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Discrete Element Model Building and Optimization of Double-layer
Bonding of Rape Shoots Stems at Harvest Stage

XIE Wei'”? PENG Lei' JIANG Pin' MENG Dexin' WANG Xiushan'*
(1. College of Mechanical and Electrical Engineering, Hunan Agricultural University, Changsha 410128, China
2. Hunan Key Laboratory of Intelligent Agricultural Machinery Equipment, Changsha 410128, China)

Abstract; Aiming at the problem of lack of accurate bonding parameters in the discrete element
simulation model of rape shoots stems, which is closely related to the key links of mechanized harvesting
of rape shoots stems, such as cutting, transport by clamping, and baling, the stems of mechanized
clamping section of rape shoots in the double low rape harvesting period of “oil and vegetable dual-use”
were used as research objects. Using EDEM simulation software, a method to construct a discrete element
simulation model of double-layer bonding of the middle clamping section stems of the rape shoots was
proposed by using three-axis spatial coordinates method. Design-Expert software was used to design the
Plackett — Burman test, the steepest climb test and the Box — Behnken test to complete the calibration of
the simulation bonding parameters of the clamping section stems of rape shoots. The shear and radial
compression models were constructed by using the optimized solutions of calibrated parameters, and the
corresponding simulation tests were carried out. The model parameters were further optimized by
comparative analysis with the physical test. The results showed that the normal/tangential contact stiffness
of inner core to inner core, the normal/tangential contact stiffness of epidermis to inner core, and the
normal contact stiffness of epidermis to epidermis had significant effects on the mechanical properties of
stems, and the results were 1. 94 x 10" N/m, 9.56 x 10° N/m and 6. 28 x 10’ N/m, respectively. The
relative error between simulated values and measured values of all mechanical models was not greater than
3% . And the force change trend of the stem was basically the same, indicating that the optimized
calibration parameters were feasible and accurate, and the constructed double-layer bonding discrete

method model of stems of rape shoots characterized the difference in mechanical characteristics of its
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internal structure, which can provide a model basis for the numerical simulation of the related system of

stem of rape shoots.

Key words: rape shoots; clamping section of stems; double-layer bonding model; parameter

optimization; discrete element
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Tab.1 Intrinsic parameters and surface contact parameters

of stem in middle section of rape shoots clamping
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Tab.2 Bonding parameters of stem model in middle

section of rape shoots clamping
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Tab.4 Design and results of Plackett — Burman test
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X X, X5 X, Xy Xy X, X J1/N

1 1 1 -1 1 1 1 -1 -1 56.70

2 -1 1 1 -1 1 1 1 -1 68. 20

3 1 -1 1 1 -1 1 1 1 51.70

4 -1 1 -1 1 1 -1 1 1 38.00

5 -1 -1 1 -1 1 1 -1 1 68. 80

6 -1 -1 -1 1 -1 1 1 -1 10. 78

7 1 -1 -1 -1 1 -1 1 1 52.40

8 1 1 -1 -1 -1 1 -1 1 15.78

9 1 1 1 -1 -1 -1 1 -1 51.50

10 -1 1 1 1 -1 -1 -1 1 35.00
11 1 -1 1 1 1 -1 -1 -1 71.00
12 -1 -1 -1 -1 -1 -1 -1 -1 9.28

2 5 Plackett — Burman & 56 52 Wi 2240 M1 45 S i
7N AT LS R P, R X, X X R
M g 3, AR SHOGE WK/, R, 7E 5 2 1 B BE T
Wik 56 A I Box — Behnken {56 Fh HJF & X, X, (X,
I3 A B I 2 RS 25 2 8 0bs g KAk, i A R
2 R 2 B ) KO, B x, B 5.5 x 10° Pax, B
5.5 x10° Pa x, B 5 x 10 N/m x, Jt 5.5 x 10° Pa,

% HL5. 5 % 10® Pa,

% 5 Plackett — Burman i & 2 M & 4 17

Tab.5 Analysis of contribution in Plackett — Burman test

H & B Y105 # pALEYL
X, 11.50 396. 98 7.18
X, 0.20 0.12 0. 002
X, 27.21 2221.15 40. 20
X, ~0.46 0.64 0.012
X 30. 18 2731.89 49.45
X, 2.46 18.20 0.33
X, 2.67 21.39 0.39
Xy -0.96 2.78 0. 05

3.3.2  IphEmed il

6 i BENC I 30 1t O B AR (x, x5
xs X Xy Xy XF N SEBRAE ) , 45 R KW g 4 A
PR ZE RN, N 1. 81% o K5 SRk b B KOF
VEHL: 2,y 1.84 x 107 ,2.56 x 107 ,3.28 x 10" N/m;
6, 49.2 x 10°,1.28 x 10° [ 1.64 x 10° N/m; x,
4.2 x10° 5.8 x10” 7.4 x10° N/m,

x6 mERHRWEHTARSER
Tab.6 Design and results of the steepest ascent test
BRE W AR
(N'm™") (Nem™ ') (Nem™') J3/N /%
1 4.00x10° 2.00x10% 1.0x10° 8.95 81.37

x,/ x5/ x5/

do

1.12 x107 5.60 x10® .6 x10° 22.10 53.99
1.84 x107  9.20 x10° .2x10°  36.50 24.01
2.56 x107 1

.4 x10° 61.00 27.00
.0x10°  71.60 49.07

3.28 x107  1.64 x10°
4.00 x107  2.00 x 10°

[ Y . A ]

2
4

.28 x10° 5.8 x10°  48.90 1.81
.
9

3.3.3 W EZH0 Box — Behnken 2t 35 il ] I 45 71

BT P — S /U0 ) 4 i M L 3R - PO
e/ V) 1) 42 fol I 32 Rz — 3R Bz 0k 1 4% fiok O R 1 )5 3T
W R R b, ik 7 iR,

®7 HEREEERD

Tab.7 Coding of factors of simulation test N/m
% iy Ak
£ X3 X5
-1 1.84 x 107 9.20 x 10* 4.2 x10°
0 2.56 x 107 1.28 x 10° 5.8 x10°
1 3.28 x 107 1.64 x 10° 7.4 x10°

%% 8 2 Box — Behnken {55 % 1 75 58 L 45 51, >k
i Design-Expert 5 4F 837 e KA 153 A~ HAL R
2 i (L 189 [y [l A A 7Y
F' =48.70 +0. 675X, +3.43X, +8.45X, +
0.20X,X, +0.05X,X, -0.35X,X, -
0.25X2 +0.55X; —0.35X: (3)



118 &l #Hl

L

2023 4

%8 Box-—Behnken i®IEiZItARRER
Tab.8 Design and results of Box — Behnken test

) X, X, X, AW /N
1 -1 -1 0 45.20
2 1 -1 0 46. 40
3 -1 1 0 51.20
4 1 1 0 53.20
5 -1 0 -1 38. 80
6 1 0 -1 39. 80
7 -1 0 1 56. 30
8 1 0 1 57.50
9 0 -1 -1 36. 80
10 0 1 -1 44. 80
11 0 -1 1 53.70
12 0 1 1 60. 30
13 0 0 0 48.70
14 0 0 0 48.70
15 0 0 0 48.70
16 0 0 0 48.70
17 0 0 0 48.70

X 8 I LB R AT O 22 00 M, S R SR 9
BN, G5 W] )y A AL P <0.000 1, 5 A% W 3%
PE(P <0.01)  fEGEiH2E A & L, 32 B % A Y
RIS (de KA ) 5 A B 72 & 22 8] 1 5 B
BV UE RBR =0.997 8 RIFERBR,, =
0.994 9, ZFH ¥ 1, RUIIUE H A B X, Hi
ABR, =0.964 1 5K I hiE ZH R, =0.994 9
FEA S 2MH/ANT 0.2, TR s, R 9 45 %
B - 45 DR 3R X e RS il Ty s e B KB/ R X X
X TERHAR AT AL X5 38 BAE F 000 5 k25 il
FARTE S SR (S O N T

&9 Box-—Behnken I FH = ST
Tab.9 ANOVA of Box — Behnken test

- 3 ¥5 Ehi); s F P
ALY 74.59 9 345.79 <0.000 1 **
X, 3.64 1 16. 90 0. 004 5*
X, 93.85 1 435, 04 <0.000 1 **
X 571.22 1 2648.04  <0.0001*
X, X, 0.16 1 0.741 4 0.4176
X, X5 0.01 1 0. 046 4 0.8357
X3 X5 0.49 1 2.27 0.1755
X; 0.2632 1 1.22 0.3059
X3 1.27 1 5.90 0.0454"
X2 0.5158 1 2.39 0.1659
B2 0.2157 7

318 0.503 3 3

afi % 7% 0. 000 0 4

S 672. 83 16

T owr FORMHE (P <0.01), + FR i3 (0.01<P<0.05),

3.3.4 i EERILSBORM S IR XS He o B

PLsz i B ok A5 Al ) 48.03 N S H bR,
Design-Expert 2515 1 () 040 i A A T 40, e 4k
B 2R 25 it a0 S A X R 25 HE 1% N 3 4]
oAk i, 43 9 h:1.94 x 107 19.56 x 10°6.28 x
10° N/m;2.02 x 107 .9.40 x 10° .6.28 x 10° N/m;
2.39 x107 1.10 x 10” .5.99 x 10’ N/m,

W ZEAUMAL A P IR S R ZEF AR
Y, R B AP YRS E R, A2
TEZE B ADRG 25 2 8000 AT A7, i 2 25 32 R 45
BT RYAE 32 ) 3o A2 b B A A0 1 i B, 2 IR
1.2.2 5 Jy 2 5L G 96 O 1k, SR ARG 45 2 500 Ak fig
F 0y 27 i AR HEAT B BT B 5 U RIAR [n] 45
IS, I 5 A OGS g 2 Mg R AT X L A AT . AR
55 b o S IR RO AR ] 3 3 45 2R an 3k 10 s,
Fhrg 1.2 3 X0 3 ALk .

F10 IPHFHBEHEKEE R
Tab.10 Comparison of measured mechanical test and

simulation test results

TH o BRAM Tt ERSTU RKEm

J1/N J/mm Ji/N - JE45H1/N
S $4 48 48.03 8.28 56. 13 73.48
1 47. 80 6. 86 56. 70 75. 60
by BLAl 2 48. 00 6. 86 62. 50 76.70
3 48. 40 6.56 58. 40 84.20
1 0.48 17.15 1.02 2.89
X IRE/ % 2 0.06 17.15 11.35 4.38
3 0.77 20. 77 4,04 14.59

FH 22 10 AT, >0 Pt — P e ik /U0 1) 422 ik M1 B2y

1.94 x 107 N/m 3 Jz — N 85 3E/80 18] 32 fil W B2
9.56 x 10° N/m | % J — Fz i 17 12 fi Wi & 2 6. 28 x
10”7 N/m B, 38 56 4 X358 22 f /D, 36 W A R0 EL A o 5
P D7 BT AL T AR S A 3K 3 9 3 2 AL AR b e KR
B FP AT M G F1 iR 80 . Hoh B i s b, ek
A g A BE A X R 22 43 00 R 0. 48% (17, 15% ;59
P BG B, fe K BT U A X iR 22 1. 02% ;5 42 1) J&
AR, e KA W bL R M xR 22 2.89% o
Jei o 2 2 S5 A0 AL B4 45 G I () — 8% F 5 S 0 s (] — %
fa i EATXT EE, W& 6 TR o

& 6 WAL, BAR A B S S i A — 25 5
E ikt —2 sk LI BRI R,
FE S B e o A vh, A il R0 BT D045 B S0 A5 2 Y
ZEFFBEIAEE IR B B 225 5 AR 1 R 4
TR B0 A O B 4 5 S0 D 6 B A R B
26 1 BUE 5 5 B B LA A 45 {0 4 R R4 Bl 3R
FlE—EEZS,
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Fig.6  Time —load curves of actual mechanical test and simulation test
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(1) DAk 30 i S 22 e Ff Be 25 FF W iF 58 X 42,
D FNTTAE T ZEFF 5 41 )8 o i AR W v S 480
R ZERF R B 5 NS Y 00 5 22 R AR AR =0
735 () AL BR 3 , £# B PyCharm R {4 1 H] Python 15 7 i
FIREF g e, il ik EDEM fjj 53K Hertz — Mindlin
with Bonding $% fill 45 7Y | f5 2 #4) 2 25 FF L2 K 45
FEAY

(2) LASE By fe K45 il g Sy e 074, >R FH 45 B G
I PRI 325 %k ZEFF XS R S5 S HGHAT T hRE . E
i Plackett — Burman 2 56 3% 11 1% tH P9 85— 1Y
1)/ U0 1] 422 ik W B2 L 3R e — oA S8 i 1)/ 10 1) 4 i 1
JE 3R B3 B W i W 3 S R R R R it
SER 0 A BEIC B R 56 45 /) 3 1 S B Uh o
B, L X A0 43 5 4 1.84 x 107 ~ 3.28 x 107 Pa,
9.2 x10° ~1.64 x10° Pa 4.2 x10° ~7.4 x 10’ Pa, it
— 38 5 Box — Behnken o 56 Fl Jy 22 43 1 #5 45 T
HAACSE B2 3 45 25 FF 25 ity i 50 52 000 (AR X 15
ZETE 1% WAL A%

(3) R A5 2 J5 19 3 A A1k Z 5ok dt 250 X2

Rl AL, JEAT B U AAR ) TR 46 05 B 50 5 1 3K
By (0 1 R REXS Lo B o LA oR 2 il VAL
e K5 9] 3 R R AR 10 B s ) i 25 1R 22 O S (B
TEIBChR v , 45 2R 20 A 45 A A N 8- /D 1)
eIy 1,94 x 107 N/m 36 fz — P ats v/ b ) 432
filt W K7 9. 56 x 10° N/m (36 J —3 Ji 2 1] 42 fik 91
H6.28 x10° N/m B, 455 1% 22 /b, Hoh R a
HIPARCAHE/N: 38 FNURII DIk - SN DE NI RS =
SR 0.48% 17.15% 1. 02% #1 2.89% . hfk)a
(ARG 45 2 R0k — A0 I TE T A5 Y (18 A 2801 R A
AR L SR P BRL 22 25 AT AR 7 12 N7 1) B HIOC S B LAY
SRR R BEAT RO S B ZEFT R B S5 S )
PPk 225 o

(4) T3 Z2 I 5 B 25 FF 19 77 27 R 02 52 e LA
Weakad B b AR 8 ) 2 AT R BRI R ST AT
RTINS BOR MU AR L UL, JF JE AL B 5 5
VESF R GRS AL IR 48 5 0t T 22 AT 4540 &2 2
17t EDEM #X {4 ¥ Hertz — Mindlin with Bonding 42 fi
B I AN AR 5¢ 4 1R B ) 22 R, A% 1) T 4 1 5L
b AR BB 5 S B O 0 R B I 0 A A7 TE
—ERES.
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