout with multi-arm coordination[ D]. Jinan: Shan-
dong University, 2022.

RIS, BRIEBE LA PR R 5 A AFSE (D] 8 . Pt
BMBHEIE, 2018.

Zhang Shasha. Control method of dual arm picking robot for ki-
wifruit[ D]. Xianyang; Northwest A&F University, 2018.

Ahlin K J, Hu A, Sadegh N. Apple picking using dual robot arms
operating within an unknown tree[ C]//2017 ASABE Annual In-
ternational Meeting. New York: American Society of Agricultural
and Biological Engineers, 2017 :1-8.

Ling X, Zhao Y, Gong L, et al. Dual-arm cooperation and imple-
menting for robotic harvesting tomato using binocular vision[ J].
Robotics and Autonomous Systems, 2019, 114 134-143.
Williams H A, Jones M H, Nejati M, et al. Robotic kiwifruit har-
vesting using machine vision, convolutional neural networks, and
robotic arms[ J]. Biosystems Engineering, 2019, 181 140-156.
Chakraa H, Guérin F, Leclercq E, et al. Optimization techniques
for multi-robot task allocation problems: review on the state-of-the-
art[ J]. Robotics and Autonomous Systems, 2023, 168 104492.
Mann M P, Zion B, Shmulevich I, et al. Combinatorial optimiza-
tion and performance analysis of a multi-arm cartesian robotic fruit
harvester-extensions of graph coloring[ J]. Journal of Intelligent &
Robotic Systems, 2016, 82, 399411.

Be . UERRAER I BB S I SR AL A
HARBFE[D]. B vHIABHE R, 2020.

Mu Longtao. Full field of view information perception and integrat-
ed picking method forkiwifruit harvesting robot[ D ]. Xiangyang:
Northwest A&F University, 2020.

Li T, Xie F, Zhao Z, et al. A multi-arm robot system for efficient

¥ FE Mk . www. stae. com. cn



6166

B R

5

T #%

Science Technology and Engineering

2025,25(15)

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

apple harvesting; task plan and control [ J ].
Computers and Electronics in Agriculture, 2023, 211 107979.

Cheikhrouhou O, Khoufi I. A comprehensive survey on the multi-

perception,

ple traveling salesman problem: applications, approaches and
taxonomy[ J]. Computer Science Review, 2021, 40 100369.
Recce M, Taylor J, Plebe A, et al. Vision and neural control for
an orange harvesting robot [ C ]//Proceedings of International
Workshop on Neural Networks for Identification, Control, Robotics
and Signal/Image Processing. Venice: IEEE, 1996 . 467475.
Edan Y, Engel B A, Miles G E. Intelligent control system simula-
tion of an agricultural robot[ J]. Journal of Intelligent and Robotic
Systems, 1993, 8. 267-284.

Zhang H, Li X, Wang L, et al. Construction and optimization of a
collaborative harvesting system for multiple robotic arms and an
end-picker in a trellised pear orchard environment[ J]. Agronomy,
2023, 14(1) : 80.

He Z, Ma L., Wang Y, et al. Double-arm cooperation and imple-
menting for harvesting kiwifruit [ J ]. Agriculture, 2022, 12
(11): 1763.

2, B, BRIL, . AR RERIE 2 E R ARG AL 55
B[], Al TR, 2021, 37(2) : 1-10.

Li Tao, Qiu Quan, Zhao Chunjiang, et al. Task planning of multi-
arm harvesting robots for high-density dwarforchards[ J]. Transac-
tions of the Chinese Society of Agricultural Engineering, 2021, 37
(2):1-10.

Barnett J, Duke M, Au C K, et al. Work distribution of multiple
cartesian robot arms for kiwifruit harvesting[ J ].
Electronics in Agriculture, 2020, 169 105202.
Li N, Remeikas C, Xu Y, et al. Task assignment and trajectory

Computers and

planning algorithm for a class of cooperative agricul tural robots[ J ].
Journal of Dynamic Systems, Measurement, and Control, 2015, 137
(5): 51004.

RWR, TEZ, 240 BEEA I KA PL s LS
RLHBTSEERAL ], HURSHUE, 2023, 51(16) : 201-210.
Zhu Bocheng, Wang Zhijun, Li Zhanxian. A review of collision
detection and its applicationin robotics[ J]. Machine Tool & Hy-
draulics, 2023, 51(16) ; 201-210.

Luo R C, Liao C, Kuo M. Non-contact collision avoidance with
sensory servo control in real time for industrial automation[ C]//
2017 IEEE Smart World, Ubiquitous Intelligence & Computing,
Advanced & Trusted Computed, Scalable Computing & Communi-
cations, Cloud & Big Data Computing, Internet of People and
Smart City Innovation. San Francisco: IEEE, 2017 1-8.

Jiang W, Chen W, Song C, et al. Obstacle detection and tracking
for intelligent agricultural machinery[ J]. Computers and Electrical
Engineering, 2023, 108 . 108670.

Skoczen M, Ochman M, Spyra K, et al. Obstacle detection system
for agricultural mobile robot application using rgb-d cameras| J].
Sensors, 2021, 21(16) ; 5292.

Kragh M F, Christiansen P, Laursen M S, et al. Fieldsafe: data-
set for obstacle detection in agriculture [ J]. Sensors, 2017, 17
(11) . 2579.

Campos Y, Sossa H, Pajares G. Spatio-temporal analysis for ob-
stacle detection in agricultural videos[ J]. Applied Soft Compu-
ting, 2016, 45; 86-97.

Rong J, Wang P, Wang T, et al. Fruit pose recognition and direc-

[82]

[83]

[85]

[86]

[87]

[88]

[90]

[91]

[92]

[93]

tional orderly grasping strategies for tomato harvesting robots[ J .
Computers and Electronics in Agriculture, 2022, 202, 107430.
Xiong Y, Ge Y, From P J. An improved obstacle separation
method using deep learning for object detection and tracking in a
hybrid visual control loop for fruit picking in clusters [ J].
Computers and Electronics in Agriculture, 2021, 191 106508.
El-Gohary M, Mcnames J. Shoulder and elbow joint angle tracking
with inertial sensors[ J]. TEEE Transactions on Biomedical Engi-
neering, 2012, 59(9) : 2635-2641.

MR, Sk, IR, &5 plas ARG 7y B e[ )],
B4R, 2022, 33(6) ; 2246-2263.

Chen Shanyan, Guan Yong, Shi Zhiping, et al. Formalization of
collision detection method for robots [ J]. Journal of Software,
2022, 33(6) : 2246-2263.

Laurini M, Consolini L, Locatelli M. Optimizing cooperative pallet
loading robots: a mixed integer approach[ J]. TEEE Robotics and
Automation Letters, 2021, 6(3) : 5300-5307.

Kang G, Kim Y B, Lee Y H, et al. Sampling-based motion plan-
ning of manipulator with goal-oriented sampling [ J]. Intelligent
Service Robotics, 2019, 12 265-273.

TR, R, B, 5. 2 HARE ST ILEL TR LK
IO LR [T ], MUK 5%, 2024, 52(15) .
1-7.

Su Rui, Jiang Zhouxiang, Qin Pengju, et al. Research on model-
free calibration pose of manipulator under multi-target composite
visibility constraint[ J ]. Machine Tool & Hydraulics, 2024, 52
(15) . 1-7.

TRk, R, BREE, % —FZ I s st R
FORIESE RS I 7 B5 (1], B2 EOR 5 TR, 2019, 19 (14):
218-223.

Wang Xinda, Han Baoling, Chen Yuhan, et al. A collision detec-
tion method in the motion process of multi-joint manipulator[ J].
Science Technology and Engineering, 2019, 19(14) . 218-223.
F2ER, U, WA RHELA A GRE R SR BT[], LA
TR, 2019, 55(17) ; 77-84.

Wang Xuewu, Tang Bin, Gu Xingsheng. Research on obstacle
avoidance strategy for welding robot [ J]. Journal of Mechanical
Engineering, 2019, 55(17) ;. 77-84.

BUTIL, EFEK, KRIER, 4 AN SHLE NS i Al
SRR T]. HLERA, 2022, 44(3) ; 281-290.

Huang Yanjiang, Wang Ziqin, Zhang Xianmin, et al. Pose esti-
mation and collision detection in human-robot coexistence[ J]. Ro-
bot, 2022, 44(3) : 281-290.

VERERE, BT, EBI, 4 ST MR Z L8 A RE
BRI IETRIEL)]. MURSHUR, 2024, 52(1) : 74-78.

Xu Xiaoqun, Hou Zhongping, Wang Changshun, et al. Research
on multi-robot collision detection method based on ellipsoid model
[J]. Machine Tool & Hydraulics, 2024, 52(1) ; 74-78.

Kong M, Bai Y. An efficient collision detection algorithm for the
dual-robot coordination system[ C]//2018 IEEE 3rd Advanced In-
formation Technology, Electronic and Automation Control Confer-
ence (IAEAC). Chongging: IEEE, 2018 1533-1537.

Lei M, Wang T, Yao C, et al. Real-time kinematics-based self-
collision avoidance algorithm for dual-arm robots[ J]. Applied Sci-
ences, 2020, 10(17) . 5893.

Bac C W, Roorda T, Reshef R, et al. Analysis of a motion plan-

¥ FE M HE . www. stae. com. cn



2025,25(15) K HAL 55 ZHUUE D R A ORI R 2504 6167
ning problem for sweet-pepper harvesting in a dense obstacle envi- 2023, 30(7) . 28-31.
ronment[]] Biosystems Engineering, 2016, 146 85-97. [108] Zhang C, Wang H, Fu L, et al. Three-dimensional continuous
[94] EFRA, MopiT, HCE, . 3T TSP-RRT HikMittiaL H picking path planning based on ant colony optimization algorithm
%Eéim‘ﬁ*ﬁﬂﬁﬁwa J[T]. TEPELL R2E2ER, 2024, 46(2) [J]. Plos One, 2023, 18(2) : 282334.
490-501. [109] Cao X, Yan H, Huang Z, et al. A multi-objective particle swarm
Ma Xiaojie, Shi Xinyu, Xiao Wenxing, et al. Multi-objective con- optimization for trajectory planning of fruit picking manipulator
tinuous picking path planning forcitrus based on TSP-RRT algo- [J]. Agronomy, 2021, 11(11) : 2286.
rithm[ J]. Acta Agriculturae Universitatis Jiangxiensis, 2024, 46 [110] B¥BH, fTafe, RIEAR, & Tkt A T 337509 BHLT

[95]

[96]

[97]

[98]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

(2): 490-501.

Gan B, Dong Q. An improved optimal algorithm for collision de-
tection of hybrid hierarchical bounding box[J]. Evolutionary In-
telligence, 2022, 15(4) . 2515-2527.

Cui Y. Collision detection system of dual manipulator based on dif-
ferential evolution algorithm [ J]. IET Conference Proceedings,
2022(20) ;: 273-277.

Li H. A visual recognition and path planning method for intelligent
fruit-picking robots[ J]. Scientific Programming, 2022(1) : 1297274.
AW, s, ki 7. BT RIGH A TR X LR B A

BRI ()], AEHURS A S THA, 2024 (10)
63-67.

Guo Beitao, Jin Fuxin, Zhang Lixiu. Robot time trajectory optimi-
zation based on improved genetie algorithm[ J]. Modular Machine
Tool & Automatic Manufacturing Technique, 2024 (10) ; 63-67.
Shami T M, El-Saleh A A, Alswaitti M, et al. Particle swarm op-
timization ; a comprehensive survey[ J]. IEEE Access, 2022, 10;
10031-10061.

Wang D, Tan D, Liu L. Particle swarm optimization algorithm

an overview[ J]. Soft Computing, 2018, 22, 387-408.

BB, BRIAR, WEIESR, 4. JET pib-mistar A7 BOR L

WA IZ 2 BRI Tk [ 1], AR ML 2= e, 2024, 55(10) .
82-92.

Xiong Juntao, Chen Haoran, Ya Zhaoshen, et al. Motion plan-
ning for lychee picking manipulator based onpibrristar algorithm
[J1.
ery, 2024, 55(10) ; 82-92.

Luo M, Hou X, Yang J. Surface optimal path planning using an
IEEE  Access, 2020, 8.

Transactions of the Chinese Society for Agricultural Machin-

extended dijkstra algorithm [ J J.
147827-147838.

Duchoni F, Babinec A, Kajan M,
modified a star algorithm for a mobile robot[ J].
neering, 2014, 96. 59-69.

Wang J, Chi W, Li C, et al. Neural RRT*
timal path planning[ J].
ence and Engineering, 2020, 17(4) :
LiQ,XuY, BuS,
modified PRM algorithm[ J]. Sensors, 2022, 22(17) ; 6581.
ST, AR, R, ZUACRMILES A AR R[]
TR K244, 2017, 44(3) ; 530-535.

Yuan Yanfang, Zheng Xiangzhou, Lin Weiguo. Path planning of

et al. Path planning with

Procedia Engi-

: learning-based op-
IEEE Transactions on Automation Sci-
1748-1758.

et al. Smart vehicle path planning based on

picking robot for famous tea[ J]. Journal of Anhui Agricultural
University, 2017, 44(3) . 530-535.

W, s, TREAN. BE T BOERT RE S XU LA
R RLRI[ )], FAR ST, 2023, 30(7) ; 28-31.
Ren Pan, Meng Xinjia, Ding Zhijie. Research on obstacle
avoidance algorithm for dual-industrial manipulators based on im-

proved particle swarm optimization[ J]. Technology and Market

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

R AR [ )] HURAE S, 2020, 44(3) : 3945.
Xue Yang, Yu Zhicheng, Wu Haidong, et al. Obstacle avoidance
path planning for double manipulator based on improved artificial po-
tential field method[J].
44(3): 3945.

B, AR K, S T BCHE N T3 ] ML R 3L
HUBE 8t Rl B A2 AR [T ] VL IR B R 222 4 ( 3 AR
M), 2021, 35(5) ; 72-79.

Qiu Bo, Shan Liang, Chang Lu, et al. Collision avoidance path

Journal of Mechanical Transmission, 2020,

planning of dualmanipulators based on bidirectional planning
ofimproved artificial potential field method[ J]. Journal of Jiangsu
University of Science and Technology ( Natural Science Edition) ,
2021, 35(5) : 72-79.

el wkikZ, BTSSR I UL A2
MRS (1], HUBRIL S, 2021, 45(6) : 77-84.

Ma Haonan, Zhang Zhi’an, Li Qingliang. Improved artificial po-
tential field method for dual-manipulator path planning algorithm
(1. 2021, 45 (6):
77-84.

Tavares P, Lima J, Costa P, et al.
planning using double [ J]. Industrial Robot:
Journal, 2016, 43(6) : 657-664.

BB, FETET A B 0 U HIL s A Sk 5 % A 90 40 B 5%
[D]. BTN WL TR, 2020.

Shen Xuming. Research on obstacle-avoidance pathplanning for

Journal of Mechanical Transmission,

Multiple manipulators path

An International

dual-arm robot based ontime sequence A * algorithm[ D]. Hang-
zhou; Zhejiang University of Technology, 2020.

MAR, BRI, R, 2 KRBT CHEEOAR T
FERERB[J]. L5 R, 2024, 40 (6):
1142-1152.

Guo Ziliang, Yin Chengkai, Wu Xuanbo, et al. Research status
and prospect of key technologies of fruit picking manipulator[ J ].
2024, 40 (6):

Jiangsu Journal of Agricultural Sciences,

1142-1152.

AR, MHEDE, TRIEEY, S KRR RS RS SR
RS T]. BRI RS, 2021, 42(3) : 49-55.

Guan Jinxuan, Lin Guichao, Zhang Shi’ang, et al. Optimization
algorithm for obstacle avoidance motion planning of fruit picking
manipulator [ J ]. Modern Agricultural Equipment, 2021, 42
(3):49-55.

BRisez, Whist, fORTT, 5. BET RGOy LR Sk
FOUCHL AR b [ 36 o LSl D5 i [ 0] b LA T2, 2018,
29(10) ; 1220-1226.

Chen Bozhi, Lu Liang, Lei Xinyu, et al. Simultaneous obstacle-
avoidance motion planning approach for dual armrobots based on
improved RRT algorithm [ J].
2018, 29(10) : 1220-1226.

Sarabu H, Ahlin K, Hu A. Graph-based cooperative robot path

China Mechanical Engineering,

¥ FE Mk . www. stae. com. cn



6168

B R

5

T

Science Technology and Engineering

g
2025,25(15)

[119]

[120]

[121]

planning in agricultural environments [ C ]//2019 IEEE/ASME
International Conference on Advanced Intelligent Mechatronics
(AIM). Hong Kong, China: IEEE, 2019 519-525.

W, JSCHE, ZEE W, S5 SRIMHLARE A AL 55
FIARERR[T]. P ELHUI2AHR, 2023, 44(5) : 161-169.
Yang Xuhai, Zhou Wenhao, Li Yufeng, et al. Review of path
planning algorithms for picking manipulator[ J]. Journal of Chi-
nese Agricultural Mechanization, 2023, 44(5) . 161-169.
JRENS . R T IO WORE 5 12 9 HIL s SV G il i A2 LR
[D]. ¥LHA: ALK, 2013,

Kang Haobo. Mechanical dual-arms’ colligsion-free path planning
of robot based on improved ant colony algorithms[ D]. Shenyang:
Northeastern University, 2013.

WS, kAR, W), FET APF-RRT M SUHLARE 2 245kt s
BEAEMLRILTT. HLbAESh, 2022, 46(4) : 48-54.

Peng Peng, Zhang Zhi’an, Huang Xuegong. Dynamic obstacle
avoidance path planning of dual-manipulator based on APF-RRT
[J]. Journal of Mechanical Transmission, 2022, 46 (4):
48-54.

[122]

[123]

[124]

[125]

[126]

LiuM, LiY, Li A, et al. A slime mold-ant colony fusion algo-
rithm for solving traveling salesman problem[ J]. IEEE Access,
2020, 8: 202508-202521.

Cao X, Zou X, Jia C, et al. RRT-based path planning for an in-
telligent  litchi-picking manipulator [ J ]. and
Electronics in Agriculture, 2019, 156 105-118.

BRI, RBRVE, MPRNI, 5. JET IR AL > AT 5 R
VU B AR LRI T [0]. AR AR R =240, 2023, 44
(3): 473483.

Xiong Chunyuan, Xiong Juntao, Yang Zhengang, et al. Path

Computers

planning method for citrus picking manipulator based on deep re-
inforcement learning [ J ]. Journal of South China Agricultural
University, 2023, 44(3) . 473-483.

Liu Y, Gao P, Zheng C, et al. A deep reinforcement learning
strategy combining expert experience guidance for a fruit-picking
manipulator[ J|. Electronics, 2022, 11(3) : 311.

Zhao Y, Gong L, Liu C, et al. Dual-arm robot design and testing
for harvesting tomato in greenhouse[ J]. IFAC-Papers on Line,

2016, 49(16) : 161-165.

¥ FE M HE . www. stae. com. cn



