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Fig.1 The model of rice transplanter
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Note: a, b, c are the length, width, height of the granular bed respectively, mm.
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Fig.2 Model of soil particle bed
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Table 1  Soil calibration test factors and levels
oy PERE WERRE  ROBRANK  JKR Wi
Level CoefﬁC}ent of  Static f.rlctlon Rolling frlctlon JKR surface S
restitution X;  coefficient X,  coefficient X;  energy X,/(J-m ™)
-1 0.15 0.44 0.05 3.5
0 0.45 0.80 0.15 7.0
1 0.75 1.16 0.25 10.5
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Fig.3 Pressure test
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Table 2 Soil parameter calibration results

bk
Gokk BRM BEERAN RAEERRE R KW Gy
Moisture Coefficient of Static friction Rolling friction JKR surface Simulated
content/% restitution X; coefficient X, coefficient X; en?;g}%("/ load force/N
20 0.668 1.067 0.148 9.345 10.25
24 0.479 0.479 0.134 6.370 6.63
28 0.156 0.781 0.219 6.192 1.41
32 0.162 0.967 0.244 9.328 0.91
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Fig.4 Comparison of pressure test results of different moisture content
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a. BIYIHT
a. Before shear
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b. After shear

VE: o NEEIIR AT, kPa; v oNBTYIEZ, mm-min'.

Note: o is normal stress, kPa; v is shear rate, mm-min .
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Fig.6  Shear test results
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Table 3 Test factors and levels

K ' BIKE TR %HLDFE%
Level Moisture content Travel sgcleed Whole-machine
Al% B/(m's™) mass C /kg
-1 24 0.5 760
0 28 1.0 820
1 32 1.5 880
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Note: x is the position coordinate axis along the forward direction of the
transplanter; y is the position coordinate axis perpendicular to the forward
direction of the transplanter in the horizontal direction; the velocity components
of the center of mass of the car body are vy, vy, ms
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Fig.7 Body coordinate system
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Fig.8 Model of coupling simulation
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a. Lateral slip ratio
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Fig.9 The influence of single factor on slip ratios
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b. Longitudinal slip ratio

2.2 Box-Behnken {7 EiR L&
{8 H Design-Expert % i % 45 AL i3 17 Box-Behnken [H]

E T, w87 R AR IR 4 .
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Table 4 Box-Behnken test and results

o 1 WAHAE  DAWAE
No Al% B/(m's™) Clkg Lateral slip Longitudinal slip
' ratioS,/% ratioS,/%

1 24 0.5 820 17.09 17.33
2 32 0.5 820 4.20 10.45
3 24 1.5 820 10.87 20.63
4 32 1.5 820 3.14 16.49
5 24 1.0 760 11.47 15.63
6 32 1.0 760 3.84 11.95
7 24 1.0 880 19.86 20.18
8 32 1.0 880 4.05 11.90
9 28 0.5 760 4.39 10.43
10 28 1.5 760 291 13.24
11 28 0.5 880 7.85 12.03
12 28 1.5 880 10.43 14.65
13 28 1.0 820 22.40 17.52
14 28 1.0 820 23.25 18.34
15 28 1.0 820 23.31 18.72
16 28 1.0 820 25.38 19.16
17 28 1.0 820 24.22 17.96

M3 h 26 5 Wi sh 205 2 s R ank 5 ps
£ P<0.05 /K°F, A. C. AC XHN[HIE B2 Fo0 E 2% .
[ B ERNANE S, (H R A, B2 CC W, W
BRI ) 2 B 2R A7 AE B B 26 R0 BEAY [ P <<0.000 1,
RERB RN 0987, ULHIEIVARERING B2, FFHMA
FEEEAR Ry, Ul B Ik 191 VE e 0 A AR AE = [RI 0 )
IR . £ P<0.05 KV, 4. B. C. AC X9\
FIRII R, IR BA. CC R, A AR,
Tt BT AR ST B /K X [B] P N 90 i Bl 2 %) 2 7K S e oz LA
IR A2, T T ol A7 B R AR 2R il R O
R P <<0.000 1, R* 5 0.979, 88l R AIE 2.

x5 EESEREEAREGFESN
Table 5 Analysis of variance for slip ratio regression models
S,V Sx

JW pm P PE PN FE  PHE
Sum of squares F value P value Sum of squares F value P value
1)
iy 1181.33 58.83 <<0.000 1 184.67 36.52 <<0.0001
Model
A 242.66 108.77 <<0.000 1 66.01 117.50 <<0.000 1
B 4.77 2.14  0.1869 27.27 48.54 0.0002
c 47.92 21.48 0.0024 7.05 12.55 0.009 4
AB 6.66 298 0.1277 1.88 334 0.1103
AC 16.73 7.50  0.0290 5.29 942 0.0181
BC 4.12 1.85 0.2163 0.0090 0.016 1 0.9027
4 138.65 62.15 0.000 1 0.0475  0.0846 0.7796
B 352.40 157.96 <<0.000 1 20.77 36.98 0.0005
c 280.94 125.93 <0.000 1 52.50 93.46 <<0.000 1
Bz
Residual 15.62 3.93
RAUI
Lack of fit 10.48 2.30
P%"ﬁ 5.14 1.63
ure error
PERTN
Cor total 1196.95 188.60

E: P<0.01 (B, P<0.05 (BF).
Note: P<0.01 (extremely significant), P<0.05 (significant).

a2 5wk, A0 a] B AR AN 1) 1 B 2 (] Y R
KB 2 K, 1 W P ST A o e A AR R e A
MR R R EHEN R AR R M TMEHEzhE,
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Simulation analysis of the slip ratio of wheeled rice transplanter
based on DEM-MBD coupling

YANG Tianyu'? , YI Weiming'?* , LI Zhengwei® , WANG Hao'

(1. College of Agricultural Engineering and Food Science, Shandong University of Technology, Zibo 255000, China; 2. Shandong Research
Center of Engineering & Technology for Clean Energy, Zibo 255000, China; 3. School of Mechanical Engineering, Shandong University of
Technology, Zibo 255000, China)

Abstract: Wheel-type rice transplanters have been widely used in mechanized paddy-field transplanting because of their
flexible operation and convenient field transfer. However, during paddy-field operation, the unstable adhesion state between the
driving wheels and saturated paddy soil may induce lateral deviation, longitudinal slip, and row-spacing errors. To clarify the
slip behavior of a wheel-type rice transplanter under different soil moisture contents, traveling speeds, and whole-machine
masses, this study analyzed the variation characteristics of the slip ratios of a wheel-type rice transplanter. A Xinyang 2ZG-
6D1(G4) wheel-type rice transplanter was selected as the research object. A whole-machine multi-body dynamics model was
established in RecurDyn, and a layered paddy-soil particle bed was constructed in EDEM. The Hertz-Mindlin with JKR contact
model was adopted as the soil contact model to describe the adhesive contact behavior among paddy-soil particles and between
soil particles and soil-engaging components. Compression tests and direct shear tests were conducted to calibrate the discrete
element parameters of paddy soil, thereby improving the reliability of the soil model. The bidirectional coupling between the
transplanter model and the soil model was realized through the EDEM-RecurDyn coupling interface. Soil moisture content,
traveling speed, and whole-machine mass were selected as experimental factors, while lateral slip ratio and longitudinal slip
ratio were used as evaluation indexes. Based on the calibrated discrete element method and multi-body dynamics (DEM-MBD)
coupling model, a Box-Behnken response surface experiment was conducted to investigate the effects and interaction
mechanisms of the three factors on the two slip indexes. Regression models of the lateral and longitudinal slip ratios were
established, and multi-objective optimization was carried out to obtain a suitable parameter combination. Field tests were
finally performed to verify the prediction accuracy of the coupled simulation model. The results showed that soil moisture
content had the most significant effect on both lateral and longitudinal slip ratios, with contribution rates of 20.54% and
35.74%, respectively. The interaction between soil moisture content and whole-machine mass also had an obvious influence on
the two slip ratios, indicating that the effect of machine load on wheel-soil interaction depended strongly on the moisture state
of paddy soil. With increasing soil moisture content, the bearing, shear, and adhesion characteristics of the soil changed, further
affecting wheel sinkage, soil adhesion, and driving stability. Within the experimental range, when the soil moisture content was
32%, the traveling speed was 0.54 m/s, and the whole-machine mass was 854 kg, the lateral and longitudinal slip ratios showed
relatively good comprehensive performance; that is, both indexes remained at relatively low levels under the multi-objective
optimization constraints. The field validation results showed that the measured lateral slip ratio was 1.55%, while the simulated
value was 1.36%, with a relative error of 12.25%. The measured longitudinal slip ratio was 11.48%, while the simulated value
was 10.15%, with a relative error of 11.59%. Both errors were within 15%, indicating that the established DEM-MBD coupling
model can reasonably predict the slip ratios of a wheel-type rice transplanter under paddy-field conditions. This study provides
a feasible simulation method for analyzing wheel-soil interaction in paddy fields and offers a reference for the design of
walking systems and the optimization of operating parameters for paddy-field machinery.

Keywords: rice transplanter; EDEM; RecurDyn; slip ratio; soil-machine interaction; response surface method
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