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Development and Experimental Validation of Flexible Discrete
Element Model for Seed Maize Ears

CHANG Leilei ZHAO Wuyun SHI Ruijie DAI Fei LIU Xiaolong REN Xiaojing
(College of Mechanical and Electrical Engineering, Gansu Agricultural University, Lanzhou 730070, China)

Abstract; Aiming to address high kernel loss and breakage rates during seed maize husking and
insufficient modeling precision, a flexible composite discrete element method ( DEM) model for seed
maize ears was developed. The intrinsic parameters and contact parameters of different components of
seed maize ears were determined through physical experiments. A flexible composite DEM model
comprising bract — kernel — cob was constructed based on the Hertz — Mindlin with Bonding V2 contact
model. The combination of Plackett — Burman design, steepest ascent method, and Box — Behnken
response surface methodology was employed to calibrate and optimize the key bonding parameters of cob
shaft and kernels, establishing a DEM model capable of accurately characterizing kernel detachment and
breakage during husking. The simulation results showed high calibration accuracy, with relative errors of
3.89% for cob shaft three-point bending, 8.79% for kernel compression, and 7.58% and 6.89% for
kernel detachment in axial and tangential directions respectively compared with physical experiments. In
husking simulation validation, kernel detachment and breakage rates were 1.774% and 0.457%
respectively, compared with bench test results of 1. 697% and 0.432% , with relative errors of 4. 54%
and 5.79% . All results met seed maize husking quality standards, confirming the model realistically
reflects kernel detachment and breakage characteristics during husking. The research result can provide
reliable reference for refined modeling of seed maize ears and optimization design of husking devices.

Key words: flexible model; maize ear; DEM; contact parameters; husking verification
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Fig.1 Field corn vs seed corn
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Tab.1 Physical parameters of seed maize mm

S8 Sl FERL A
Kb H AR 25 36 40
/N AR 20 25 35
kK B 150 150 200

K] YGS — 505 e 3 Ak 43 A 5E Kk
R REL B KR RS B O 0. 005 g, 7K 43 il M
FER0.01% , FRELI0 ~30 g #£4L,7E 105°C £2°C
SAFTF T4 45 min, TR 3 U, A OFF AN £k
Ak 42.35% 25.83% F1 38.56% . % FH W AR
HEAK 10 T A R AN B 2 )k 0.309
1.231.0. 426 g/cm3o
L2 S
1.2.1 g Sy 2Rkl 56

% L& B AN E R 5y SRS 0 | N 2
KBNS B2 e AT e, s | 26 3 24
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Fig.2 Tensile test of husk of seed maize
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Fig.3 Compression experiment of kernels and cobs
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Fig. 4  Collision recovery coefficient determination
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Fig.5 Determination of static friction coefficient
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Tab.2 Parameters of Hertz — Mindlin bonding between

particles
ERIVATTR AN X VAT A 3 RPN i 2
v o It 557 1]
ZH WBENIE, NI/ N1/
I 11/Pa
(N'm™?) (N-m7?) Pa mm

B 1,723 x107 4,039 x 107 7.569 x 10° 3.380 x10° 1.123
WB—HF 3,122 x10° 6.979 x10° 5.126 x 10* 2.564 x 10* 1.123
-1 2,001 x10° 4,757 x10° 3. 147 x10° 1.728 x10° 0. 842
FF—FF 8.872 x10° 1.957 x 107 1.984 x10° 1.984 x10° 2.246
K45 4.136 x10° 9.375 x10° 4.490 x 10° 4.490 x 10° 0. 842
=1 2,505 x 10° 6.013 x10° 3.104 x10° 5.001 x 10* 0. 842

2.3 FARBEEHTEREREGE

LT b KRB R, 0 AT RO 12
11 ATRLEL 40, A FRLE K 480, LS 1 B T Kk
R JEUAY ST R R A S R SRR A
HFFRLLATIE 2 | ﬁﬁﬁﬂ%ﬁ&,ﬁ\fﬁiﬂﬂiﬂ’]ﬁﬁﬁﬁ
o S5 EAGo r 3RWT, R AL RSt el 2 35
T S Al 2 adh el A jﬂﬁﬁﬁjﬁpﬁéﬁﬁﬂ@
SR JHH 50 o BAO6H L 45 5 TR R A 400 A DA ofe
i Sz BROF R IS 72 A R R B e A R RS 22 57t 5
A A3 AT AR . AR

i:Smin +(S' _Smin)

max

—

L i —5 if*?*i%“fiﬂll?
S ;I;
Smin i J *?*ﬁf“ﬁﬂll?,ﬁf”%m,ﬁl 0.38

T BB A 1 ) 280, W2
E— AT NS g 1,2, ,36

B X A% 298 ORL I 78 77 ¥ TG ¥ il e UKL I D) HF A1

o3 2 SRR SR R T 8, R I Rl 43 25 5 D P

SCeki B (UDF ) 72 e 52 50 50KE A B B 7€ AR e 45
76, JE I Solidworks B H i Bl K L T
RO =R R I 58 OB IC , A S ORAE g = L xt
A

K F ANSYS Workbench f#) Mesh #& B il 28, 4% 3
g ox U SCUE B E A RHE M Fluent, 04T R0 A% i
o3 FREAT B AG A JF S 1 O Mesh SCH A8 0, FH]
ANSYS Fluent Jill %% 45 %843 mesh X {F, @ H P A
SE XY fE SR BN 2 CaleRadius. ¢ 3C 4, #1047
CalcRadius Volume pREUFR BUBURL A8 b5 S04 , 17 17 LA
g e ORI R A A

7E EDEM b, SR JH BROE J0RE 22 37 1) Rl K
RS AR~ (9 Bulk Materials, 5 SC4% 543 41 £
B REMSE, F AR BRI RE R
Physical J& £, i i PR30 578 APT 5S¢ B 4414 53 UKL I
&, 4 F Hertz — Mindlin with Bonding V2 5% % % ¥
R 45 2 805¢ R 45 RBEAL N ] 6 iR o
C__ sogm ) @l@ L pemgin )

Kl 6 %‘Jﬁ‘fﬂﬁ%ﬁ@%i

Fig. 6 Seed maize ear model
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Fig. 7 Three-point bending test of corn cob shaft
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3.1.1 Plackett — Burman i I % 3t

K H Plackett — Burman 32 5 % 11 §ifi 26 XF & K s
B 7y 2w N B SR YOS 45 2 8 A
Design-Expert 435 1850 5 &, VLB KOS r %
- 83 i R AT Ay W IO AFL L 2 5 4% DR AR A L B Sk
(12 - 14,18,32 J#i i€ & B 2 KF, il 56 PR G 1 4
3 PR W1 Al gUKCF 3R 13 kg,
AT 25 ey AU, 1 4 2R S T 25 i 4 2R
WE4FMES, X, ~ X, R HRPRISE,

#& 3 Plackett — Burman i [F Z 4 5

Tab.3 Plackett — Burman experimental factors coding

- 24 1
-1 1
PP T AR B,/ (Nom ) 1 x107 1x10°
B3 TR 1 R e,/ (Nem ™) 1x10 1x10°
I 53 1 )i J) x5/ Pa 7 x10° 5x10°
I S-80 11 )i J) %,/ Pa 3 x10° 5 x10°
K45 B4 05 /mm 1. 000 1.123

% 4 Plackett — Burman {8 i% it 5 & R
Tab.4 Design and results of Plackett — Burman test

I K
75
X, X, X, X, X5 F/N
1 1 -1 1 1 -1 74.0
2 -1 1 1 -1 1 64.8
3 -1 -1 -1 1 51.2
4 -1 1 1 1 -1 63.6
5 1 -1 1 1 85.2
6 -1 -1 1 -1 1 45.6
7 -1 -1 -1 -1 -1 34.4
8 1 1 1 -1 -1 90. 8
9 0 0 0 0 0 56.8
10 1 1 -1 -1 -1 79.2
11 -1 1 -1 1 1 54.0
12 -1 -1 -1 1 -1 31.6
13 1 -1 1 1 1 76. 4

#& 5 Plackett — Burman X FZHHER
Tab.5 ANOVA of Plackett — Burman test

SR S df MS F P
BB 4056.8 5 811.4  48.62  <0.000 1"
x, 2208.7 1 2208.7 132.34  <0.000 1"
X 1289.6 1 1289.6  77.27  0.0001*
x5 528.0 1 528.0  31.64  0.0013*
X 29.5 1 29.5 1.76 0.2323
x5 1.08 1 1.1 0. 065 0.807 7

- wx TR MM 3 (P <0.01) , T,

M %5 Al BEA P <0.000 1,R* =0.9759, 3%
INEYEL Y @ TN i = SO T G T
B, o,y T a0, X 0] 07 5 ) f 2 (P < 0.01) . Hi[5] 8
AL, 2, o, B oy B AR KON B 40L& e i, 1
b fE R BE R, B RO o IE i — 45 %
HEEN., RSB T AZREREENEE
M, ¥ B rp ] K S, B x, = 2.65 x 10° Pa, x, =
1.061 5 mm,

99 B ER0
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Fig. 8 Normal probability effect diagrams of

standardized effect
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BN 7 i e B g A2 i B 25 Rk 6 s,
226 AT AR AR 2 SN S BB S AR R 22
b BRI 5 b KT B 4 ALK 6 5
T AR A1 7K 1511 Box — Behnken iﬁgﬁ“” R
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Tab.6 Steepest ascent test design and results

5 K% R xR
e/ (Nem ) 5/ (Nm™) w3 /Pa F/N /%
1 1 x107 1x107 7 x10° 35.2 54.87
2 2 x10% 2 x 108 1 x10® 47.5 39.10
3 4 %108 4 x10® 2 x10* 56.7 27. 31
4 6 x 10* 6 x10° 3 x10* 66. 4 14. 87
5 8 x 10° 8 x10° 4 x108 86.3 10. 64
6 1x10° 1x10°  5x10® 92.6 18.72

3.1.3 Box — Behnken M i [ i 5

ML B BE ME B i 50, DLl g 5 bl s R 47
Box — Behnken 115 I3 0 32 3, L v, v, A1 x, it
50 PR N7 = PR =K e TR g B il ik
T RERIET,

%7 Box—Behnken Xt BRELER

Tab.7 Box — Behnken experimental and results

} M % ROCBAT AR
78 X, X, X, F/N /%
I -1 1 0 71.1 8. 85
2 1 0 -1 71.7 8.08
3 0 -1 -1 75.3 3.46
4 0 1 -1 70.6 9.49
5 1 0 1 89.3 14. 49
6 0 0 0 87.2 11.79
7 0 0 0 87.2 11.79
8 -1 -1 0 74.6 4.36
9 1 -1 0 72.8 6.67
10 -1 0 -1 73.1 6.28
11 -1 1 85.3 9.36
12 0 0 87.2 11.79
13 0 0 87.2 11.79
14 0 0 87.2 11.79
15 -1 0 1 83.6 7.18
16 0 1 0 89. 1 14.23
17 1 0 88.2 13.08

Box — Behnken {36 7 2 0 A5 % 8 i,
FH ¢ 8 AT, SNl e K far — Uk Il I A AR A B
PE(P <0.000 1), Y5 240 R® =0.987 4, /% 1F e i
RECR, =0.987 4, 0 [a] 9 B RUNE 4w . Mok
X, X, Xy XTI XM 3, AR I R 3% (P >
0.05) . &P ZEK N 2 H A, b X 6T
rp S KT BE I 15 B ARE AR LA A 1) e P R
i B, BE A% S50 1 b Sz e ) b K AR 2 ) o
PP S BR 7 A e R AE

% 8 Plackett — Burman iR HFEHIE R
Tab.8 ANOVA of Plackett — Burman test

B8 SS df MS F P
LAY 173. 1 9 19.2 61.1 <0.0001*
X, 30. 81 1 30. 8 97.9  <0.0001*
X, 59.41 1 59.4 188.8  <0.0001*
X, 40.5 1 40.5 128.7  <0.0001*
X, X, 0.922 1 0.92 2.9 0.1308
X, X, 7.45 1 7.45 23.7 0.1808
X, X, 0.336 1 0.34 1.1 0.3356
X 14.33 1 14.3 45.6 0. 0003 **
X3 12.24 1 12.2 38.9 0. 000 4 **
X3 3.8 1 3.8 12.1 0.0103"
T 2.20 7 0.315

1) 2.20 3 0.374

aliin 2% 0 4 0

Jaxitl 175.3 16

Hox FORLIE ¥ (0.01<P<0.05),

R #E Box — Behnken iR 36 25 W M — Wk m 3 5 &,
DA 56 T 15 3 B AR AR X R 22 e/ ol H AR, X R
Xy X, H0 X, HEAT S A o3 A, B Ak AR B 29 0
aAFH
min n(X,,X,,X;)
s 1, —1<X <1 (10)
-1<X, <1
-1<X, <1
e A5 3] R Tl PR T B ri R AL TG
B 1k W3 A0 0 32 180 1% A3 9. 87 x 10° N/m’
6.16 x 10° N/m’ fl 3. 09 x 10° Pa, 5 52 i & K 2%
FHXT IR 22 3.89% , 1R 22 /N, 15 B A Ak 45 5 Ry 1l
il KA S B A i T AT RE B BRI 2%
3.2 EXRFHBSHIRE
B 56 1 b T A S 7 ok R R R 8 7 R R) A,
XS RFRLHEAT S 80bR o o 16 EDEM o S i B S R KL
JUAe B RS K ik 56 4% B, w2 bR A 0 3k
2 mm/s,3# i3 bonding Wy 24 18 B F 78 AT R K A
Mo RS EIEATEZ K, B bonding £ W 24 i}
e R BT Sy o AR, T S 805 E
FERLAR 22 b B 55 00l 2S8R A o i 1T 92 U b
VAR SR TAR E o i PB K g 0 vk B N
2, A BbE e Bk 56 8 T A i X B, T Box -
Behnken Ui )07 1 428 56 7 57, [ U 455 784 I 5K it f 1t 2 8k
A ARERSEOLE 9, 5 HL RS YLK
BIE 314.49 N (W AH X} 1% 228 8.79% |, b & 45 1
I
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Tab.9 Corn kernel bonding parameters

i HE

B TR R/ (Nem ™) 5.29 x10°
A7 AR D) R/ (Nem ™) 2.75 x 10’
Wi 5L 1 1] )3 F7/ Pa 5.46 x 10°
Il 5 1 1) )i 73 / Pa 4.58 x10°
R 2521 1 R AL 2

XL 7 A TR RE AR o A TR A S AUORE R B v
iE 85 X R R R 25 2 B AT A E

ST AR E MR RL L i 2 80, 8 SRR S il
PR B RO HOBE R . B B B R R
5 mm/min, 53 55 % BN RE L) 1) 5 Al A T R
1, HEEMRS S S 20 8 e R R R E T, i |
WU 9 7R o kT AR E MRFRL LB S 4,
SEFFRE S e 1 B OGO BB Y o B i 2K
BN N S mm/min, 35536 BLASHERL D] 1] 5 Al
Ti] it i 0 LR D, BRSO o8 42 0 B L TE SR IR
KIES . Mg SHACRES LRELL.

W L

L
(b) 111
9 KPR R 25 0 FUR 5
Fig.9  Simulation test of kernel — cob bonding
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Tab.10 Kernel — cob bonding parameters

ZH HfH

(a) i1 1]

AL T B R R BE/ (N-m ™) 6.85 x10°
o BT/ (Nem ™) 8.36 x 107
I 5 32 ) )i 73 / Pa 3.59 x 107
Il 5 1 1) )i 73 / Pa 2.25 x 107
ECE T30 0.85
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Fig. 10  Simulation diagram of seed maize ear peeling
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Tab.11 Trial results %
A=) it 7% % 45 2%
1 1.653 0.425
2 1.725 0.391
3 1.713 0.376
Y 1. 697 0.432
(E=Ri:N 1.774 0. 457
AR 5 22 4.54 5.79
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