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Abstract: The eastern foot of Helan Mountain in the Ningxia Hui Autonomous Region stands out as one of the prime grape-
growing  regions  in  China.  Owing  to  the  dry,  cold,  and  windy  winter  climate  of  the  region,  it  is  common  practice  to  cover
grapevines  with  soil  and  form  ridges  for  winter  protection.  These  soil  ridges  are  cleared  in  the  subsequent  spring  to  allow
grapevines to grow unhindered. However, conventional dehilling machines often demonstrate a low soil-clearing rate, leaving a
significant  amount  of  residual  soil  behind.  This  inefficiency  necessitates  labor-intensive  manual  soil  removal  processes.  To
address this challenge, a scraping-rotating-brushing dehilling machine was designed. The discrete element method (DEM) was
utilized  to  determine  the  optimal  structural  parameters  for  the  critical  components,  including  the  scraper,  rotary  blade,  and
flexible  brush.  DEM models  were  constructed  for  the  scraper  alone,  the  scraper-rotary  blade  combination,  and  the  scraper-
rotary  blade-brush  combination  to  simulate  their  respective  working  processes.  Through  simulation  analysis,  the  optimal
combination parameters of the physical prototype were obtained. Field experiments were conducted to measure the clearing rate
of the scraping-rotating-brushing dehilling machine, revealing an extremely low relative error of just 0.05% between the DEM
simulation results and the field test outcomes. This confirms the accuracy of our DEM model. The success of the DEM model
implementation  highlights  its  potential  in  the  design  and  development  of  grape  soil-clearing  machinery.  This  innovative
approach  not  only  reduces  the  cost  associated  with  prototype  development  but  also  provides  reference  for  the  research  and
development of other related agricultural machinery.
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1    Introduction
The  eastern  foothills  of  Helan  Mountain  in  Ningxia  Hui

Autonomous Region of China provide an excellent environment for
grape  cultivation,  thanks  to  the  region’s  favorable  soil  and  water
conditions[1,2].  Wine  grapes  require  specific  environmental
conditions, with the optimal average growth temperature needing to
be above 15°C[3,4].  The significant diurnal temperature variations in
northern  China  enhance  the  fruit’s  sugar  accumulation,  yet
grapevines in this region are also prone to frost damage due to the
extremely  low  winter  temperatures[5-7].  Consequently,  this  region
needs  to  implement  measures  to  ensure  the  safe  overwintering  of
grapevines[8]. This involves burying the grapevines under a frame to
form a soil ridge before winter. The soil ridge is then removed, and

the grapevines are secured to the frame after the temperature rises.
Clearing  vineyard  soil  ridges  is  a  seasonal  activity  that  is  closely
monitored[9-11].  Currently,  the  primary  method  involves  a
combination  of  mechanical  and  manual  labor  for  segmented  soil
clearing,  resulting  in  low  efficiency,  high  labor  intensity,  and
increased operational costs. To facilitate the intelligent development
of the grape industry, the advancement of soil-clearing machinery is
an inevitable and crucial trend.

The  European  region  benefits  from  a  mild  climate  for
viticulture,  which  results  in  a  lower  risk  of  grapevines  suffering
from freezing and wind-drying.  This is  primarily achieved through
the  careful  selection  of  suitable  grape  varieties  and winter  pruning
to  adjust  the  grapevines’  relationship  with  their  environment,
ensuring safe overwintering[12,13]. The cold climate in North America
makes  viticulture  even  riskier.  Therefore,  ensuring  the  safe
overwintering  of  grapes  involves  both  active  and  passive
approaches,  with a focus on selecting cold-resistant  grape varieties
and  rootstocks,  as  well  as  using  appropriate  scion-rootstock
combinations. Additionally, heaters, insulation, and snow coverings
are  employed  to  minimize  heat  loss  from  the  vines[14,15].
Consequently, research on soil-clearing machinery has been limited
in this region.

In  contrast,  the  Asian  region  has  experienced  rapid
advancements  in  soil-clearing  machinery  in  recent  years.  Contact-
based soil-clearing machines,  which are  widely  used,  provide high
efficiency.  However,  they  tend  to  increase  overall  power
consumption,  intensify  cutter  vibrations,  and  accelerate  cutter
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wear[16,17]. The components of soil-clearing machinery that come into
direct contact with the soil significantly affect the efficiency of soil-
clearing  operations,  and  their  structural  parameters  are  critically
important[18,19].  To  enhance  operational  efficiency,  scholars  have
investigated the application of the discrete element method (DEM)
to optimize the parameters of soil-clearing tools through simulation
experiments.  Consequently,  numerous  scholars  have  conducted
extensive research on the interaction between the working parts and
the soil[20-22].

Xiong et al.[19] developed a simulation model that focuses on the
interaction  between  the  scraper  and  the  soil  using  the  discrete
element  particle  contact  theory.  They  validated  the  relationship
between torque and rotational speed, providing valuable insights for
analyzing  energy  consumption  in  scraper  operations.  Ma  et  al.[23]

utilized the hysteretic spring contact model (HSCM) and the linear
cohesion  model  (LCM)  as  the  contact  models  for  soil  particles.
They  conducted  a  comprehensive  rotational  center  combination
simulation  experiment  using  EDEM  to  determine  the  optimal
parameters  for  soil  contact.  Zhao  et  al.[24]  established  a  bionic
digging shovel model with 37 roots and planting soil as the research
object,  analyzed  the  soil-bonding  mechanism,  and  conducted  soil
groove experiments to improve the drag reduction rate of the bionic
digging  shovel  to  24.29%.  Qing  et  al.[25]  established  a  simulation
model  of  machinery,  straw,  and  soil  based  on  discrete  element
simulation  and  verified  the  cultivator’s  and  the  driven  disk  plow’s
straw-burying  performance  and  soil  layer  exchange  performance,
respectively.  Ahmad  et  al.[26]  used  discrete  elements  to  model  the
pan  groove  opener  in  paddy  soil  and  determined  the  optimal
parameters  under  different  working  conditions  through  simulation
experiments.  Katinas  et  al.[27]  used  the  discrete  element  method  to
simulate the influence of motion resistance on the operating parts of
the bulldozer. They explored the influence of the type of sand on the
wear of the working parts during the operation, laying a foundation
for the parameter optimization of the parts. Zhang et al.[28] extracted
the  contour  information  of  the  mole  toe  based  on  the  bionic
principle, established the optimization model of the inner and outer
contour  fitting  function  by  using  the  discrete  element  method,  and
obtained  the  optimal  fitting  function  of  the  outer  contour  point
cloud, which laid the foundation for the design of the disc plow in
the  high-viscosity  soil  environment.  Kim  et  al.[29]  carried  out
plowing  experiments  through  the  field  load  measurement  system,
established a full-size soil-tool coupling model based on DEM and
MBD,  predicted  tractive  force  according  to  tillage  depth,  and
reflected the distribution of soil  properties with depth. The tractive
force  prediction  accuracy  reached  90.8%.  Generally,  the  Ningxia
region  of  China  features  high  altitudes,  complex  vineyard  terrain,
and hard soils. Existing soil-clearing machines were not well-suited
for soil clearing in this region. However, using DEM to simulate the
mechanical  structure  and  operational  dynamics  of  agricultural
machinery  can  significantly  enhance  their  performance  and
efficiency[30-32]. Therefore, it was crucial to employ DEM to optimize
the  structural  parameters  of  soil-clearing  machinery,  enabling  it  to
meet the demands of spring soil clearing for wine grape cultivation
in the Ningxia region.

In  summary,  this  paper  proposed  an  optimization  method  for
soil-clearing machinery, focusing on the scraping-rotating-brushing
type  dehilling  machine  used  in  the  Ningxia  region.  This  method
utilized  a  DEM  model  to  simulate  the  interaction  between  the
machine’s  working  components  and  the  soil.  The  study  involved
designing  a  single-factor  test,  a  second-order  central  composite
design,  and  an  orthogonal  test  to  determine  the  optimal  parameter

combination.  Finally,  the  optimized  parameters  were  validated
through field tests to ensure their accuracy. 

2    Materials and methods
 

2.1    Structure of scraping-rotating-brushing dehilling machine 

2.1.1    Overall structure
The overall structure of the scraping-rotating-brushing dehilling

machine  consisted  of  a  frame,  a  scraper,  a  rotary  blade,  a  flexible
brush, and the hydraulic device, all of which are depicted in Figure
1.  The  frame  consisted  of  a  suspension  frame,  a  tie  rod,  a  main
frame,  and  a  sub-frame.  The  bottom  of  the  suspension  frame  was
fixed  to  the  main  frame  with  a  pin  connection,  while  the  top  was
connected to the tie rod by a pin. The sub-frame was placed inside
the  hollow  square  tube  of  the  main  frame,  and  the  tie  rod  was
connected  to  both  the  suspension  frame  and  the  main  frame  via
pins.  The  scraper  section,  rotary  blade  section,  and  flexible  brush
section  will  be  described  individually  in  the  following  sections.  In
the operation process,  under the joint  action of  tractor  traction and
hydraulic  device,  the  scraper,  rotary  blade,  and  flexible  brush
successively cleared the soil on the side of the soil ridge, the bottom
of  the  soil  ridge,  and  the  vine,  completing  the  grape  soil-clearing
operation. The main technical parameters of the machine are shown
in Table 1.
 
 

Frame Scraper

Flexible brush
Rotary bladeHydraulic device

Figure 1    Overall structure of scraping-rotating-brushing
dehilling machine

 
 

Table 1    The main technical parameters
Item Technical parameters

Overall dimensions/mm 3000×2300×1500
Matching power/hp 120
Working width/mm 2 100
Operation speed/m·s-1 0.8

  

2.1.2    Structure of the scraper
The  prototype  scraper  consists  of  several  key  components,

including  a  beam,  an  earth-contact  surface,  and  a  blade,  as
illustrated in Figure 2. In the process of scraper operation, under the
action  of  tractor  traction,  the  forward  speed  vm  makes  a  uniform
linear  motion  to  scrape  the  soil  on  the  side  of  the  ridge  to  the
vineyard passage.
 
 

a. Axonometric drawing b. Side view
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Figure 2    Structural diagram of the scraper
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The  scraper  surface  was  designed  to  move  horizontally  along
an  arc,  thereby  performing  functions  such  as  pushing,  moving,
turning,  and  breaking  soil.  According  to  agronomic  requirements
for grape soil clearing, the scraper surface had a processing width of
1400 mm, a height of 560 mm, a thickness of 10 mm, and a scraper
processing  width  of  65  mm.  However,  since  the  change  of
bulldozing  angle  γ  (the  angle  between  the  scraper  and  the  unit’s
forward  direction),  cutting  angle  δ  (the  angle  between  the  scraper
and  the  ground),  and  turning  angle  β  (the  angle  between  the  top
edge  of  the  scraper  and  the  horizontal  plane)  had  the  most  critical
influence on the shape of the earth contact surface and the operating
state, γ, δ, and β were selected as the optimization parameters of the
scraper. 

2.1.3    Structure of the rotary blade
The  rotary  blade  in  the  prototype  consists  primarily  of  a

scimitar, a cutter head, a cutter shaft, and a cutter holder, as shown
in Figure 3. During operation, the rotary blade moves uniformly in a
straight  line  at  the  forward  speed  vm,  driven  by  the  traction  force
generated by the tractor,  while simultaneously engaging in circular
motion  at  a  speed  nr,  powered  by  the  hydraulic  device.
Consequently, the soil at the bottom of the ridge rotates toward the
vineyard passage.
  

R
r

 

Shaft

DiseBlade

Apron

v
m

n
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Figure 3    Structural diagram of the rotary blade
 

According  to  the  Chinese  national  standard  GB/T  5669-2008,
the grape soil-clearing operation is the initial cultivation of untilled
soil,  specifically  in  vineyard  soil  with  dry  sandy  loam
characteristics.  In  this  paper,  the  IT260-type  wide  curved  rotary
blade  was  chosen  for  the  task.  The  tool  shaft  had  a  machining
diameter  of  50  mm,  and  the  tool  holder’s  processing  dimensions
were  64  mm in  length,  51  mm in  width,  and  21  mm in  thickness.
However, the difference in rotational speed nr,  rotational radius Rr,
and quantity Zr of the rotary tillage tool had a noticeable influence
on its motion trajectory, which further affected the operation effect
of the rotary tillage tool. Therefore, nr, Rr, and Zr were identified as
parameters requiring optimization for the rotary blade. 

2.1.4    Structure of the flexible brush
The flexible brush in the prototype mainly comprises a plastic

wire  brush,  mixed  wire  brush,  brush  shaft,  cylinder,  square  tube,
and bottom plate, as shown in Figure 4. The brush shaft and square
tube  were  bolted  and  welded  onto  the  cylinder,  while  the  plastic
wire brush and mixed wire brush were pressed onto the square tube
from the bottom to the top. A base plate was welded to the cylinder
to  secure  the  brushes.  During  operation,  the  flexible  brush  moved
uniformly  in  a  linear  motion  at  a  speed  of vm.  Simultaneously,  the
hydraulic device drove the brush to make a circular motion at speed
nb, which threw the soil brush at the ridge and vine part to the row.

During the flexible brush operation, the top of the brush easily
came  into  contact  with  the  grapevine.  To  minimize  potential
damage, the top brush was made of pure plastic bristles (2.8 mm in
diameter).  The  bottom  of  the  flexible  brush  was  more  prone  to
friction with the ground, so it was composed of a mixture of plastic

bristles  and  steel  wire  (0.7  mm  galvanized  steel  wire)  to  enhance
durability  and  reduce  wear.  Compared  with  the  flat  brush,  the
concave  and  convex  brush  (with  a  height  of  40  mm per  segment)
was  chosen  to  better  conform  to  the  soil  ridges  formed  after  the
scraper and rotary tilling knife operations.  Additionally,  to prevent
the  brush  from  hitting  the  cement  frame  pole  and  prolong  its
lifespan,  a  safety  gap  of Wpb=50  mm was  maintained  between  the
pole and the brush.
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Figure 4    Structural diagram of the flexible brush
 

However, variations in the flexible brush’s speed (nb), gyration
radius  (Rb),  and  number  of  brushes  (Zb)  significantly  impacted  its
movement  trajectory  and  working  height,  thereby  affecting  its
overall  performance.  As  a  result, nb, Rb,  and Zb were  identified  as
the key parameters to be optimized for the flexible brush. 

2.2    Discrete element model 

2.2.1    Contact model and model parameter selection
In this study, the discrete element model of soil ridges and soil-

clearing components  of  grapevine was established by selecting the
contact  model  of  soil  particles  and model  parameters[33].  The grape
production  and  planting  areas  in  China’s  Ningxia  region  primarily
consist  of  sandy  loam  soil  with  high  moisture  content  and  firm
texture.  Consequently,  the  Edinburgh  Elasto-Plastic  Adhesion
Model  (EEPA)  was  chosen  to  accurately  describe  this  specific
sandy loam soil[34,35]. Soil, 65Mn spring steel, and PTEE plastic were
the  primary  materials  of  soil  ridge  and  soil-clearing  parts  of
grapevine.  Referring  to  relevant  literature[36-38],  the  mechanical
properties and contact parameters of the materials were determined,
and  the  Hertz-Mindlin  anti-slip  model  was  used  to  describe  the
relationship between 65Mn, PTEE, and soil.

The  simulation  accuracy  and  calculation  efficiency  were
comprehensively  considered  in  this  paper.  The  single  spherical
structure was preferred in the operation of the machine, and the 0.5
diameter  was  filled  with  30%,  1.0  diameter  was  filled  with  40%,
and  1.5  diameter  was  filled  with  30%[39].  In  addition,  based  on  the
configuration parameters of the EEPA contact model, the time step
recommended by the EDEM software was adopted and the relevant
solver  and  simulation  hardware  were  selected.  The  parameters  of
the discrete element model are listed in Tables 2-4.
 
 

Table 2    User-defined particle size distribution parameters
Input parameter Value
0.5 scale by radius 30%
1.0 scale by radius 40%
1.5 scale by radius 30%

 
 

Table 3    Materials mechanical properties parameters

Input parameter Poisson’s
ratio

Density/
kg·cm–3

Shear
modulus/

Pa

Particle
shape

Particle
radius/
mm

Soil particle properties 0.36 2130 9.6×105 Single sphere 6.5
65Mn properties 0.3 7865 7.9×1010 - -
PTEE properties 0.4 2100 1.0×108 - -
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2.2.2    DEM of soil ridge
The  parameter  optimization  simulation  experiments  were

conducted based on a discrete elemental model of grapevine buried
soil  ridges.  To  obtain  the  specific  dimensions  of  the  buried  soil
ridge sections of the grapevine, a DJI Phantom 4 UAV was utilized
to  capture  images  of  the  soil  ridges.  Four  survey  lines  and  three
section locations (Line 1, Line 2, and Line 3) were chosen, resulting
in  a  total  of  12  measurement  points.  Elevation  images  of  the
corresponding  sections  were  taken,  and  each  measurement  point
was  labeled  from  east  to  west.  The  soil  ridges  were  irregularly
shaped, so they were approximated as trapezoids to obtain the main
parameters  of  the  cross-section,  including  the  ridge  height  h,  the
width of  the  upper  base a,  and the  width of  the  lower  base b.  The
profile curves were extracted from the elevation maps and imported
into  the  AutoCAD software  to  perform the  measurement  statistics.
The measurement process is shown in Figure 5.

Due to inconsistent land flatness in the vineyard, the bottom of
the two rows of soil ridges on the east side (i.e., measurement points
1,  2,  5,  6,  9,  and  10)  was  based  on  an  altitude  of  1054.1  m.  In
comparison,  the bottom of  the two rows of  soil  ridges on the west
side (i.e.,  measurement points 3, 4,  7,  8,  11, and 12) was based on
an altitude of 1054 m. The measurement results are listed in Table 5.

All  models  were  created  in  a  soil  tank  measuring  9000
mm×5000  mm×500  mm,  constructed  according  to  the  relevant
dimensional  parameters  based  on  the  agronomic  characteristics  of
grape  soil  clearing  in  the  Ningxia  region  of  China,  using  the
Geometry  command.  The  cement  frame rod,  steel  wire  frame,  and
drip irrigation pipe were all  made of 65Mn and modeled using the
Box  and  Cylinder  commands  in  Geometry.  During  the  soil  ridge
modeling process,  grape vines were omitted,  and a particle factory
was created using the Polygon command in Geometry, allowing soil
particles to be dropped freely at an initial speed of 2 m/s. Finally, a

soil  ridge  model  with  a  total  amount  of  1  300  000  particles  and  a
length of 4000 mm was formed. The cross-sectional dimensions of
the soil  ridge model were as follows: height h=425 mm, top width
a=750 mm, and bottom width b=2000 mm. The soil ridge model is
shown in Figure 6.
 
 

Table 4    Intermaterial contact parameters
Input Parameter Value

Edinburgh elasto-plastic adhesion interactions among the soil particles
Coefficient of restitution 0.58
Coefficient of static friction 0.67
Coefficient of rolling friction 0.52
Surface energy/J·m–2 26.3
Contact plasticity ratio 0.31
Slope exp 1.5
Tensile exp 4
Tangential stiff multiplier 0.39
Particle radius/mm 6.5
Hertz-Mindlin interactions between the soil and 65Mn
Coefficient of restitution 0.50
Coefficient of static friction 0.30
Coefficient of rolling friction 0.10
Hertz-Mindlin interactions between the soil and PTEE
Coefficient of restitution 0.60
Coefficient of static friction 0.52
Coefficient of rolling friction 0.045
Simulator settings
Time step/s 4.12×10–5

Data save interval/s 0.05
CUDA engine device Tesla P40
Solver precision Double
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Figure 5    Dimension measurement of ridge cross-section profile
 
 

Table 5    Measurement results of cross-section of soil ridge

Measurement size
Line 1 Line 2 Line 3

Average
1 2 3 4 1 2 3 4 1 2 3 4

h/mm 428 381 455 412 394 356 479 466 416 409 432 459 424
a/mm 933 795 640 706 926 751 717 725 739 746 785 692 763
b/mm 2242 1754 2013 2089 2201 1848 2238 1996 2118 1999 2169 2036 2059

 
 

2.3    Test procedure and test factors
The  parameter  optimization  of  each  soil-clearing  component

was  achieved  by  simplifying  the  model  of  the  scraping-rotating-
brushing dehilling machine and utilizing SolidWorks 3D modeling
software  in  conjunction  with  EDEM  discrete  element  simulation
software  to  set  the  parameters.  Due  to  the  various  influencing
factors  involved  in  the  clearing  components,  optimizing  the  whole
machine  was  relatively  tricky.  The  scraper  model,  the  scraping-
rotating  combined  model  (the  combination  of  the  scraper  and  the
rotary  blade),  and  the  scraping-rotating-brushing  combined  model

(the  combination  of  the  scraper,  the  rotary  blade,  and  the  clearing
brush)  were  respectively  used  to  carry  out  the  parameter
optimization  simulation  tests  of  the  scraper,  the  rotary  blade,  and
the  brush,  and  to  determine  the  optimum  structural  parameters  of
the  scraper,  rotary  clearing  tool,  and  clearing  brush,  respectively.
The model and test  flow of soil-clearing components are shown in
Figure 7.

The key factors affecting the performance of each soil-clearing
component were selected as test variables. The test design methods
used  include  the  single-factor  test,  second-order  central  composite
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design,  and  orthogonal  test[40,41],  which  were  applied  to  conduct
parameter  optimization  simulations  for  each  soil-clearing
component.

The  single-factor  test  factors  of  each  soil  cleaning  part  are
listed in Table 6. The factors for the secondary center combination
test of the scraper are listed in Table 7. The orthogonal test factors
of the rotary blade are listed in Table 8. The orthogonal test factors
of the flexible brush are listed in Table 9. 

2.4    Simulation experiment of scraper parameter optimization 

2.4.1    Single-factor test
The operational process of the scraper in the dehilling machine

was  analyzed,  and  a  vector  map  of  soil  velocity  during  scraper
operation at  various levels  of  each factor  was plotted,  as  shown in
Figure 8.
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Table 6    Single-factor test of each factor level

Level
Scraper Rotary blade Flexible brush

γ/(°) δ/(°) β/(°) nr/r·min–1 Rr/mm Zr nb/(r·min–1) Rb/mm Zb

1 30 30 45 280 260 2 300 250 6

2 38 40 53 335 280 3 363 275 7

3 45 50 60 390 300 4 425 300 8

4 53 60 68 445 320 5 488 325 9

5 60 70 75 500 340 6 550 350 10

  
Table 7    Levels of various factors in the scraper secondary

center combination test
Coded value γ/(°) δ/(°) β/(°)

–1.682 30 40 45

–1 36 46 51

0 45 55 60

1 54 64 69

1.682 60 70 75
 

Initially,  the soil  quality was assessed within the measurement
area  both  before  and  after  the  scraper  operation,  and  subsequently
the  soil-clearing  rate  Cm  was  computed.  Next,  a  time-dependent

curve  was  constructed  for  illustrating  the  horizontal  forward
resistance  of  the  scraper.  The  average  horizontal  resistance  Fx

during  the  smooth  operating  phase  was  calculated.  Lastly,  the
impact  trend  of  each  factor  on  the  indicators  Cm  and  Fx  was
analyzed  to  identify  the  optimal  range  of  values  for  each  factor
when fine-tuning the scraper parameters.
 
 

Table 8    The level of each factor in the orthogonal test of
rotary tilling knife

Level nr/(r·min–1) Rr/mm Zr

1 335 260 2
2 376 280 3
3 418 300 4
4 459 320 5
5 500 340 6

 
 

Table 9    Level of factors in the flexible brush orthogonal test
Level nb/(r·min–1) Rb/mm Zb

1 300 250 6
2 363 275 7
3 425 300 8
4 488 325 9
5 550 350 10
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Figure 8    Simulation process of the scraper
 
 

2.4.2    Quadratic regression center combination test
To  obtain  the  optimal  combination  of  scraper  parameters,  an

optimization simulation test scheme was designed using a quadratic
regression central composite design in Design Expert 11 software[42].
Subsequently,  an  analysis  of  variance  (ANOVA)  on  the  test  data
was  conducted,  the  regression  equations  were  derived  for  the  test
metrics  and  factors  through  quadratic  regression  fitting,  and-
response  surface  analysis  was  performed  on  these  equations.
Ultimately,  the  optimal  solution  was  determined  by  considering

both  the  constraints  of  the  factors  and the  desired  objective  values
of the test metrics.
 

2.5    Simulation experiment of rotary blade optimization
 

2.5.1    Single-factor test
The  operation  process  of  the  rotary  blade  of  the  dehilling

machine  was  analyzed,  and  the  vector  map  of  soil  velocity  for
rotary blade operation at different levels of each factor was plotted.
The simulation process is shown in Figure 9.
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Figure 9    Simulation process of rotary blade
 

In  the  initial  phase,  the  soil  quality  in  the  measurement  area
before  and  after  the  rotary  blade  operation  was  also  assessed  by
quantifying  the  soil-clearing  rate Cm.  Then  the  torque  curve  of  the
rotary blade over time was charted and the average torque value Tr

during  operation  was  calculated.  Finally,  the  influence  of  each
factor on the indicators Cm and Tr was scrutinized to determine the

optimal  range  of  each  factor  in  the  optimization  of  rotary  blade
parameters. 

2.5.2    Orthogonal test
To  further  obtain  the  optimal  combination  of  rotary  blade

parameters,  we  employed  three-factor,  five-level  orthogonal
experiments  to  design  the  simulation  test  scheme  for  parameter
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optimization.  We  carried  out  range  analysis  on  the  experimental
data  to  derive  the  sequence  of  influence  of  each  factor  on  the
experimental  indices,  and the  significance  of  the  influence of  each
factor on the indices was obtained by ANOVA. Finally, through the
combined weighted scoring method and range analysis method, we
obtained  the  combined  influence  sequence  of  each  factor  and  the
optimal combination parameters.

WTr WCm

In this context, a comprehensive weighted scoring method was
employed, guided by the principle that  a lower rotary blade torque
Tr  and  a  higher  soil-clearing  rate Cm were  desirable,  aiming  for  a
balance between the two. The weighting scheme involved assigning
a weight of –0.5 ( ) to torque and 0.5 ( ) to the soil-clearing

rate. Utilizing Equation (1), the comprehensive weighted scores for
the indicators were calculated.

QN = QTr +QCm =WTr

100
TrM −Trm

(Tri−Trm)+WCm

100
Cm M −Cmm

(Cmi−Cmm)

(1)
 

2.6    Simulation  experiment  of  flexible  brush  parameter
optimization 

2.6.1    Single-factor test
The  operation  process  of  the  flexible  brush  of  the  dehilling

machine  was  analyzed,  and  the  vector  map  of  soil  velocity  for
flexible  brush  operation  at  different  levels  of  each  factor  was
plotted. The simulation process is shown in Figure 10.
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Figure 10    Simulation process of flexible brush
 

Firstly,  the  soil  in  the  measurement  area  before  and  after  the
flexible brush operation was weighted, and the soil-clearing rate Cm

was  calculated.  Then,  the  torque  of  the  flexible  brush  curve  graph
over  time was  plotted,  and  the  average  value  of  the  torque Tb was
calculated.  Finally,  the trend of the influence of each factor on the
indicators Cm  and  Tb  was  analyzed,  and  the  appropriate  range  of
each factor was determined in the optimization of parameters of the
flexible brush. 

2.6.2    Orthogonal experiment
To  identify  the  optimal  combination  of  parameters  for  the

flexible brush, this paper utilized a three-factor, five-level orthogonal
test to design a simulation test program for parameter optimization.
A  polar  analysis  of  the  test  data  was  conducted  to  determine  the
influence order  of  each factor  on the  test  indices.  The significance
of each factor’s influence was assessed through analysis of variance
(ANOVA),  and  the  comprehensive  influence  order  was  derived
using  the  integrated  weighted  scoring  method,  polar  analysis,  and
the identification of optimal combination parameters.

WTb

WCm

Among  them,  the  integrated  weighted  scoring  method  was
applied  based  on  the  principle  of  minimizing  the  flexible  brush
torque Tb and maximizing the soil-clearing rate Cm, while achieving
a  balance  between  the  two.  The  torque  was  assigned  a  weight  of
–0.5 ( ),  and the soil-clearing rate was assigned a weight of 0.5
( ).  The  integrated  weighted  score  of  the  indicators  was

calculated using Equation (2).

QN =QTb +QCm =WTb

100
TbM −Tbm

(Tbi−Tbm)+WCm

100
Cm M −Cmm

(Cmi−Cmm)

(2)
 

2.7    Field trials
This study selected the wine grape planting base at Yuquanying

Farm in Ningxia, China, as the experimental site. The soil removal
rate  was  used  as  the  test  index,  and the  scraping-rotating  dehilling
machine and the scraping-rotating-brushing dehilling machine were
chosen  as  the  test  subjects.  The  experimental  design  included  a
50-cm soil ridge measurement area. The soil weight at three stages
was  measured:  the  original  soil  ridge,  the  soil  ridge  after  the
operation  of  the  scraping-rotating  dehilling  machine,  and  the  soil
ridge after the operation of the scraping-rotating-brushing dehilling
machine. The scene is illustrated in Figure 11. 

3    Results and discussion
 

3.1    Simulation result of scraper 

3.1.1    Single-factor simulation results
Figures  12a  and  12b  show  that  as  the  bulldozing  angle

increases,  the  velocity  of  soil  particles  ahead  of  the  scraper  rises,
leading  to  an  augmented  horizontal  forward  resistance  and  a
subsequent reduction in the soil removal rate. When the bulldozing
angle exceeded 52.5°, the soil removal rate dropped below 45%. To
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enhance the scraper’s working width,  increase the distance for soil

movement  to  the  row,  and  ensure  the  smooth  operation  of
subsequent  cleaning  components,  preventing  soil  particles  from
ascending  along  the  scraper  and  passing  over  its  top,  it  was
advisable to use a larger bulldozing angle. Conversely, to reduce the
horizontal  resistance  of  the  scraper  and  improve  soil  removal
efficiency, a smaller bulldozing angle should be selected. Thus, the
bulldozing  angle  should  be  minimized,  while  ensuring  that  soil
particles  do  not  pass  over  the  scraper,  to  maintain  the  normal
operation of the soil-clearing components.

Figures  12c  and  12d  show  that  when  the  cutting  angle  was
below 40°, an increase in the cutting angle results in an augmented
bottom curvature of the scraper. This curvature made it difficult for
soil particles to rise along the scraper, resulting in decreased particle
accumulation in front of the scraper, a reduction in the overall force
exerted  by  the  scraper,  and  a  subsequent  decrease  in  horizontal
forward  resistance.  Conversely,  when  the  cutting  angle  surpassed
40°, an increase in the cutting angle enlarges the clearing area of the
scraper, resulting in a higher volume of soil being moved. This led
to  an  overall  increase  in  the  force  applied  by  the  scraper,
accompanied  by  a  simultaneous  rise  in  both  horizontal  resistance
and soil removal rate.
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Figure 12    Scraper single-factor simulation results
 

Figures 12e and 12f ereveal that with the increase of the turning
angle,  the  clearing  area  of  the  scraper  decreased,  resulting  in  a
decrease  in  the  amount  of  soil  extracted  by  the  scraper.  This
reduction  in  soil  accumulation  in  front  of  the  scraper  led  to  an
overall  decrease  in  the  force  applied  by  the  scraper,  consequently
lowering  both  horizontal  forward  resistance  and  soil  removal  rate.
Therefore, the selection of the turning angle should strike a balance

between horizontal forward resistance and soil removal rate.
In  summary,  this  paper  determined  the  value  range  of  each

factor of the scraper. The bulldozing angle was 30°-60°, the cutting
angle was 40°-70°, and the front turning angle was 45°-75°.
 

3.1.2    Quadratic regression center combination test results
The  Design  Expert  software  was  employed  to  conduct  a

simulation  test  using  the  three-factor  and  five-level  central
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composite design. The test results were recorded with precision up
to two decimal places, as listed in Table 10. 

Table 10    Results of secondary center combination
test of scraper

Serial
number

Coding values of each factor Test indicators
A-γ B-δ C-β Fx/N Cm/%

1 –1 –1 –1 1430.18 51.50
2 1 –1 –1 1614.74 44.30
3 –1 1 –1 1430.90 51.65
4 1 1 –1 1833.46 48.43
5 –1 –1 1 1397.30 50.40
6 1 –1 1 1525.48 42.19
7 –1 1 1 1401.57 51.18
8 1 1 1 1769.52 47.21
9 –1.682 0 0 1346.61 53.20
10 1.682 0 0 1808.77 44.18
11 0 –1.682 0 1469.27 46.22
12 0 1.682 0 1638.10 50.61
13 0 0 –1.682 1561.35 49.05
14 0 0 1.682 1477.55 46.89
15 0 0 0 1530.49 48.38
16 0 0 0 1532.65 48.45
17 0 0 0 1544.93 48.62
18 0 0 0 1549.68 48.77
19 0 0 0 1528.54 48.30
20 0 0 0 1538.78 48.53

 

Regression  significance  analysis  was  performed  on  the  test
results in the table, and the results are listed in Table 11. As shown
in Table  11,  the  horizontal  forward  resistance Fx  and  soil  removal
rate Cm models  had p<0.01,  and the  regression model  misfit  terms
had p>0.05. This indicates that the regression models for horizontal
forward  resistance  and  soil-clearing  rate  were  highly  significant,
while the misfit  terms were insignificant.  Therefore,  the regression
models fit the data well, confirming their validity. For the horizontal
forward  resistance  model,  the  effects  of A, B, C, AB, AC,  and A2

regression terms were highly significant (p≤ 0.01); the effects of B2

and C2 regression terms were significant (0.01<p≤ 0.05); the effects
of BC regression terms were not significant; and the effects of each
factor on horizontal forward resistance were in the following order
of precedence: A>B>C.
 
 

Table 11    Significance analysis of regression model for
secondary center combined test of scraper

Source
of square

Fx Cm

Sum of
variance DoF F

value
p

value
Sum of
varianceDoF

F
value

p
value

Model 3.356E+05 9 554.63 < 0.0001** 141.86 9 682.04 < 0.0001**

A-γ 2.535E+05 1 3770.17< 0.0001** 104.46 1 4519.84< 0.0001**

B-δ 41 373.62 1 615.42 < 0.0001** 22.33 1 966.22 < 0.0001**

C-β 9297.98 1 138.30 < 0.0001** 5.33 1 230.68 < 0.0001**

AB 26 194.17 1 389.63 < 0.0001** 8.45 1 365.46 < 0.0001**

AC 1034.90 1 15.39 0.0029** 0.3872 1 16.75 0.0022**

BC 104.18 1 1.55 0.2416 0.2888 1 12.50 0.0054**

A2 2851.66 1 42.42 < 0.0001** 0.0627 1 2.71 0.1305

B2 448.69 1 6.67 0.0273* 0.0141 1 0.6091 0.4532

C2 613.40 1 9.12 0.0129* 0.5125 1 22.18 0.0008**

Residual 672.28 10 0.2311 10

Lack of Fit 314.14 5 0.8772 0.5554 0.0864 5 0.5973 0.7072

Pure error 358.14 5 0.1447 5
Cor total 3.363E+05 19 142.09 19
Note: * represents factor with a highly significant influence on the index (0.01<p≤
0.05); ** represents factor with a significant influence on the index (p≤0.01).
 

In  the  soil  removal  rate  model,  the  regression  terms A, B, C,
AB, AC, BC,  and C2  showed a highly significant  impact  (p≤ 0.01).
However, the regression terms A2 and B2 did not have a significant
impact. The influence of factors on soil removal rate can be ranked
in the following order: A > B > C.

Response  surface  plots  of  the  effect  of  each  test  factor  on
horizontal forward resistance and removal rate were obtained using
Response Surface Methodology, as shown in Figure 13.
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Figure 13    Effects of bulldozing angle γ, cutting angle δ, and forward turning angle β on horizontal forward resistance Fx and soil removal
rate Cm of scraper

 

Figure  13  shows  that  an  increase  in  the  pushing  angle  and
cutting  angle  resulted  in  an  increase  in  the  horizontal  forward
resistance  of  the  scraper.  With  the  increase  of  the  front  turning
angle,  the  horizontal  forward  resistance  of  the  scraper  decreased.
The  soil  removal  rate  decreased  as  the  pushing  and  turning  angles
increased.  However,  the  soil  removal  rate  increased  as  the  cutting
angle  increased.  Therefore,  to  obtain  a  low  horizontal  forward
resistance  Fx,  the  bulldozing  angle  γ  and  cutting  angle  δ  of  the

scraper should not be too large, and the turning angle β should not
be  too  small.  To  obtain  a  higher  soil  removal  rate Cm,  the  scraper
bulldozing angle γ and turning angle β should not be too large, and
the cutting angle δ should not be too small.

Under  the  condition  that  the  designed  soil  removal  rate  was
45%,  with  the  objective  of  reducing  the  horizontal  forward
resistance  of  the  scraper,  the  multi-objective  variable  optimization
method  was  used  combined  with  Design  Expert  11  software  to
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optimize  and  solve  the  test  index  model.  Aiming  at  the  lowest
horizontal forward resistance Fx and soil removal rate Cm = 45%, a
mathematical  model  was  developed  for  planning  the  structural
parameters of the scraper under the constraint conditions of scraper
pushing  angle  γ,  cutting  angle  δ,  and  forward  turning  angle  β,  as
shown in Equation (3). 

min Fx(γ, δ,β)
Cm(γ, δ,β) = 45

30 ≤ γ ≤ 60

40 ≤ δ ≤ 70

45 ≤ β ≤ 60

(3)

 

3.1.3    Parameters for the optimum combination of scraper
The  optimal  parameter  combinations  obtained  using  the

optimized numerical module of Design Expert 11 software were as
follows:  the  bulldozing  angle  was  44°,  the  cutting  angle  was  40°,
and  the  front  turning  angle  was  75°.  At  this  time,  the  horizontal
forward  resistance  of  the  scraper  predicted  by  the  model  was
1395.54  N,  and  the  soil  removal  rate  was  45%.  Simulation

verification was carried out according to the optimized results, and
the effect of the simulation operation is shown in Figure 14. 

3.2    Simulation result of rotary blade 

3.2.1    Single-factor simulation results
Figures  15a  and  15b  demonstrate  that  an  augmentation  in  the

rotary speed of the rotary blade resulted in a decrease in soil quality
in the test area, which led to an increase in the soil removal rate and
the  distance  between  rows  (i.e.,  throw  distance)  where  the  rotary
blade throws the soil. The increase in speed also reduced the cutting
distance  and  the  average  pressure  in  the  normal  direction  of  the
rotary blade, which reduced the torque of the rotary blade, and this
torque  stabilized  at  rotary  blade  speeds  greater  than  445  r/min.
Simultaneously,  as  the  rotational  speed  increased,  the  soil  leakage
width  decreased  while  the  soil  removal  rate  increased,  stabilizing
when the rotational speed exceeded 390 r/min. Therefore, to ensure
enough  soil  throwing  distance,  reduce  torque  of  the  rotary  blade,
and improve soil removal rate, the rotation speed of the rotary blade
should be selected with a large value.

Figures 15c and 15d demonstrate that as the rotary radius of the
blade  increased,  both  the  torque  of  the  rotary  blade  and  the  soil
removal  rate  increased,  thereby  extending  the  soil  throwing
distance.  The torque increased significantly  when the rotary radius
of the rotary tiller was in the range of 260-300 mm. When the rotary
radius  of  the  rotary  blade  was  greater  than  300  mm,  the  torque
increase  gradually  tended to  be  stable.  Increasing the  rotary  radius
of the rotary blade would effectively increase the soil removal rate
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Figure 14    Optimal parameter combined scraper simulation results
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of the rotary blade,  but  it  would also increase the contact  area and
friction  between  the  tool  and  the  soil,  resulting  in  an  increase  in
rotary blade torque. Therefore, selection of a rotary gyration radius
should balance the torque and soil removal rate.

Figures  15e  and  15f  reveal  that,  as  the  number  of  blades
increased,  the  rotary  blade  torque  first  decreased,  then  stabilized,
and  subsequently  gradually  declined,  exhibiting  an  overall
decreasing trend. This was due to the reduction in normal pressure
caused  by  the  decrease  in  soil  cutting  advance,  which  in  turn
reduced  the  torque.  The  increase  in  the  number  of  blades  also
reduced the leakage clearing soil width of the rotary blade, thereby
increasing the clearing volume and improving the soil removal rate.
However,  when  the  leakage  clearing  soil  width  was  sufficiently
small,  the  clearing  volume  was  basically  unchanged,  and  thus  the
soil  removal  rate  of  the  rotary  blade  first  rose  and  then  tended  to
stabilize  with  the  increase  in  the  number  of  blades.  Therefore,  to
reduce the torque and increase the distance of throwing soil and the
rate of soil removal, the number of blades should be a larger value.

In summary, this paper determined the range of values for each
factor  of  the  rotary  blade:  the  rotational  speed  of  the  rotary  blade
was 335-500 r/min, the gyration radius of the rotary blade was 260-
340 mm, and the number of blades was 2-6. 

3.2.2    Orthogonal test results
As can be seen from Tables 12 and 13, the order of influence of

all  factors  on  the  comprehensive  performance  of  the  rotary  blade
was  as  follows: C>A>B.  The  optimal  combination  parameter  was
A5B3C5,  that  is,  the  rotational  speed  of  the  rotary  blade  was
500 r/min, the rotary radius of the rotary blade was 300 mm, and the
number  of  blades  was 6.  The simulation operation was carried out
according to the optimized results, and the effect is shown in Figure
16. At this time, the torque of the rotary blade was172.69 N·m, and
the soil removal rate was 69.68%.
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Figure 16    Simulation effect of the combination of rotary blade and
scraper with optimal parameters

  

3.3    Simulation result of soil flexible brush 

3.3.1    Single-factor simulation results
Figures 17a and 17b show that an increase in the speed of the

flexible  brush  would  cause  the  torque  of  the  flexible  brush  to
decrease  and  then  increase  and  then  decrease  again,  and  the  soil
removal rate to increase and then decrease and then increase again.
Therefore, consideration should be given to balancing the torque of
the  flexible  brush  with  the  rate  of  soil  removal  when selecting  the
speed of the flexible brush.

Figures 17c and 17d show that as the radius of gyration of the
flexible  brush  increased,  the  brush  torque  increased,  and  the  soil
removal  rate  decreased.  Therefore,  the  gyration  radius  of  the
flexible brush should be selected as a small value.

Figures  17e  and 17f  illustrate  an  increase  in  the  torque  of  the
flexible  brush  as  the  number  of  brushes  increased,  while  the  soil
removal rate remained relatively constant. Thus, it was advisable to
opt for a smaller number of brushes.

In summary, this paper establishes the range of values for each
factor related to the flexible brush: the speed of the flexible brush is
between  300  r/min  and  550  r/min,  the  gyration  radius  is  between
250 mm and 350 mm, and the number of brushes ranges from 6 to 10. 

 

Table 12    Orthogonal test results and range analysis
of rotary blade

Serial
No.

Level Index
A-nr B-Rr C-Zr Blank Blank Blank Tr/(r·min–1) Cm/% QN

1 1 1 1 1 1 1 189.54 58.23 –23.12

2 1 2 2 2 2 2 209.31 62.92 –11.00

3 1 3 3 3 3 3 236.00 66.47 –5.48

4 1 4 4 4 4 4 240.90 69.18 3.56

5 1 5 5 5 5 5 240.80 70.42 8.42

6 2 1 2 3 4 5 175.74 61.87 –4.64

7 2 2 3 4 5 1 202.69 65.97 2.95

8 2 3 4 5 1 2 213.87 68.41 8.98

9 2 4 5 1 2 3 216.76 69.68 13.02

10 2 5 1 2 3 4 275.85 66.26 –18.71

11 3 1 3 5 2 4 168.55 64.34 7.23

12 3 2 4 1 3 5 187.27 66.87 11.26

13 3 3 5 2 4 1 193.45 69.84 20.91

14 3 4 1 3 5 2 248.88 66.27 –10.27

15 3 5 2 4 1 3 265.02 70.26 0.26

16 4 1 4 2 5 3 150.30 65.35 16.85

17 4 2 5 3 1 4 159.81 66.99 20.28

18 4 3 1 4 2 5 226.66 65.87 –4.91

19 4 4 2 5 3 1 242.66 69.63 4.76

20 4 5 3 1 4 2 249.05 71.06 8.35

21 5 1 5 4 3 2 115.30 64.13 22.99

22 5 2 1 5 4 3 193.05 64.76 1.23

23 5 3 2 1 5 4 208.86 69.03 12.95

24 5 4 3 2 1 5 221.24 70.20 13.66

25 5 5 4 3 2 1 234.09 70.64 11.37
Tr K1 223.31 159.89 226.80 210.30 209.90 212.49

K2 216.98 190.43 220.32 210.03 211.07 207.28
K3 212.63 215.77 215.51 210.90 211.42 212.23
K4 205.70 234.09 205.29 210.11 210.44 210.79
K5 194.51 252.96 185.22 211.79 210.31 210.34

R 28.80 93.08 41.57 1.76 1.52 5.20
Cm K1 65.44 62.78 64.28 66.97 66.82 66.86

K2 66.44 65.50 66.74 66.91 66.69 66.56
K3 67.52 67.92 67.61 66.45 66.67 67.30
K4 67.78 68.99 68.09 67.08 67.34 67.16
K5 67.75 69.73 68.21 67.51 67.41 67.05

R 2.34 6.94 3.93 1.06 0.74 0.75
QN K1 –5.52 3.86 –11.16 4.49 4.01 3.37

K2 0.32 4.94 0.47 4.34 3.14 3.81
K3 5.88 6.49 5.34 2.25 2.96 5.18
K4 9.07 4.95 10.40 4.97 5.88 5.06
K5 12.44 1.94 17.12 6.12 6.18 4.76
R 17.96 4.55 28.28 3.87 3.22 1.80

 

Table 13    Variance analysis of rotary blade torque and soil
removal rate

Source
of square

Tr Cm

Sum of
variance DoF F

value
p

value
Sum of
variance DoF F

value
p

value
A-nr 2447.05 4 70.06 < 0.0001** 20.88 4 8.74 0.0015**
B-Rr 26 759.15 4 766.17 < 0.0001** 161.41 4 67.56 < 0.0001**
C-Zr 5264.98 4 150.75 < 0.0001** 52.51 4 21.98 < 0.0001**
Error 104.78 12 7.17 12

Cor total 34 575.95 24 241.96 24
Note: * represents factor with a highly significant influence on the index (0.01<p≤
0.05); ** represents factor with a significant influence on the index (p≤0.01).
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3.3.2    Orthogonal experiment results
This  paper  employed  a  three-factor,  five-level  orthogonal  test

design  to  optimize  the  soil  brush  parameters  in  a  simulation  test
program.  Polar  analysis  of  the  test  data  was  used  to  determine  the
order of influence of each factor on the test index. Variance analysis
identified  the  significance  of  each  factor’s  effect  on  the  index.
Finally, the comprehensive influence of the factors and the optimal
parameter combination was determined through a weighted scoring
method and polar analysis. The simulation test program and results
are listed in Table 14.

The  order  of  influence  of  each  factor  of  clearing  brush  on
torque  (Tb)  was B>C>A,  while  the  order  of  influence  on  clearing
rate  (Cm)  was  A>C>B.  Variance  analysis  was  performed  on  the
experimental  data,  and  the  influence  of  each  factor  on  both  torque
(Tb)  and  clearing  rate  (Cm)  was  highly  significant,  as  listed  in
Table 15.

The effect of each factor on the performance of flexible brushes
was  comprehensively  analyzed,  and  the  results  were  as  follows:
B>A>C; the optimal combination parameter was A5B1C2, that is, the
speed  of  the  flexible  brush  was  550  r/min;  the  gyration  radius  of
flexible brush was 250 mm; and the number of brush blades was 7.
The simulation operation was carried out according to the optimized
results, and the effect is shown in Figure 18. At this time, the torque
of the flexible brush was 113.6 N·m, and the soil removal rate was
88.7%. 

3.4    Field trials results
The field  trials  results  are  listed  in Table  16.  The  table  shows

that  the  performance  indicators  for  all  types  of  grape  soil  removal
machines  met  the  required  standards.  The  differences  between  the
actual  and  simulated  test  values  for  the  scraping-rotating  soil
cleaning  machine  and  the  scraping-rotating-brushing  dehilling
machine  were  2.47%  and  0.05%,  respectively,  verifying  the
accuracy of the DEM model. 

4    Conclusions
In  this  study,  the  structure  and  operating  parameters  of  the

prototype  were  optimized  through  simulation  tests.  A  discrete
elemental  model  of  grapevine  buried  ridges  and  soil-clearing
machinery was developed using the discrete elemental method with
EDEM  2021.2  software.  Taking  horizontal  forward  resistance,
torque,  and  soil  removal  rate  as  test  indices,  the  single-factor  test
was  conducted  to  determine  the  parameter  optimization  inverse
ranges of each clearing component,  and combined with orthogonal
test  and  quadratic  center  combination  test  method  to  derive  the
optimal  combination  parameters  for  the  primary  working  clearing
components  of  the  scraping-rotating-brushing  dehilling  machine.
The accuracy of the discrete elemental model was validated through
field tests,  yielding a relative error  of  only 0.05%. The application
of  the  discrete  elemental  method  contributes  to  advancing  the
mechanization  of  grape  clearing,  enhancing  efficiency,  and
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providing  a  technical  foundation  for  the  mechanization  and
intelligent evolution of grape orchards. 
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Serial
number
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(r·min–1)

Cm/
% QN

1 1 1 1 1 1 1 108.97 88.11 27.68
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3 1 3 3 3 3 3 179.17 87.49 –22.91
4 1 4 4 4 4 4 219.55 87.51 –35.19
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8 2 3 4 5 1 2 182.94 87.91 –5.39
9 2 4 5 1 2 3 220.79 87.68 –28.01
10 2 5 1 2 3 4 243.28 88.00 –21.06
11 3 1 3 5 2 4 119.83 88.26 30.83
12 3 2 4 1 3 5 144.35 88.19 19.70
13 3 3 5 2 4 1 184.85 87.87 –7.80
14 3 4 1 3 5 2 198.90 88.05 –4.35
15 3 5 2 4 1 3 251.04 88.36 –7.52
16 4 1 4 2 5 3 123.02 88.23 28.45
17 4 2 5 3 1 4 143.41 88.13 17.33
18 4 3 1 4 2 5 157.27 88.21 16.38
19 4 4 2 5 3 1 193.71 88.27 7.17
20 4 5 3 1 4 2 255.10 88.54 –0.81
21 5 1 5 4 3 2 125.43 88.37 33.91
22 5 2 1 5 4 3 120.14 88.61 46.35
23 5 3 2 1 5 4 164.45 88.44 24.31
24 5 4 3 2 1 5 201.38 88.29 5.56
25 5 5 4 3 2 1 252.33 88.55 0.54

Tb K1 182.09 117.56 165.71 178.73 177.55 177.51
K2 181.05 139.23 172.06 178.62 178.15 180.58
K3 179.79 173.74 180.64 176.87 177.19 178.83
K4 174.50 206.87 184.44 180.20 178.04 178.10
K5 172.75 252.79 187.33 175.76 179.25 175.15
R 9.34 135.23 21.62 4.44 2.06 5.44

Cm K1 87.74 88.25 88.20 88.19 88.16 88.17
K2 87.98 88.20 88.27 88.08 88.14 88.17
K3 88.15 87.98 88.13 88.10 88.06 88.07
K4 88.28 87.96 88.08 88.10 88.16 88.07
K5 88.45 88.21 87.93 88.13 88.07 88.11
R 0.71 0.29 0.34 0.11 0.10 0.10

QN K1 –12.70 31.13 13.00 8.57 7.53 7.99
K2 –1.47 21.64 14.24 3.52 6.44 7.16
K3 6.17 0.92 5.01 5.07 3.36 3.27
K4 13.70 –10.96 1.62 3.99 7.46 3.24
K5 22.13 –14.88 –6.02 6.68 3.05 6.17
R 34.83 46.00 20.26 5.05 4.49 4.75

 

Table 15    Variance analysis of flexible brush torque and soil
removal rate

Source
of square

Tb Cm

Sum of
variance DoF F p Sum of

variance DoF F p

A-nr 345.25 4 6.85 0.0041** 1.49 4 32.75 < 0.0001**
B-Rr 58 005.07 4 1151.17 < 0.0001** 0.37 4 8.18 0.0020**
C-Zr 1609.08 4 31.93 < 0.0001** 0.33 4 7.35 0.0031**
Error 151.16 12 0.14 12

Cor Total 60 110.57 24 2.33 24
Note: * represents factor with a highly significant influence on the index (0.01<p≤
0.05); ** represents factor with a significant influence on the index (p≤0.01).
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Table 16    Soil clearance index measurement results
Ridge mass/kg

Stan-
dard
devia-
tion
(kg)

Coeff-
icient
of

varia-
tion/
(*%)

Stabi-
lity
coeff-
icient
(%)

Soil
remo-
val
rate
(%)

Simu-
lated
soil
rem-
oval
rate
((%)

1 2 3 4 5 Aver-
age

Prim-
itive 429.3 455.15 397.85 464.25 438.1 436.93

Ⅰ 121.7 136.45 119.85 117.25 129.65 124.98 7.91 6.33 93.67 71.40 69.68
Ⅱ 47.55 56.75 50.15 44.45 53.85 49.55 4.89 9.68 90.32 88.65 88.7

Note: Ⅰ: the scraping-rotating soil cleaning machine.Ⅱ: the scraping-rotating-
brushing dehilling machine.
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