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Hybrid broussonetia papyrifera stem discrete element bonding
parameter calibration and cutting test

Chen Junwei, Jiang Qijing ,Zhu Zhenlu,Zhao Yixuan, Peng Caiwang’
(College of Mechanical and Electrical Engineering,, Hunan Agricultural University , Changsha 410128, China)

Abstract: [ Objective | The purpose of this study is to construct a discrete element model of hybrid
sugarcane stalks, accurately calibrate its bonding parameters, and to optimize the design of cutting knives with
the use of DEM-MBD simulation, guiding the design and optimization of cutting devices by this method.

[Method | The discrete element model of hybrid paper mulberry stems was constructed using a three—axis
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spatial coordinate method. Design Expert software was used to sequentially design Plackett—Burman
experiments, steepest ascent experiments, and Box—Behnken experiments. By comparing the simulated and
experimental results of the stem peak shear force, the accuracy of the model parameters was verified. A
systematic analysis of the working principle of the cutting device was carried out, and the structural parameters
of the cutting blade were optimized. A DEM—MBD method was used to construct an interaction model between
hybrid tree stems and a reciprocating cutting device, and a secondary rotational orthogonal combination
experiment was conducted using the peak cutting force as the evaluation index. [ Result] The optimal
combination of bonding parameters is a normal stiffness per unit area X1 of 2.705x10'?, a tangential stiffness
per unit area X2 of 2.24x10°, and a bonding radius X5 of 1.206.Under this optimal parameter combination , the
relative error between the simulated maximum shear force and the measured average maximum shear force is
1.97%.The optimal combination of tool structure parameters is a rake angle of 28.57° , a cutting edge angle of
41.11°, and a tool thickness of 2.34 mm.Under the optimized structural parameters, the relative error between
the maximum shear force obtained and the predicted value is 0.95%. [ Conclusion | The calibration results of
this discrete element model can provide a reference for the discrete element simulation of cutting hybrid poplar
stems, and the optimized design results of the cutting blade can be used for the subsequent development of
hybrid poplar harvesting equipment.

Keywords: hybrid broussonetia papyrifera; discrete element method; bonding parameter; DEM-MBD
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Fig.1 Schematic diagram of the morphological structure of hybrid papaya plants
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Fig.2 Uniaxial compression experiment
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Fig.3 Simulation model for contact parameter calibration
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Tab.1 Basic physical and contact parameters of hybrid poplar discrete element

FElL Material Z B Parameter BH Value
N WA /M P 28.59
Sess Mgk 25T S
— N BYIREE/MPa 10.43
¢ st ;
ybrid paper mulberry stem TR 0.37
FPER L /MP, 2.06x10*
Wb s .
Steel B PIREE/MPa 7.94x10
t
“ AR 0.30
R T, VEY 0.21
T ATAE I ZEFT 2 AT R 2 F T N
Hybrid Iberry stem—Hybrid Iberry st A 024
Tl aper mulberry stem— Tl aper muilbe stem . L
y pap Yy Yy pap Ty Zﬁ]@i@%f& 0.03
TR KX 0.321
RSB ZEFF 4N B N
Hvbrid b rem—Stecl PR R AL 0.589
Tl aper mulber: stem—olee . 2
e Y SRR 0.078
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Fig.4 Shear test of hybrid paper mulberry stems
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Fig.5 Calibration simulation model of stem adhesion parameters Fig.6  Stem shear test simulation model
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Tab.2 Range of adhesion parameter values for hybrid constructed tree stems

ZE0 Parameter BUE Value
R A KIEE/(N-m™) Normal contact stiffness 4x10°~2.5%10"
A2 KIEE/(N-m™) Radial Contact Stiffness 2%10°~1x10"
Il FLE Ml F1/Pa Critical normal stress 6X10°~5x10°
IS8 8 J1/Pa Critical tangential stress 5%10%~4%x10°
Fhh LR ) Bonding radius ratio 1~1.3

133 #LEAB AT KRB

(1)Plackett—Burman 3055 . 3056 DA B i K55 V) F1 R B AH , 18 33 Plackett—Burman 38056 %) 5 45 24k
HEAT 35 055 B /3 M7 , Plackett—Burman IR B0 2% 3¢ 90 ) R 45 R 5045 Rorbran e 3 K 4 s .
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%3 Plackett-BurmaniX & M0 E E HAD R
Tab.3 Coding table of factors in Plackett—Burman experiment

HZ Factors — 4ifid Code :
P fRKIE/(N-m™) Normal contact stiffness 1x10" 4x10"
AR/ (N-m™) Radial Contact Stiffness 8x10° 3x10"
s S 6] W F1/Pa Critical normal stress 8x10° 4x10°
I B U1 [R] N 71/Pa Critical tangential stress 7x10° 3x10°
g 2PA2 ] Bonding radius ratio 1 13

%4 Plackett-Burmani®Igi%it 5 &R
Tab.4 Plackett—Burman experimental design and results

T5 [ 2 Factors I K BY Y] J3/N
Serial Number X, X, X, X, X, Maximum shear force
1 -1 1 -1 1 1 30.00
2 1 1 -1 -1 -1 67.90
3 1 -1 1 1 1 132.10
4 1 1 -1 1 1 98.60
5 -1 1 1 1 -1 17.25
6 -1 1 1 -1 1 30.00
7 1 -1 1 1 -1 71.50
8 1 1 1 -1 -1 67.90
9 -1 -1 -1 1 -1 19.17
10 -1 -1 -1 -1 -1 19.71
11 1 -1 -1 -1 1 124.80
12 -1 -1 1 -1 1 28.80
o= |%| x 100% @

1

K@ F R SEBR 5 KRBT Y) 07 N F o B R 3 U1 77N
&5 Plackett-Burmanif &5 R A E S
Tab.5 Analysis of variance for Plackett—-Burman test results

=S 3] 05 A ¥7 P »
Source of variance Sum of squares Degree of freedom Mean Square

B Model 18 607.9 5 3721.58 53.75 <0.000 1"
X, 15 747.59 1 15 747.59 227.45 <0.000 1"
X, 1244.59 1 1244.59 17.98 0.005 4
X, 13.29 1 13.29 0.192 0 0.676 6
X, 75.25 1 72.57 1.05 0.345 4
X, 2726.16 1 2726.16 39.38 0.000 8™

5%2% Residuals 415.41 6 69.24
SR Sum 19 023.31 11

I (P<0.01) , #3813 (0.01<P<0.05)
*% indicales extremely significance (P<0.01) , *Indicates significance(0.01<P<0.05).

(2)Box—Behnken i3, H13 6 A1, BEA X, X, X8, 0 B R BT D) Iyl 2 14 Ok, Horh 7E =K
REAR X2 22 85 /N, e 20T SE PR ) PR 6 (L , 0308 B = AR Ry A0 KA, KSR Y 7K S 43 54 Ak
AR 7K F , Box—Behnken 356 4 i 413 7 fi 7
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F6 RERKKEZITSER
Tab.6 Steepest climb test design and results

FFe \ \ X RKBIYIT1N FHXS R 22/%
Serial number ! : ’ Maximum shear force Relative error
1 1x10" 8x10’ 1 19.17 70.89
2 1.75%10" 1.35%10" 1.075 36.5 44.58
3 2.5%10" 1.9x10" 1.15 55.1 16.49
4 3.25%x10" 2.45%10" 1.225 76.5 16.56
5 4x10" 3x10" 1.3 107.4 63.07

%7 Box-BehnkeniX3iE =470
Tab.7 Box—Behnken test factor coding

KT Level K12 Factor
eve
X, X, X,
-1 1.75%10" 1.35%10" 1.075
0 2.5%10" 1.9x10" 1.15
1 3.25%10" 2.45%10" 1.225

B85 BB Box—Behnken I 50 25 5 505 22 43 M A1 3% 8 136 9 BT/, a6 465 S 2 W, 25 30k 1 422 fi b1
X, ZEFFAR B Al W BE X, B4 A X e R BT VI 5 il B35, X X, X X X2 XX B R B ) 5 i (5
A X X, X508 B3 . i AR (P<0.000 1) #5316 2 AL R AT 5219 s T R R>=
0.996 7, B IEPRAE RELR,,/=0.992 5, F WHET 1, FWNIZBARG 7 AR B G B , B 0% v 1 119 S I L 51
TGO 2SR ZEFF 5 B R BT V) 5 4% 5 DR 38 A [ 051 A
F,=55.10 + 17.46X, — 1.74X, + 7.03X, — 2.55X, X, + 2.47X, X, + 0.875X,X, + 2.02X? + 1.13X + 1.25X2 ®
%8 FESHINNHELRZITEER

Tab.8 Test design and results of bonding parameter response surface

A= \ ¥ ¥ F K YIFI/N AHXS R %
Serial Number ' : ’ Maximum shear force Relative error
1 3.25%x10" 1.35%10" 1.15 80.9 22.84
2 2.5x10" 1.9x10" 1.15 55.1 16.34
3 1.75x10" 2.45x10" 1.15 40.7 12.85
4 3.25x10" 2.45x10" 1.15 714 8.41
5 2.5x10" 1.9x10" 1.15 55.1 16.34
6 2.5x10" 1.35x10" 1.225 64.0 2.82
7 1.75%10" 1.9x10" 1.075 359 45.49
8 2.5x10" 2.45%10" 1.225 63.2 4.04
9 2.5x10" 1.9x10" 1.15 55.1 16.34
10 2.5x10" 1.9x10" 1.15 55.1 16.34
11 1.75%10" 1.35x10" 1.15 40.0 39.27
12 1.75%10" 1.9x10" 1.225 46.8 28.94
13 2.5x10" 1.9x10" 1.15 55.1 16.34
14 3.25%x10" 1.9x10" 1.225 85.8 30.28
15 3.25x10" 1.9x10" 1.075 65.0 1.31
16 2.5x10" 2.45x10" 1.075 49.2 25.30
17 2.5x10" 1.35%10" 1.075 53.5 18.77

14 BRESHERSHH

I T Y PG T A5 19 B R BT V) ) - 341 65.86 N, i FH Design—expert13.0 2K 4% 12 — B [0 19 7 # 1F
FroRfg A 2005 B e R S M 5 o Forh, de e 28 2 M R UL < 3k o 36 Mk 9 32 4 2.705% 10" N/m
Y1) B2 il M Ry 2.24%10° N/m Bh45 2145 FL BBl Ry 1.206 5 HAS AN (25 S 80BUH < I S0k 1) 1o g I 170 1) i
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®9 MR EIXE T ED

Tab.9 Analysis of variance for response surface experiment

Ti 2E R Rl FIH 7 - »
Source of variance Sum of squares Degree of freedom Mean square
FEHL Model 294431 9 327.15 235.54 <0.000 1"
X, 2439.51 1 2439.51 1756.40 <0.000 1"
X, 24.15 1 24.15 17.39 0.004 2"
X, 394.81 1 394.81 284.25 <0.000 1"
XX, 26.01 1 26.01 18.73 0.003 4"
XX, 24.50 1 24.50 17.64 0.004 0"
XX, 3.06 1 3.06 2.20 0.1811
X} 17.27 1 17.27 12.43 0.009 7"
X, 5.33 1 5.33 3.84 0.091 0
X7 6.58 1 6.58 4.74 0.006 0™
% 7% Residual 9.72 7 1.39
SRADIR Lack of fit 9.72 3 3.24
4l 2% Pure error <0.000 1 4 0
ST Sum 2954.04 16

TR RMEL 7351 4 2.4x10° Pa ,1.85%X10° Pa. LA RS H0hs 2 45 R 047 95 U105 FUE , 75 B A AR 25 4T 5
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Fig.7 Comparison of time—load curves between measured mechanical tests and simulation tests
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1: Moving knife; 2: Fixed knife; 3: Base plate; 4: Moving knife rod; 5:
Blade press; 6: Connecting block; 7: Rocker arm; 8: Bearing seat a; 9: Ball R TS ST s i

head connecting rod; 10: Eccentric wheel; 11:Drive shaft; 12: Bearing seat b. Ko 14 ) s s s s
B8 ke & Fig.9 Schematic diagram of the reciprocating
Fig.8 Reciprocating cutting device cutting device motion
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Fig.10  Heart crank—slider mechanism(a)andLink Slider mechanism(b)
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Fig.11 Tool Size Parameters
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Fig.12  Stem shear stress analysis diagram analysis diagram
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Tab.10 Knife structure parameters

ZE0 Parameter BE Value
K d,/mm Top base 13
TIKd,/mm bottom base 76
J1717 % b/mm  Blade height 84
WA a/(°) Slip Angle 20~30.5
JI1J1B/(°) Blade angle 30~50

JIJE h/mm Thick blade 2~5
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Fig.14  Coupled simplified simulation model of the cutting device
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Tab.11 Experimental factor level coding table

K2 Factors

7J; ylﬁ I8 0/C°) T191£8 /) T HPEFE i
Slip angle Blade angle Thick blade

1 20 30 2

0 30 40 3

-1 40 50 4

x12 REAREER
Tab.12 Test plan and results
T K% Factors KRB JI/N
Serial number X, X, X, Maximum shear force

1 30 40 3 53.00
2 30 50 4 96.60
3 30 50 2 62.60
4 40 50 3 94.40
5 40 30 3 67.31
6 20 40 4 87.00
7 30 30 4 65.20
8 30 40 3 53.00
9 30 40 3 53.00
10 30 30 2 83.60
11 20 40 2 74.70
12 40 40 2 62.30
13 40 40 4 78.66
14 30 40 3 53.00
15 20 50 3 100.60
16 20 30 3 91.00
17 30 40 3 53.00
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Tab.13 Analysis of variance for response surface test

J5 2EHK R 7 FIHEE 5 - »
Source of variance Sum of squares Degree of freedom Mean square
5 Model 4 646.32 9 327.15 235.54 <0.000 1
0 268.42 1 2439.51 1756.40 <0.000 1
B 22791 1 24.15 17.39 0.004 2
h 248.20 1 394.81 284.25 <0.000 1
0B 45.56 1 26.01 18.73 0.003 4
Oh 3.53 1 24.50 17.64 0.004 0
Bh 686.44 1 3.06 2.20 0.1811
& 1290.58 1 17.27 12.43 0.009 7
B 1506.83 1 5.33 3.84 0.091 0
W’ 108.77 1 6.58 4.74 0.006 0
5% 7% Residual 85.99 7 12.28
JRAUI Lack of fit 85.99 3 28.66
4% 2% Pure error <0.000 1 4 0
& Sum 473231 16
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Fig.16  Test bench for hybrid paper mulberry cutting device
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