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Abstract; Aiming to address the issue of high damage rates caused by a single harvesting mode for apples
of varying maturities, an apple maturity identification model, YOLO 11n — LDA, was proposed based on
YOLO 11n, combined with a flexible gripper to achieve low-damage harvesting for apples at different
maturity stages. Firstly, the large separable kernel attention ( LSKA) module was integrated into the
SPPF module of the YOLO 11n network to expand the model’s receptive field. Subsequently, dynamic
snake convolution ( DySnakeConv) was added to the C3k2 module to enhance the model’s perception of
multi-scale features. Furthermore, the asymptotic feature pyramid network ( AFPN) replaced the neck
network to bridge the semantic gap and improve feature fusion stability. Finally, the maximum safe
picking force for apples of different maturities was determined via ANSYS simulation, and a
comprehensive harvesting test platform, comprising a collaborative robotic arm, a flexible fin gripper, a
camera, and an industrial control computer was constructed for experimental testing. Experimental results
on the PApple_RGB — D — Size dataset showed that, with maturity classified into eating-ripe, harvest-
ripe, and unripe, the improved model achieved an overall mean average precision (mAP@ 0.5) of
87.7% . The AP@ 0.5 for eating-ripe, harvest-ripe, and unripe apples were 86.6% , 89.0% , and
87.5% , respectively; the overall mAP@ 0.5 and the AP@ 0.5 for the three maturity categories was
increased by 3.9, 8.0, 1.6, and 2. 1 percentage points compared with that of YOLO 11n. In the orchard

apple maturity dataset, the improved model achieved an mAP@ 0. 5 of 95. 5% , representing an increase
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of 0.9 percentage points compared with that of YOLO 11n. In harvesting experiments, the detection rate,

harvesting success rate, and damage rate were 99.0% , 84.0% , and 4.8% , respectively. The

enhancement of the vision model improved detection accuracy, while the visual-tactile fusion method

provided a reference scheme for low-damage harvesting.

Key words: apple; ripeness detection; low-damage harvesting; flexible gripper; YOLO 11n — LDA
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Tab.1 Physicochemical properties of apples at different maturity stages
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Fig.5 Simulation results of apples at different maturity stages
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Tab.2 Ablation experiment results
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levels of AP@0. 5 %

DySnake o N N

LSKA AFPN &R SRR A

Conv

x x x 78.6 87.4 85.4
Vv x x 82.8 88.7 87.1
Vv Vv x 85.1 89.3 87.6
Vv Vv Vv 86. 6 89.0 87.5

2 Al %0, X7 YOLO 11n, 78 SPPF Hjii A
LSKA 3 J5 B AL i) mAP@ 0. 5 F1 44 [a] 2 53 Jj] £ Tt
1.32.2 N4y, N 3 kB R BGR 31
AP@O.5 2T 4.2 MAT . R T — L RT &
FH RS2 K PEBE , 51 AT DySnakeConv B3R, AH 4%
F IR MR K mAP@ 0. 5 FI KB AP@O0. 5
3Tt 3.6.6.5 AT 43, AH A B A R B
AR A JE AR PS5O R AR AR 2 B C3k2 IS
DySnakeConv , 7] DL 455 5 $i& B 3] 0 o 3 & W HR1E,
Pl /N S BRI () ) £ 5 SO0 R AR 2 T 2 TR
MRHIE 5 PA FRAE 2 FN P3 HRRAEJZ R[], & 481 XL
206, Ll F YOLO 11 [ Neck 4% J& PAFPN %1
P, TR R A fl B B 30 A7 70 FRAE 2 08, 23 in R[] g 1E
22 MR R 25, B DL R S AL, H
DySnakeConv i # 71 BF yfi A 1l 1 B4 AF {687 4G 00 74
AR, AR R 0 58 TR KT A R B e
JEL TR mAP@ 0.5t 248 Tk, i e 4 e AL
R SR 478 375 S X6 AT B R b ARG T 5 SR A A A
IXAE P5 & )2 FRAE I H 5] A DySnakeConv #23, [A
RN P3 Y P4 2 A T /N H AR RRAE SRR,
5 YRS B AR S 59 5 & AE & ROB AR 1IE 2 b i
Pz AL W 2 5] ATUARITTH., S B R S 40 5 ¥
T R] d 25 38

T WCETE SO B 1 B A IR R R AR SOl
FH AFPN 40T Neck [ 26 XF F# A i2E 17 7 i Xl &
A AE PRET 6.1 A H 4 pi B IK mAP@ 0.5 42
3.9 ASE 43, 1 U R F S R R B Y

AP@O0.5 73 542 T+ 8.0, 1.6 2. 1 A1 73 i, 45 1% &
A B AR 3. 0 ms, L RURS 08 L An [ 6
TN o S AE R IE T HE S Il A AR, O R ST
FRBES M

45 bl

e

" ) YOLO 1 n—LZ$ﬁMﬂz§ﬁ%
Bl 6 BTG X L K]
Fig. 6 Model detection comparison charts
2.1.3 5 HAh YOLO LRI [

T SRR R EBE , BB 5 TR A R A G 4%
YOLO v8n,YOLO 11n,YOLO 12n YOLO 13n D) J &
PERERLAL YOLO v8m \YOLO 11m 7EAH [A] BREE T #E 47
SEH BSR4 PR .

x4 HYOLO EAKLMER
Tab.4 Detection results for each YOLO model

n AW HAEE/ mAP@O.5/ BRI B
A

/% % % FHi/MB  [8]/ms
YOLO v8n 78.9 77.1 84.3 6.3 6.7
YOLO v8m 80. 1 75.4 86.2 52.0 5.1
YOLO I1n 77.5 75.2 83.8 5.5 2.0
YOLO 11m 77.3 76.7 85.0 40.5 4.5
YOLO 12n 71.3 74.0 81.7 5.5 3.2
YOLO 13n 79.8 70.7 83.7 5.4 4.1

ASCHT 4 H % YOLO 11n — LDA 7F mAP@ 0.5
FHETHZEH MY YOLO v8n,YOLO 11n,YOLO
12n 1 YOLO 13n 43 5429+ 3.4 .3.9.6.0.4.0 ™ FH
gy, BERL N A S = A BT YOLO 1hn {3
1.1 MB, Jf HAH# F 33 09 = Pk fE A I ) 2% YOLO
v8m il YOLO 11m 7F mAP@0.5 4 1.5 2.7 4~
Ao BB T () B 7R B AU N A o5 o T 43 0 [
X7 45.4 MB #133.9 MB, 523 %H YOLO 11n —
LDA TEAG IUHRT B2 A D 32 32 055 280 P A7 o5 R 6 7 Tl
SRS K e
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2.1. 4 fEAESE PR BGTE

AR 5200 B0 IE T RS RLAE T S5t TR R IR B
(R B o R T S s A M B 5 4 38 35 15 S T 3 /)
MG o o T A T PPl R B AR R R PR AR R YR i
PR ARSI AT |1 3CHR[27 ] 2 JF 1Y Orchardapple
maturity 045 4R HF AT b 70 S0 5, AR SR AL 1989
MR G, o3 o < ok B B L R T 4 AN
i BELG A5 8: 2.40] 43 Ay I A R IR A B 43 RS RE
ﬁﬁulﬂ 7 PR R 2 %lzni% 5 PR

(d)

" b) © 234
B 7 fA SRR G REA

Fig.7 Image samples in simple environment
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Tab.5 Dataset model detection results

WH Al mAP@O.5/ BIEINFE AT
/% /% % SR /MB A/ ms
YOLO 11n 89.8 89.8 94.6 5.5 27.0
YOLO 11n—LDA 90.7 91.1 95.5 6.7 32.8

e

M5 ATAFE TS s TR BN B 4 1 R A
YOLO 11n & 23K 5] 7 #5559 R B2, {5 ik A AU 7
HER R B %A mAP@O. 5 A4 M4EF T 0.9,
1.3.0.9 M4
2.2 RBRFEEIHH
2.2.1 HEIRSEOF A

LU F & B4 A Intel D455 HIAH AL vk B 2
ik FR3 BIPMENLIE 5 P28 A fh g T 7 22 4 ke
JIUC T4 HL L K 3% i Bl 4 REP602 75 4 i I 7 4% J%
o TRl KRN T Hh 22 HoR AR T 100 Bondy A R ALY
SR b R Al RN £ R 50 A, Il 8
IR o F R 228 R A S R [ 52 T 5 3 AR B
B b, A5 00 B S Y SR i IR B, L AR S 50 IR BT
9 Tz, R4 #1003 58 B 42 1 76 24 h P9, A £
Bt B

K8 SRAW AR
Fig.8 Apple picking example

Ko SeFH
Fig.9 Experimental platform
L AL 2. 5 THLae At g TR E RN 3. Intel D455 RIAH
Bl 4. BB FR3 AL DME LA
OSSR 2 B AR A 2 5 O 75,3 mm Al
63 mm; IR EAAHL RGB 73 B Ry 1280 2K x 800 &

2, WR 30 £/s, A MR JEHI 9 0.6 ~6 m; PhfE
PUBE B R T AR 420 0.62 m, f K B 28 it 4 8
3 kg ke T e ] Al Fia AL 3K Bl , e KOsk O AR A
135° ;3 5 I ) 1% A% 8 2 0 0.4 mm, 0 7 15 6]
10 ms LAY ; THEHLEAE R 4209 Ubuntu 20. 04, 5 ic
RTX3060 i+ Fil Intel i5 — 8500 4bFHZS

A 5T R IR AE T 51 BE B AT T IRARE o K AR
BT 5 T LB A o, 2 W HE 2 A Bl ] 2P R
£ RGB — D 545 R I (v 28 B0 ol i 22 JBOAE 4%
FRAE 45 & WU 12 322 2 80, A B/ — 3R ik 5K
il AL e AL bR 28 B AR R I o 2 A H A ot = 4
A BRORS B W S5 22 LMK ik A AR 2R, O i 20 s LA
ST 55 S (I 6 119 R 1o 26 v DR AR DR J5E

SCH B Rt TR LS, B AR S B R A
SN 22 A T DU E AR s A S LR 45 e T iy
IR o B A IR 4 *ﬁﬁﬂlﬁl 10 fIr7R o

/ DASSTEIARHL

JIIROS | yepe
[ whemen | s
¢ MBS LRI
BT ROSHAL '
IERARFRIT:
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CANEE
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FR3IFYHLIRE
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Fig. 10 Communication relationships among

components of experimental platform
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ELAE ) 3R B2 o - D455 7 AH WLl o USB 2 0
&% RGB — D G, L5 5 vk 10 3 2R it 3 B2 O I
e 5 K22 4 SR A TR) e 285 6 T R A 0 P I A
AR AL A bR 2R e de 2 i B A bR R, T ML IE O
ROS 5 8 & #i A, I 28t CAN i 28 3K 3 HILARVET Hi%
N EH AL E . RS, 8 RS485 F5 4 45 il Je I A
£ 19 E] HE BBE P ) A% 1% A FH Modbus Bip 130 52 B[]
ERRCE IR G U i . RGERIE 1. 4.3 5 T
(28 S BB T, — Bk 8138 2 i e K% 4
KA F1, I INSL Z0E 1 P A o fo S AL 3 1T
Je PR AR 5, M IS IR A B, MU $0F7 ok
S S A2 2% 2 A SRR, 58 R A Sh AR .
2.2.2  IRACRAH LK

R SER A R 10 4, A4 B B GRTR
TS 5 B0, HEAE R T A0 B S 1 SR PR 8, B
T 4 1) % 4% 1R B 43 % J RRT — Connect ( Rapidly-
exploring random tree connect) & ¥k, K i i £ U0
11 iR o

KA, 1 e it ROS w1 Rviz 3 B LG,
WIHREE ARG R 5 (B 1a) , 88 )5 M HLA 3k RGB
PG R IR 32 T A2 i 2 LB A5 D, B A AR % RGB
BRI PR R U0 S R A B X 1) B KR 4
KA 1 VA KA AR IR AT AR bR AR e (L 11h) | BIL AR R
REAE ARG I IG 008 (B 1) 58 8h 2R 1 &
(FE 11d) b e IFF 46 P A (L 1Le) I 52 Bsf 4G )
S JTORE S SR g FUBCSy (PR 1LE) |, 24 9ICHR 3k ) B %
S B K2 4 SR A 77 J5 e A5 1k W A, O AT R A
(B 11g), & Ja ¥ 5% 58 fr 2 A7 008 56 R 4
(El 11h),

R T VAR T S AL A A YOLO 11n — LDA LU
B b @l O A st R SR A S S AR
TARIE A IR PG b 72 3 d A1 7 d I Ge it AR 28 1
B, I %t S g6 2 R AR AT TR, SR 6 TR .

SR 478 S 50 e, A I 2Rk kg A AR B Ty A S
R EFRIIRE T A8 bR 5 B 9 IE A AN T
G 1 D P Ay 71 G P R A 11 T2 IR P Ry SR R
A K TE AU BR #5J 0 HRUDE BB B, anE 11b i
718, T A R AR AT L T R R0 AR SR R
(14 = B J5T DR Ay 3 SR 2 B ARG 4 e JTCTE 5 1A Al
2 R0 E RRT — Connect 53k T ik B0 4 LA B ALHK
T 6 A0 L) v A i AR S SR 1 P g, 2 Bk
JTCDASRATE (10 A% A Oy IS S T 2 8 L4 25 1
B o 45140 7 T, B FH G 10 S SR A 1R A SR A A
B, 23 DT A 358 14 0 K28 4 R Al 77, S BOHOCR- i 1 K
FRRZERMI . RIZE BRI =R 99.0% |
BB RE IE I B %R 93. 0% A T SR i K 84. 0% |

a) Rvizf) i (LR 5¢

0

5
it a)/s
() JiR ik

(h) SERCR
A i

Harvesting flowcharts
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Tab.6 Statistics of experimental results

il Wt H o SR RN TR A kvl R
(7Y TR E M R i) /s
1 10 9 8 0 15.8
2 10 10 9 1 16.2
3 10 10 8 0 14.7
4 9 8 8 0 14.8
5 10 9 8 1 15.2
6 10 10 9 1 14.5
7 10 9 9 0 15.3
8 10 9 8 0 14. 8
9 10 10 9 1 14.9
10 10 9 8 0 15.2
Bt 99 93 84 4

AR 4. 8% LI KAV 35 FARRAF N E] g 15,1 s
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(1) 1 Stk i 392 5 2 52 A T A 8 YOLO
11n — LDA, f£ 5 5T HEK R B h H mAP@O. 5
K 87.7%, M # T YOLO v8n, YOLO 1ln,
YOLO 12n,YOLO 13n,YOLO v8m fil YOLO 11m 4}
B4R 3.43.9.6.04.0.1.52.7  ESA. B
FH RSG5 SR A 004 R R BB AP @ 0.5 A1 T
YOLO 11n 43 BI4E %5 8.0.1.6.2. 1 N 4r A, #t

RN TE 5 B & R 6.6 MB, 4 i & 1% kb B8 5 (8] Ky
3.0 ms,

(2) 768 = T BN BHE 42 1 YOLO 11n —
LDA ) mAP@ 0.5 4 95.5% , % F YOLO 11n #2
0.9 AN 4305 B UE T IR R A

(3) 3 28 SR A S 56 A5 HH 3% 5 28 T DA A A s S B
TR R AR 1 B 0, HR I 5l 20 B TE A R 3R AR
TR 4 2R A8 05 3% 5 01 R 99. 0% .93.0% .84. 0%
M 4.8% , vl 5 SLARI RIS
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