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Depth camera

a T &

b. RAEAALALAR 2T
b. Acquiring safflower coordinate points
Bl RBF s 5 HER %
Fig.1 Test platform and data collection
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b. DAL SR ERAL E I
b. Measurement of safflower fruit
ball locations

a. LA R IIE:

a. Safflower plant dimension
measurement
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Fig.2 Measurement of safflower plant size and fruit ball

distribution
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Fig.3 Structure of the counter-rolling end-effector
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a. MR ML 22 R R
a. Schematic diagram of the filament harvesting
using counter-rolling mechanism

SRA Ve R AL IR

Counter-rollers
moving downward

b. R AT S B AE L

b. Theoretical working area of the end-effector

W o ANRIIEEMERE, rad-st; v ORI FBEIEE, mesT,
Note: w is the rotation angular velocity of the counter-rollers, rad-s™; v is the
downward velocity of the counter-rollers, m-s

B4 2RI E T
Fig.4 Analysis of the theoretical harvesting area
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a. ZLAE% 100

a. Force analysis of the safflower

b. ZLAEHE N AR 2 1A

b. Safflower entering the harvesting area

SN SR EEE )], Ns Fy RAARN LR D], Ny F ok
#2301 E 71, N

Note: f'is the frictional force between the filament and the counter-rollers, N; Fyy
is the pressure applied to the filament by the counter-rollers, N; F is the resultant
force on the filament, N.

A5 R@ELMLEBELHERHNE
Fig.5 Saftlower branch force and displacement phenomenon
during the harvesting operation

1.3 FRBEASEBESHH
13.1 RFR|BIEE

N T BB BRAT, AR 7 & TR
HRRHX RN 7, Wk 6 fias. 1ok, RELTE
) = e AR bR B s, PR LML oy P AT b . 7R
R oy i fE dr, 2 R R i AT A AR YE L (50 mm %
200 mm PIFETE ), DABACRER AR BRI B0 P HAT M5 H AR IX
WREA RE i 1~3 A4 At

FEATUBRE R i (BT AR AL B T AR bR i A, MR 5 iR
R P LLACAA AR s TR, AR IR BE A AR R4 A5, JF
SV T 4 A T R M R i AT 3 SR AR TR X I 2
Kl 6a fin), WSl R BT X aE, AEE = miik
BEMAR G 5 = M, % = sE R R = AT A RE
B X 3078 55 AR [B] b — 2D 2k, B 2SR
WZEDH — AR AL B RBIITA K SRR A R 3k
i, B, TR SR SRR B 2 A IR . TR
X Ik PR, X T 2L AR KR s, LeiEFERe s
2 AL X, DA R R ROR

JE, W B XK O S NS RCR A A,
TR SRR H bR AL, B IR R i AT 28 RE 6 78 T A
MNXIEA I A LLAE . B 6b Fis, HoaA XK
O s AR AR K i 1) 845 . 15 R SRR A RIS,
BLLE A XK 43 (0 07 1) FOR S B AT 38 (184S, AR IR %
13 ) G P R R 38R
132 RW\EESH

B 7 EGT 2 A0 3 ZE 400 PR X Ry 45 . oK
Uit AT B8 R L S BB R SR ke, NT
RECRBAE RSB, 4554018 B RRE T RERK 25 1)
Gy, BT T R IAT A R L A R R

2026 F
Yl i Yl i Yl Te Y i
X X X X
o ;. s hoa A‘ C? A‘
Y ﬁ Y Y x Y

a. X3kl 7o

a. Schematic of the region-partitioning

Rl B AR A PIAIEE oS T
Picking points before partitioning Hquivalent picking po
3 !

sﬂning
n

=

L - = gg
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b. Xk 43 45 AR S B
b. Results of the region-partitioning process
W AL RURRIEIERNG ml: B0 U S ORISR 10 FETRAE R Ui
PAT R G X RO AU ERCRI
Note: Red dots denote unclustered picking points; green dots denote clustered
picking points; the rectangular box represents the coverage area of the end-
effector; black dots denote equivalent picking points.
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Fig.6 Clustering process for harvest area division
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a. Clustering results

THARA

Start to picking

-

b. 2554148
b. Two safflowers

c. 3444k
c. Three safflowers

B 7 RRRE S AT BRI L
Fig.7 Harvesting operations of the end-effector under different
cluster number conditions
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Note: x, and x;; are the coordinates of the start points of the two trees; x, and x,
are the coordinates of the closest nodes between the two trees; g, and g, are the
coordinates of the reoriented nodes that connect the two trees; O represents an
obstacle.
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Fig.8 Target reorientation strategy
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e Xg
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a.Direct path strategy in an obstacle-free environment
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—— H b3 Hik 547 7 [ Unit direction vector to target
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b.Obstacle-avoidance deflection strategy for a direct path
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Note: x;; and x;, are the coordinates of nodes expanded from the first tree; x, is
the coordinate of the node that triggers target-directed expansion; ¥ is the unit
direction vector pointing toward the target; v,, is the smoothed unit direction
vector for obstacle avoidance; x,,, is the new target-directed node; d,,;, is the
minimum distance from the node to the obstacle.
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Fig.9 Direct target approach and deflection strategies
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a. GBI

a. Obstacle penetration detection

b. B H AL P
b. Path replanning for
obstacle avoidance

e pov pi M py NEEAEHITT AL
Note: po+ p; and p, are the control points of the path.
B0 #EparEmrshl
Fig.10 Schematic of obstacle-avoidance path reconstruction
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Et BI-RRT* (84.75) /b 41.71%. 7EB42F-18 & )71,
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Table 1 Performance comparison of algorithms across different obstacle environments
RS IR G A7 AR TR ESAMY€:id FEY i) iy JEE
Obstacle environment Algorithm Path length/mm Number of nodes Number of iterations Computation time/s Turning angle/(°)

BAL-RRT* 4107.92 62.05 46.80 0.18 35.04
BI-APF-RRT* 4192.06 71.70 51.35 0.20 38.00
lﬁﬂfﬂ%& BI-RRT* 425072 82.35 51.15 0.12 38.13
Spar:le jonventﬁ?onal GB-RRT* 4029.03 167.45 193.05 0.21 24.40
obstacles environment IBI-P-RRT* 4224.96 113.80 58.00 0.20 37.13
RRT* 3937.44 481.35 520.45 0.71 25.23
TR-RRT* 3834.49 33.70 20.85 0.05 21.81
BAL-RRT* 4184.94 68.95 68.20 0.20 36.50
BI-APF-RRT* 4173.60 73.15 63.45 0.21 35.03
KRR BI-RRT* 4216.13 75.05 58.20 0.11 36.42
Large obstacles environment GB-RRT* 4026.50 198.00 261.55 0.27 24.85
IBI-P-RRT* 4219.87 129.50 66.80 0.25 35.21
RRT* 4117.32 452.40 554.65 0.69 29.42
TR-RRT* 3950.92 44.75 30.55 0.07 21.76
BAL-RRT* 4051.97 61.25 53.80 0.19 34.51
BI-APF-RRT* 4208.55 74.95 59.15 0.22 38.33
NI BI-RRT* 4220.36 73.75 55.30 0.11 37.47
Small obstacies environment GB-RRT* 4005.52 242.90 314.90 0.36 25.17
IBI-P-RRT* 4195.53 154.70 80.25 0.44 35.62
RRT* 4029.46 571.35 671.60 1.02 29.09
TR-RRT* 3925.42 43.35 27.00 0.08 25.42
s BAL-RRT* 4686.77 120.30 188.60 0.53 42.90
Kﬁﬁfﬂfﬁiﬁ BI-RRT* 4865.29 107.85 142.45 0.26 44.58
Narrowiaisage oﬁi;stacles GB-RRT* 4729.44 390.55 1040.55 0.65 32.76
environment RRT* 4752.03 531.15 1168.30 0.88 34.97
TR-RRT* 4450.60 75.80 65.30 0.17 37.39
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Fig.12  Process of the simulated harvesting test
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Table 2 Results of the simulated harvesting test
R A J5 b7 Index RI 2% 5 Test No. HI1E
Test content 1 2 3 4 5 6 7 8 9 10 Mean value

AT E] Execution time/s 355 392 341 370 420 358 376 365 288 371 3.64

1 AHXALE iR % Relative position error/% 095 077 081 091 088 082 077 085 093 086 0.86
KA R I Harvesting success rate/% ~ 90.00  86.36  87.50 88.46 8929 88.89 89.47 8571 86.96 88.00 88.06

AT ] Execution time/s 295 325 340 3.02 328 278 310 322 305 3.15 3.12

2 AN B 1% % Relative position error/% 072 0.83 069 078  0.81 076 074 085 070  0.80 0.77
SRAM ) Harvesting success rate/% ~ 85.00  86.36 8333  84.62 8571 8333 8421 8571 8696 84.00 84.92

e AR 1 AHUE MBIAG L 28 BT 28— UCRIBATE S5 k08 2 WU 78 2 KA AL 55 Tl R e 7%

Note: Test 1 corresponds to the manipulator moving from its initial pose to perform the first picking task; Test 2 corresponds to the transition of the manipulator between

successive picking tasks.
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a. KA 575
a. Experimental scene of the
harvesting test
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Fig.13 Effectiveness of the simulated harvesting test
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Safflower harvesting path planning based on harvest-point clustering
and TR-RRT*

YUAN Longxiang'? , ZHENG Yijiang? , GE Yun'**** | ZENG Haifeng'>* , WANG Zhixing'? , YANG Liwei'*

(1. College of Mechanical and Electrical Engineering, Shihezi University, Shihezi 832000, China; 2. Xinjiang Production and Construction
Corps Mechanization Engineering Laboratory for Special Crop Production, Shihezi 832000, China; 3. Xinjiang Production and
Construction Corps Key Laboratory of Modern Agricultural Machinery, Shihezi 832000, China; 4. Key Laboratory of Northwest

Agricultural Equipment, Ministry of Agriculture and Rural Affairs, Shihezi 832000, China)

Abstract: Robotic arms are often required for high picking efficiency, path planning, and path smoothness for safflower
harvesting in unstructured environments. This study aims to introduce a picking area clustering and a Target redirecting rapidly-
exploring random tree (TR-RRT*) path planning. Firstly, a roller end-effector was designed with an effective picking area of 5
cm x 20 cm, according to the spatial distribution of safflower seed balls under natural conditions. A picking point clustering
was also developed to divide the working range of the robotic arm into multiple sub-areas. Each cluster was designed to cover 1-
3 picking points. The end-effector was used to harvest 1-3 safflowers in a single operation. A goal redirecting, a goal-direct and
deflection expansion, and an artificial potential field (APF) tangential escape force strategy were integrated into the
bidirectional RRT* framework to improve the path search efficiency and obstacle avoidance. Among them, the goal redirecting
strategy continuously updated the target points during expansion to rapidly connect paths within opportunity windows. The
goal-directed and deflection expansion allowed both search trees to extend from the nodes closest to the goal, thus maximizing
progress toward the target while deflecting to avoid obstacles. The tangential escape force strategy introduced a tangential
component into the conventional artificial potential field, enabling smooth sliding along obstacle boundaries when approaching
them. As such, the module effectively avoided the path oscillation and target unreachability in the conventional APF. In path
optimization, a combination of a greedy jump-point strategy, interpolated curvature optimization, and B-spline curve fitting was
applied to smoothly adjust the curvature of path nodes and then generate high-order continuous trajectories. An obstacle
avoidance reconstruction was also introduced to prevent the trajectory penetration through obstacles for the continuous,
collision-free, and smooth motion of the robotic arm. A comparison was made on the TR-RRT* and seven algorithms in the
dense, small-obstacle environments. The results demonstrated that the superior performance was achieved in the complex
obstacle environments, where the path lengths (3892.05mm) were shortened by 9.16% and 8.22%, compared with the IBI-P-
RRT*(4284.44 mm) and BI-RRT*(4240.45 mm), respectively; While the average planning time (0.30 s) was only 7.94% of
that of RRT*(3.78 s) and 69.77% of BI-RRT*(0.43 s), respectively. Additionally, the steering angles of BI-RRT*(37.51°) and
BI-APF-RRT*(39.61°) were 1.22 and 1.29 times larger than those of the improved algorithm (30.63°), indicating significant
improvement of the path smoothness. Statistical quantitative experiments were conducted for the algorithm in different obstacle
environments. The optimal performance was achieved in both path length and time consumption under various environments.
Moreover, the TR-RRT* algorithm successfully planned paths in narrow passage obstacle environments. The tendency of
conventional APF was to avoid the local oscillations during path planning in such scenarios. Physical harvesting tests further
validated the effectiveness of the clustering and TR-RRT* algorithm. The robotic arm took an average of 3.64 s to move from
the initial position to the first target point, with an average transfer time of 3.12 s between tasks. The average positional error
relative to the robotic arm's workspace was less than 0.9%, indicating the stable and efficient performance of safflower
harvesting.

Keywords: safflower; harvesting; path planning; clustering partition; improved RRT algorithm
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