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Abstract: In this study, to address the challenges of root-stubble crushed insufficiently and excessive disturbance of the soil on
ridges,  moving  and  fixed  cutters  imitating  a  cat’s  claw  were  designed  for  crushing  stubble  efficiently  through  reverse
engineering technology. The multi-curve cutter was designed based on the distribution characteristics of roots in different soil
layers, enabling efficient crushing of roots with minimal soil disruption. The EDEM was employed to build a root-stubble-soil
discrete  element  model  and  simulate  the  crushing  process  of  root-stubble.  The  accuracy  of  the  result  of  the  numerical
simulation was validated through the field test.  The qualified rate of root-stubble length,  the rate of soil  disturbance,  and the
power consumption of the device (PCD) would be increased with the increase of the rotational speed of cutter shaft (RSCS).
The stubble, driven by the moving cutters, rotated around its root until a cutting support was established between the moving
and fixed cutters, enabling efficient fragmentation. At a lower RSCS, the disturbed soil in the surface layer would fall back to
the ridge. The soil in the middle and deep layers would also be collided and compressed by the soil in the surface layer, and a
low rate of soil disturbance would occur. When the RSCS was 380 r/min, the rate of soil disturbance was the lowest, at 18.57%,
and the qualified rate of root-stubble length could reach 91.07%, which could meet the requirements of agricultural technology.
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 1    Introduction
Soil  is  a  precious  natural  resource,  but  it  has  suffered  from

severe  erosion  due  to  factors  such  as  wind  and  water  erosion,  as
well  as  improper  tillage  management[1,2].  Conservation  tillage  is
crucial for soil protection through enhancing the resistance of soil to
wind  and  water  erosion  through  no-till  and  reduced-till  practices.
Root-stubble  treatment  is  the  key  link  before  no-tillage  and  less-
tillage  sowing  in  conservation  tillage[3].  Certain  problems,  such  as
the  seeder  blocked  by  root-stubble  and  the  seeds  contacted  with
stubble, would be caused by an improper root-stubble treatment[4-6].
The root-stubble includes both the stubble above the ground and the
roots under the ground. The roots fix the soil, forming the soil-roots
combination,  which  is  challenging  for  mechanized  treatment.
Therefore,  devices  for  crushing  root-stubble  need  to  be  innovated,
and such devices have been extensively studied by experts.

Wang  et  al.[7]  proposed  a  vertical  rotation-based  straw  strip
cleaning  and  soil  tillage  method,  and  the  performance  of  the
designed  device  was  evaluated  by  employing  DEM-MFBD.  Jia  et

al.[8], inspired by the saw-tooth structure and occlusion movement of
locust mouth-parts, designed a device with a double bionic disc, and
the rates of crushing straw and root-stubble were improved. Huang
et  al.[9]  combined  the  technology  of  crushing  stubble  actively  and
guiding grass passively to innovate the device, and the performance
of  the  device  crushing  and  throwing  stubble  could  be  enhanced.
Hou  et  al.[6]  designed  a  lateral  cutter  to  clean  the  stubble  for  no-
tillage  sowing,  and  proved  through  a  field  test  that  the  new  cutter
could meet the requirements. He et al.[10] designed a vertical device
for  splitting  maize  stubble  based  on  a  crank  slider  mechanism,
which  improved  the  rate  of  crushing  maize  stubble.  Lin  et  al.[11,12]

designed  an  offset  saw-tooth-disc  based  on  the  Archimedes  line
type,  and  cooperated  with  the  star-type  cutter  for  cleaning  stubble
and straw on the ridge. The efficiency of the device was improved.

Zhao  et  al.[13]  designed  a  follow-up  and  self-adjusting  angle
cutter. The angle of the cutter could be passively adjusted based on
the different depths of root-stubble and soil. Jiang et al.[14] designed
a  double-disc  device.  The  stubble  could  be  efficiently  crushed  by
the  opposite  rotation  of  the  wedge-shaped  passive  disc  and  the
active  disc  cutter.  Wang  et  al.[15]  designed  a  vertical  anti-blocking
device  with  the  double-disc.  The  characteristics  of  disturbing  the
straw were analyzed based on DEM. Li et al.[16] arranged three arc-
shaped knives in a spiral distribution, and cooperated with a blower
to achieve the crushing and cleaning of maize stubble and straw on
the ridge. Jiang et al.[17] optimized the blade curve and arrangement
of  the  cutter,  and  significantly  improved  the  rate  of  crushing
stubble. The design of crushing stubble cutters has seen significant
optimization and innovation through the selection of cutting edges,
combination  of  different  cutters,  and  the  application  of  bionic
technology.

The majority of existing studies on the crushing of root-stubble
with moving-fixed cutters have focused on the form of cutter shafts
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that rotate horizontally. There is a need for innovation in the cutter
structure  based  on  the  form  of  cutter  shafts  that  rotate  vertically.
Previous  studies  have  demonstrated  that  the  root-stubble  could  be
efficiently  crushed  based  on  the  method  in  which  the  cutter  shaft
rotates horizontally. However, this method can result in a high rate
of soil disturbance when the cutter is used for crushing roots. In the
context  of  ridge  tillage  and  sowing,  the  original  ridge  structure
could  be  compromised,  increasing  the  complexity  of  ridge
reconstruction  and  potentially  leading  to  significant  soil  erosion.
Consequently, the issue of soil disturbance caused by cutters during
the  root-stubble  crushing  process  requires  attention  and  further
investigation  to  mitigate  its  environmental  impact  and  ensure
sustainable agricultural practices.

Biomimetics,  as  an  interdisciplinary  field,  investigates  the
structural  characteristics,  locomotion  principles,  and  functional
mechanisms  formed  by  organisms  during  long-term  evolution  in
nature.  By  introducing  biomimetic  principles  into  the  field  of
agricultural  machinery  and  applying  them  to  the  optimized  design
of  key  components,  it  is  possible  to  enhance  operational
performance,  reduce  energy  consumption,  and  provide  new
approaches  for  the  innovative  development  of  agricultural
machinery. Tong et al.[18] designed a biomimetic cutter for crushing
stubble based on the geometrical structure of the toe tips of the mole
rat,  which  improved  the  rate  of  crushing  straw.  Zhang  et  al.[19]

designed  a  biomimetic  cutter  inspired  by  the  fore  claws  of  the
nymph  of  cryptotympana  atrata,  which  significantly  improved  the
performance  of  crushing  maize  straw.  He  et  al.[20]  designed  a
biomimetic disc cutter  for  crushing wheat  straw based on the claw
structure  of  the  mole,  which  effectively  reduced  the  crushing
resistance. Qi et al.[21] designed a biomimetic shearing device based
on the multi-tooth structure of the leaf-cutting ant’s mandibles and
the unique bite  mode of  its  mandibles,  which increased the rate  of
shearing maize stubble and reduced shearing resistance.

In  recent  years,  numerical  simulation  techniques  have
demonstrated  significant  advantages  in  the  field  of  agricultural
engineering.  DEM  is  one  of  the  numerical  methods  employed  to
predict the motion characteristics of particles[22,23]. It could clarify the
relationship  between  agricultural  particles  and  cutters.  The
development cost and design cycle of agricultural machinery could
be  shortened[24].  DEM  has  become  a  mature  method  employed  to
study  the  machine  for  conservation  tillage[25].  For  example,  DEM
was employed to investigate the effect of various edge curves on the
torque of the cutter shaft and the characteristics of disturbing soil[26],
analyzing  the  interactions  among  the  furrow  opener,  straw,  and
soil[27].

The maize roots  are  closely bound to the soil,  forming a root-
soil  complex,  making  it  inefficient  for  traditional  horizontal
crushing  devices  to  achieve  effective  fragmentation  and
simultaneously  increasing  soil  disturbance  during  the  crushing
process. For conservation tillage, it is required to crush roots under
a low disturbance of the soil. Bionic technology has been proven to
improve  the  performance  of  crushing  root-stubble  and  could  be
employed  to  innovate  cutter  structures[28].  In  response  to  the  above
issues,  in  this  study,  the  cutter  imitating  a  cat’s  claw  for  crushing
stubble  and  the  cutter  composed  of  different  curves  for  crushing
roots were designed. The cutters were integrated vertically to crush
root-stubble  simultaneously.  The  mechanism  of  crushing  the  root-
stubble and disturbing the soil was revealed. The effect of operating
parameters  of  the  device  with  the  new cutters  on  crushing  stubble
and  disturbing  soil  was  assessed  through  simulation  and  field
experiment.  This  study  demonstrated  that  the  vertical  cutter  shaft

configuration allows for the simultaneous and efficient crushing of
roots  and  stubble  under  low power  consumption,  while  effectively
preserving the original ridge shape. The findings not only provide a
technical basis for the structural design of devices of crushing root-
stubble,  but  also  propose  a  sustainable  root-stubble  management
approach. The study offers an effective solution to a key challenge
of  balancing  the  improvement  of  the  quality  of  crushing  root-
stubble with soil protection in conservation tillage.

 2    Design of vertical crushing root-stubble device
 2.1    Design  of  a  bionic  cutter  inspired  by  cat’s  claw  for
crushing stubble

In  previous  field  tests,  during  the  operation  of  the  vertical
rotary  crushing  device,  stubble  tended  to  slip  along  the  crushing
edge  of  the  moving  cutter,  escaping  the  overlapping  range  by  the
moving  and  fixed  cutters,  thereby  adversely  affecting  the  crushing
effectiveness of the root-stubble. During the process of climbing or
hunting activities, cats utilize a rotary motion driven by their tendon
mechanisms,  while  their  claw  hook  structure  enables  secure
grasping  of  target  surfaces[29,30].  By  emulating  these  principles,  the
bionic cutter inspired by the cat’s claw was optimized to effectively
prevent slippage of root-stubble.  This design prevented incomplete
crushing  caused  by  the  stubble  moving  out  of  the  crushing  range,
thereby  ensuring  thorough  crushing  of  stubble.  Inspired  by  the
tearing function of a cat’s claw on the prey, we selected the claw of
a British Shorthair cat as our bionic prototype. The external contour
of  the  cat’s  claw  was  observed  under  a  microscope  (OLYMPUS-
SZX16), and the inner and outer contour curves of cat’s claw were
obtained  through  MATLAB software.  The  fitting  equations  of  the
inner and outer contours are shown in Equations (1) and (2). Based
on these curves, the shape of the moving and fixed cutters imitating
cat’s claw were designed. The surface width of the maize ridge was
150  mm,  and  the  moving  cutters  must  have  sufficient  length  to
smoothly crush stubble. Its radius of rotation should not be less than
the  stubble  growth  range,  so  the  length  of  the  moving  and  fixed
cutters  was  designed  as  150  mm.  According  to  the  Agricultural
Machinery  Design  Handbook,  the  overlap  length  between  the
moving  and  fixed  cutters  was  designed  as  120  mm.  To  meet
agronomic  requirements,  the  length  of  crushed  stubble  should  not
exceed  50  mm.  Considering  that  operational  vibration  may  cause
relative positional variations between the moving and fixed cutters,
the vertical clearance between them should not be excessively small
and  was  determined  to  be  20  mm.  Field  measurements  indicated
that  the  height  of  stubble  was 0-15 cm.  To accommodate  different
heights  of  stubble  while  ensuring  the  operational  stability  of  the
cutter  shaft,  the  shaft  length  was  determined  to  be  210  mm,  as
shown in Figure 1[31].

f (x1)= 16sin(0.41x1−0.60)+14sin(0.43x1+2.46) (R2 = 0.997) (1)

f (x2)= 0.001 64x3
2−0.088 56x2

2+1.116x2+0.3409 (R2 = 0.997) (2)

By  analyzing  the  characteristics  of  crushing  roots  at  different
soil  depths  and  the  effects  of  cutters  on  soil  disturbance,  and  in
combination  with  the  distribution  characteristics  of  roots,  the  soil
was divided into three layers:  0-3 cm, 3-6 cm, and 6-9 cm. The 0-
3  cm  layer  was  the  surface  soil,  which  was  a  key  layer  for
maintaining ridge structural stability and erosion resistance. The 3-
6 cm layer contained a relatively concentrated distribution of roots
and  served  as  the  primary  zone  for  water  and  nutrient  uptake  and
transport.  The  6-9  cm  layer  exhibited  a  broader  root  distribution
range,  although  the  root  density  was  relatively  lower.  Targeted
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crushing-edge  designs  were  implemented  for  specific  layers:  The
sinusoidal  curve,  characterized  by  its  smooth  soil  penetration  and
minimal  disturbance  to  soil  structure,  was  employed  to  design  the
cutter  edge  for  the  0-3  cm  layer.  The  formula  of  the  sinusoidal
cutter  edge  curve  is  shown  in  Equation  (3).  For  the  3-6  cm  soil
layer,  an  Archimedean  spiral  was  employed  to  minimize  soil
disturbance  and  effectively  crush  root  systems  while  generating  a
‘‘root  extraction’’  effect[24,32].  The  formula  of  the  Archimedean  spiral
cutter  edge  curve  is  shown  in  Equation  (4).  For  the  6-9  cm  soil
layer,  an  involute  curve  was  employed  to  achieve  uniform  force
distribution  during  crushing  roots,  thus  reducing  energy
consumption[33].  The  formula  of  the  involute  cutter  edge  curve  is
shown in Equation (5). The design is shown in Figure 1. During this
period, the action of the multi-curve cutter was sequenced according
to  the  rotational  radius,  processing  soil  layers  progressively  from
the  largest  to  the  smallest  radius.  The  involute  crushing  edge  had
the largest rotational radius, first contacting the roots in the 6-9 cm
soil layer. With a wide sweeping range and relatively uniform force
distribution, it effectively severed the sparsely distributed deep roots
while  reducing  disturbance  to  the  deeper  soil.  As  the  cutter

continued to rotate, the Archimedean spiral crushing edge acted on
the  more  densely  distributed  roots  in  the  3-6  cm soil  layer.  While
crushing  the  roots,  this  edge  also  provided  guiding  and  pulling
effects  on  the  crushed  roots,  pulling  them  upward.  The  sinusoidal
crushing edge had the smallest  rotational radius and finally cut the
roots  in  the  0-3  cm  soil  layer.  Owing  to  its  smooth  penetration
characteristics, the sinusoidal edge effectively minimized damage to
the  surface  soil  structure.  The  different  crushing-edge  designs,
operating with a vertical rotary motion, achieved the coordination of
crushing  root-stubble  and  soil  disturbance,  thereby  satisfying  the
low-disturbance requirements of conservation tillage[31].

y3 = 9.52sin(−0.62x3) (−0.52 < x3 < 0) (3)®
x4 = 4.67(1+0.5t4)cos(t4)−3.41

y4 = 4.67(1+0.5t4) sin(t4)+1.48
(−0.413 < t4 < 0.3) (4)®

x5 = 6.11(cos t5 + t5 sin t5)+4.4

y5 = 6.11(sin t5 − t5 cos t5)+14.56
(1.74 < t5 < 2.28) (5)
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 2.2    Basic parameters determination for roots, stubble and soil
The  field  test  site  was  Harbin  city,  Heilongjiang  Province

(126°63 ′N,  45°75 ′E).  Before  the  test,  soil  samples  were  collected
from a 0-10 cm depth employing a ring cutter. These samples were
then  dried  at  105°C  for  a  duration  of  24  h[34].  The  soil  moisture
content  and  soil  bulk  density  were  (1.36±0.20)  g/cm3  and  24.6%±
0.5% (wet-based), respectively.

A Vernier  caliper  was  employed  to  measure  basic  dimensions
of the ridge platform. The height and diameter of stubble, the ridge
spacing,  and  the  plant  spacing  were  (15.0±3.0)  cm,  (2.9±0.2)  cm,
(65.0±2.0)  cm,  and  (26.0±0.3)  cm,  respectively.  The  moisture
content  of  roots  and  stubble  were  15.60%±0.80%  and
23.23%±0.60%, respectively[35].  For the study,  the necessary power
for operating the device to crush the root-stubble was provided by a
JD2C-354 tractor.

 3    Methods
 3.1    Numerical simulation method for root-stubble crushing

Based  on  measured  root-stubble  samples,  a  three-dimensional
root-stubble  model  was  established  at  a  1:1  scale  using  CATIA
software,  saved  in  STEP  format,  and  imported  into  EDEM.  To
characterize  the  mechanical  differences  between  stubble  and  root,
the  stubble  and  root  were  respectively  filled  with  particles  of
physical  radius  of  2.0  mm and 1.5  mm in  EDEM, and the “Hertz-

Mindlin  with  bonding” contact  model  was selected to  simulate  the
internal structural characteristics of the stubble and roots. A soil bin
with a length of 1 m was constructed in EDEM. A ridge with height
of  10  cm and  upper  and  lower  ridge  widths  of  15  cm and  30  cm,
respectively, was established in the soil bin and filled with particles
of  physical  radius  of  1.5  mm.  The  “Hertz-Mindlin  with  JKR”
contact  model  was  employed  to  simulate  the  adhesive  interactions
among soil  particles,  between soil  and roots,  and between soil  and
the  cutters  of  crushing  roots.  Previous  studies  have  demonstrated
that  “Hertz-Mindlin  with  JKR”  contact  model  could  maintain  the
structural  integrity  of  the  root-soil  complex  by  simulating  the
adhesion between roots and soil particles. The root-stubble crushing
device  was  simplified  and  imported  into  EDEM.  The  basic
operating  parameters  of  the  device  were  defined  to  analyze  the
mechanism  of  crushing  root-stubble.  The  simulation  model  of
crushing  root-stubble  and  physical  parameters  of  particles  in  the
simulation are shown in Figure 2[36-41].
 3.2    Design of simulation test
 3.2.1    Test factors

The relationship between the forward speed (FS) of the power
unit  and  the  rotational  speed  of  the  cutter  shaft  (RSCS)  was
obtained through calibration, as listed in Table 1. Then, MATLAB
software  was  employed  to  fit  the  relationship  between  FS  and
RSCS; the fitting equation is listed below.
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y6 = 225.92lnx6 +458.39 (R2 = 0.978) (6)

where, y6 is RSCS, r/min; x6 is FS, m/s.
Based  on  the  Agricultural  Machinery  Design  Handbook,  the

range  of  RSCS was  380-540  r/min,  which  was  taken  as  the  factor
range in the single factor test. RSCS was inserted into Equation (6)
to calculate the corresponding FS. Within the rotational speed range
of  380-540  r/min,  an  excessive  number  of  test  levels  might  have
minimized data variability and thereby obscured differences among

results. Conversely, an excessively low level might have introduced
excessive variability, adversely affecting the accuracy and reliability
of the results. Based on a comprehensive analysis, five levels were
selected[42,43].  The  experimental  results  showed  a  clear  trend  of
change  across  all  five  levels  for  each  measured  index,  which
supported  the  rationality  of  selecting  these  five  levels.  The  single
factor test was arranged (380 r/min, 0.71 m/s; 420 r/min, 0.84 m/s;
460  r/min,  1.01  m/s;  500  r/min,  1.20  m/s;  540  r/min,  1.43  m/s).
Each group of simulation test was repeated three times.
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Table 1    The relationship between FS and RSCS
Parameter Value

FS/m·s–1 0.37 0.51 0.64 0.77 1.03

RSCS/r·min–1 240 300 342 418 462
 

 3.2.2    Test indicators
In  the  simulation  test,  the  qualified  rate  of  root-stubble  was

calculated  as  the  proportion  of  particles  meeting  the  crushing
requirements  relative  to  the  total  number  of  particles,  specifically
determined using Equation (7).

y7 =

(
1− S 2

S 1

)
×100% (7)

where,  y7  is  the  qualified  rate  of  root-stubble  length,  %; S1  is  the
average particle count of a single root-stubble before crushing; S2 is
the  total  particle  count  of  a  single  root-stubble  that  fails  to  meet
crushing requirements after the crushing.

To evaluate soil disturbance, taking the center of the first root-
stubble  as  the  starting  point  and  the  center  of  the  second  root-
stubble as the ending point, the ridge within the crushing zone was
equally  divided  into  five  segments  along  the  forward  travel
direction of the machine. Then, the cross-sectional profiles of these
five disturbed ridge platform segments, as well as the profile of the
original  undisturbed  ridge  platform,  were  extracted  in  EDEM
software. MATLAB software was employed to calculate the cross-
sectional  area values for  each profile.  These area values were then
substituted into Equation (8) to determine the soil disturbance.

y8 =
v1 + v2 + v3 + v4 + v5

5v0
×100% (8)

where, y8  is the rate of soil  disturbance, %; v1, v2, v3, v4, v5 are the
five  cross-sectional  areas  evenly  divided  in  the  ridge  platform
within  a  single  root-stubble  crushing  area; v0  is  the  original  cross-
sectional area of the ridge platform, cm2.

The  analysis  module  in  EDEM  was  employed  to  obtain  real-
time  torque  of  the  cutter  shaft  during  root-stubble  crushing.  The
PCD was then determined through Equation (9).

y9 =
Tn

9550
×100% (9)

where, y9 is PCD, kW; T is the real-time torque of the cutter shaft,
N/m; n is RSCS, r/min.
 3.3    Design of field test

Before field test, five maize root-stubble were grouped as a set
of  test  objects.  To  ensure  accurate  collection  and  analysis  of  the
crushed stubble, they were sprayed and dyed as shown in Figure 3.
Each group of tests was repeated five times.

Before  field  test,  15  root-stubbles  were  excavated  and  the
adhering  soil  was  cleaned  off.  The  mass  of  these  15  root-stubble
was measured using an electronic scale, and their average mass was
calculated.  Subsequently,  during  each  replicate  test,  root-stubble
which  failed  to  meet  the  crushing  standard  were  collected  and
weighed. Finally, the measured data were substituted into Equation
(10) to calculate the qualified rate of root-stubble for the field test.
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y10 =

(
1− M2

5M1

)
×100% (10)

where, y10  is  the qualified rate of  root-stubble length,  %; M1  is  the
average  quality  of  a  single  maize  root-stubble  before  crushing,  g;
M2  is  the  total  quality  of  root-stubble  failing  to  meet  crushing
requirements per group.

As  shown  in  Figure  4c,  when  calculating  the  rate  of  soil
disturbance,  a  single  complete  crushing  process  was  taken  as  the
object  of  analysis.  The  region  between  the  centers  of  the  two
adjacent  root-stubbles  was defined as  the  start  and end points,  and
the ridge within this region was equally divided into five segments
along the forward travel direction of the device. Statistical analysis
was  then  performed  on  the  cross-sectional  areas  of  soil  of  each
segment.  This  region  covered  all  operational  stages  of  crushing
roots,  while  the  equally  spaced  cross  sections  reflected  the  spatial
variation  characteristics  of  soil  disturbance.  This  approach  also
enabled  consistent  positioning  between  field  and  simulation  tests,
facilitating  subsequent  analysis  of  result  consistency.  The  cross-

sectional  areas  of  both  each  disturbed  segment  and  the  original
ridge were measured using a soil profiler[44]. These values were then
substituted into Equation (8) to calculate the soil disturbance degree.
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Figure 3    Field test condition and root-stubble
crushing performance
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The  torque  measurement  device  primarily  consists  of  external
strain gauges (GC350-3HA) bonded to an elastic  element,  a  signal
processing  module  (Your  cee-HX  711),  a  power  supply,  and
connecting wires, as shown in Figure 3. The strain gauges output an
electrical signal corresponding to the cutter shaft torque. This signal
is  amplified  and  digitized  by  the  signal  processing  module  before
being  transmitted  to  signal  processing  software.  Prior  to  test,  the
torque  measurement  device  was  attached  on  the  universal  joint.
During  field  test,  the  data  acquisition  software  received  and

processed  the  digital  signal  from  the  signal  processing  module  in
real time to calculate the torque value of the cutter shaft. Then PCD
was calculated through Equation (9).

 4    Results and discussion

 4.1    Consistency of the results in the field and simulation tests
The  RSCS  of  460  r/min,  which  was  in  the  mid-range  of  the

tested  speeds  (380-540  r/min),  was  selected  as  it  represented  the
typical operating condition of the device. Under this condition, key
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performance  indicators  such  as  the  qualified  rate  of  crushing  root-
stubble,  the  rate  of  soil  disturbance,  and  power  consumption  were
all  at  moderate  levels,  demonstrating  high  representativeness.  In
field  test  with  RSCS  of  460  r/min,  compared  with  the  simulation
test  results  under  the  corresponding conditions,  the  errors  of  PCD,
the  qualified  rate  of  root-stubble  length,  and  the  rate  of  soil
disturbance  were  0.1  kW,  0.10%,  and  1.59%,  respectively.  During
the  forward  movement  of  the  device,  the  involute  crushing  edge
with the largest radius of rotation first acted on the deep soil layer,
causing soil  to be thrown from the center of the ridge toward both
sides  and  forming  an  “M”  shaped  ridge  at  the  initial  stage  of
crushing  roots.  As  the  machine  continues  to  advance,  the
Archimedean spiral crushing edge and the sinusoidal crushing edge
successively  disturbed  the  middle  and  surface  soil  layers.  Within
their respective action areas, the soil was thrown outward from the
rotational  center  of  the  crushing  shaft,  ultimately  forming  a  “Ʌ”
shaped ridge at the final stage of crushing roots. The results of field

test and simulation test showed that the ridge profiles after crushing
root-stubble  obtained  from  both  tests  were  highly  consistent,  both
exhibiting  a  transition  from  “M”  to  “Ʌ”  configuration  along  the
direction  of  device  movement.  This  proved  that  the  multi-curve
cutter  of  crushing  root-stubble  effectively  crushed  maize  root-
stubble while maintaining the original ridge shape. Additionally, the
high  consistency  between  the  shapes  of  crushed  root-stubble  and
ridge, observed in simulations and field tests, further indicated that
a root-soil complex similar to field conditions had been successfully
formed in the DEM model. The results proved the high accuracy of
using the “Hertz-Mindlin with JKR” contact model and the “Hertz-
Mindlin  with  bonding”  contact  model  to  simulate  the  process  of
crushing  root-stubble  and  the  interaction  between  cutters  and  soil.
The comparison results are shown in Figure 4.
 4.2    Effect of RSCS on the qualified rate of root-stubble length

As shown in Figures 5a and 5b, during the process of crushing
root-stubble, the stubble was contacted and gathered within the area
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of the fixed cutters by moving cutters. The stubble was crushed by
support  from  the  cooperation  of  moving  and  fixed  cutters.  During
this  period,  the  action  of  the  multi-curve  cutter  was  sequenced
according  to  the  rotational  radius,  processing  soil  layers
progressively  from  the  largest  to  the  smallest  radius.  The  involute
crushing edge, which had the largest rotational radius, first crushed
the  widely  distributed  roots  in  the  deep  soil  layer,  ensuring  stable
penetration  and  uniform  force  distribution.  Subsequently,  the
Archimedean spiral crushing edge operated in the middle soil layer,
crushing  the  concentrated  roots  while  simultaneously  pulling  the
crushed  roots  upward.  Finally,  the  sinusoidal  crushing  edge,  with
the smallest  rotational  radius,  smoothly penetrated the shallow soil
layer and crushed the main roots with minimal soil disturbance.

With  the  increase  of  RSCS,  the  qualified  rate  of  root-stubble
length increased.  When RSCS was 380 r/min,  the qualified rate  of
root-stubble  length was the lowest,  with  a  value of  91.07%. When
RSCS was 540 r/min,  the  qualified rate  of  root-stubble  length was
the highest, and its value could reach 95.3%. This analysis indicates
that  as  RSCS  increases,  the  impact  force  exerted  by  the  moving
cutters  on  the  root-stubble  also  increases,  thereby  enhancing  the
effectiveness of crushing root-stubble.

The process of crushing root-stubble could be divided into four
distinct  stages  based  on  time:  touching,  collecting,  crushing,  and
accomplishing, as shown in Figure 5c. When RSCS was 380 r/min,
the  average force  exerted on the  stubble  in  the  touching stage was
relatively  low,  with  a  value  of  1.11  N.  In  the  stage  of  collecting
stubble, the stubble rotated around its roots due to the action of the
moving  cutters,  resulting  in  only  a  slight  increase  in  the  force
compared  to  that  in  the  touching  stage.  In  the  crushing  stage,  the
force  reached  its  peak  due  to  the  support  provided  by  the  moving
cutters to the stubble, increasing by 14.22 N compared to that in the
touching  stage.  When  crushing  stubble  was  accomplished,  the
support  from  the  moving  and  fixed  cutters  ceased,  leading  to  a
decrease  in  the  average  force  exerted  on  the  stubble.  The  force
exerted on the roots at each stage was significantly lower than that
on the stubble. This was primarily due to the smaller rotation radius
of the cutter crushing roots, which resulted in a lower linear velocity
at their tip and consequently less impact on the roots. Additionally,
the  presence  of  soil  during  the  process  of  crushing  roots  further
reduced  the  force  exerted  on  the  roots;  however,  it  was  still
sufficient to crush the roots. As RSCS increased, the average force
exerted on the root-stubble in each stage exhibited an upward trend.
At RSCS of 540 r/min, the average force exerted on the root-stubble
in  the  crushing  stage  reached  22.11  N,  representing  an  increase  of
7.89 N compared to that at RSCS of 380 r/min. This finding aligned
with the results as shown in Figure 6.
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Figure 6    Effect of RSCS on the qualified rate of
root-stubble length

 

 4.3    Effect of RSCS on the rate of soil disturbance
The soil disturbance process could be divided into three distinct

stages:  initial  contact  with  roots,  crushing  roots,  and  pulling  roots.

As shown in Figure 7, the surface soil exhibited higher velocities in
the stages of initial  contact with and pulling roots along the Z-axis
(the direction in which the soil  was thrown) compared to the other
stage.  This  phenomenon would occur  while  the  linear  velocities  at
the  contact  points  of  the  cutters  were  higher  when  the  cutters
contacted with the roots. Under the influence of rotating cutters, the
soil  experienced  a  more  pronounced  disturbance  in  the  positive
direction of the Z-axis. As the device moved forward, the tips of the
cutters gradually lifted away from the soil, causing the contact point
with  the  soil  to  shift  from  the  tips  to  the  ends  of  the  cutters.
Consequently,  the  disturbance  effect  of  the  cutters  on  the  soil
diminishes, leading to a decrease in the velocity of soil along the Z-
axis.  The disturbance effect  of the cutters was most pronounced in
the  pulling  process.  This  was  because  the  crushed  roots  ejected
outward by the cutters, and the entanglement between the roots and
soil  increased  the  velocity  of  the  soil,  thereby  enhancing  the  soil
disturbance.  This  phenomenon  can  be  summarized  as  the  high
disturbance effect on the surface soil layer of the roots.

As  RSCS increased,  the  velocity  of  the  soil  at  the  same  stage
within  the  same  soil  layer  also  increased.  In  the  three  stages,  the
velocity  of  the  soil  in  the  surface  soil  layer  along  the  Z-axis
exhibited  relatively  small  variations.  This  indicated  that  the  cutter
with  sinusoidal  edge  could  penetrate  the  soil  smoothly  during
vertical rotation. In the process of crushing the roots in the surface
soil layer, the effect on the soil was uniform, resulting in relatively
minor  disturbance.  In  contrast,  in  the  middle  and  deep  soil  layers,
the  soil  displayed  a  consistent  disturbance  pattern.  Different  from
the  surface  soil  layer,  where  the  motion  of  the  soil  was  mainly
affected  by  the  cutters,  those  in  the  middle  and  deep  layers  were
extruded by the surface soil layer. The linear velocity of the cutters
was  higher  due  to  their  larger  radius  of  rotation.  When roots  were
crushed,  the  soil  in  the  area  underwent  significant  displacement.
The Archimedean spiral, involute curve, and the interactions among
soil played a pivotal role in disturbing soil. As a result, the velocity
of the soil in the middle and deep layers was relatively low, leading
to  a  weaker  disturbance,  which  was  considered  advantageous.
Figure  7  clearly  shows  that  the  velocity  of  soil  in  the  middle  and
deep layers was significantly lower than that in the surface layer.

With  the  increase  of  RSCS,  the  rate  of  soil  disturbance
increased.  When  RSCS  reached  540  r/min,  the  rate  of  soil
disturbance peaked at 35.34%, which was significantly higher than
that at RSCS of 380 r/min. This phenomenon would be attributed to
the increase of the linear velocity of the cutters, which enhanced the
velocity  of  the  soil  in  all  soil  layers,  as  shown  in  Figure  7.  As
illustrated in Figure 8, the distribution of the soil in different layers
was also investigated. At lower RSCS, the velocity of the soil  was
minimal, resulting in the relatively small displacements of the soil.
Consequently,  most  soil  tended  to  fall  back  onto  the  ridge.  This
phenomenon was  a  key  reason for  the  low rate  of  soil  disturbance
observed  at  lower  RSCS.  In  the  middle  and  deep  soil  layers,  the
surface soil layer exerted an obstruction effect that further decreased
the  already  small  displacement  of  the  soil  in  these  layers,  thereby
maximizing the preservation of the original state of the ridges. This
constituted  the  second  reason  for  the  low  rate  of  soil  disturbance.
When RSCS was higher, the initial velocity of soil would be higher,
resulting in relatively larger displacements of the soil. Compared to
low RSCS, more soil would fall into the furrow. The initial velocity
of  soil  in  the  middle  and  deep  soil  layers  also  increased,  further
enhancing  its  displacement.  Additionally,  the  weakening  of  the
hindrance from the surface soil  layer contributed to the increase in
the rate of soil disturbance.
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Figure 7    The disturbance of the soil
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Figure 8    Effect of RSCS on the rate of soil disturbance
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 4.4    Effect of RSCS on PCD
As illustrated  in Figure  9,  PCD increased  with  the  increase  in

RSCS,  which  aligned  with  the  conclusions  drawn  by  Vu  et  al.[45]

When RSCS was 540 r/min, PCD was the largest, and its value was
8.1 kW. When RSCS was 380 r/min, PCD was the smallest, and its
value  was  4.1  kW.  The  higher  the  RSCS,  the  greater  the  kinetic
energy  of  moving  cutters.  The  increased  energy  was  more
conducive  to  crushing  the  root-stubble,  which  led  to  a  higher
qualified rate of root-stubble length. In the process of crushing root-
stubble and disturbing the soil, the high RSCS corresponded to the
high FS, and the area of cutter sweeping the soil would increase per
unit  time.  Therefore,  PCD  would  increase  due  to  the  energy
required for crushing root-stubble and disturbing soil.
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Figure 9    Effect of RSCS on PCD

 5    Conclusions
In  this  study,  inspired  by  the  mechanics  of  a  cat’s  claw,  the

cutter for crushing stubble above the ground was designed based on
reverse  engineering  technology.  The  cutter  composed  of  different
curves  was  designed to  crush  roots  under  the  ground based on the
distribution  characteristics  of  roots.  The  cutters  were  integrated
vertically  to  crush  root-stubble  simultaneously.  EDEM  was
employed  to  build  a  root-stubble-soil  discrete  element  model  and
investigate  the  effect  of  the  innovative  device  on  crushing  root-
stubble  and  disturbing  soil  at  different  RSCS.  Finally,  field  tests
were conducted.

1)  The  simulation  result  for  the  qualified  rate  of  root-stubble
length  was  94.28%,  while  the  field  test  result  was  94.18%.  For
PCD,  the  simulation  result  was  7.0  kW compared  to  the  field  test
result of 6.9 kW. The errors were only 1% and 0.1 kW, respectively.
This demonstrated the feasibility of using the “Bonding model and
JKR” model to simulate the crushing of root-stubble.  Furthermore,
the  simulation  result  for  the  rate  of  soil  disturbance  was  30.18%,
closely matching the field test result of 31.77% with an error of only
1.59%. Additionally, after crushing, both the simulation results and
field  test  results  showed a  transformation  in  ridge  shape  from “M”
to “Ʌ”, proving the accuracy of using the JKR model to simulate the
interaction between the cutters and the soil.

2)  The  test  shows  that  the  bionic  moving  cutters  effectively
gathered  stubble,  preventing  their  slippage,  and  then  cooperated
with  the  bionic  fixed  cutters  to  achieve  supportive  cutting,
effectively  crushing  stubble.  Simultaneously,  the  different  cutting-
edge  curves  of  multi-curve  cutter  were  employed  to  sequentially
carry,  pull  out,  and  crush  root  systems  at  varying  depths.  This
approach  not  only  ensured  effective  crushing  of  roots  but  also
minimized soil disturbance. With the increase of RSCS from 380 to
540  r/min,  the  qualified  rate  of  root-stubble  length  increased  from
91.07%  to  95.30%,  the  rate  of  soil  disturbance  increased  from
18.57% to 35.34%, PCD increased from 4.1 to 8.1 kW, and all met
the agricultural technical specifications.

3) The study reveals that when RSCS was 380 r/min, the cutters

demonstrated  exceptional  performance  for  crushing  root-stubble.
The  proportion  of  root-stubble  meeting  the  required  length
specifications  reached  91.07%,  which  significantly  enhanced  the
decomposition  efficiency  of  the  crushed  stubble  and  thereby
promoted the cycling of organic matter within the soil-crop system.
Under  this  operational  parameter,  the  device  demonstrated
significant ecological benefits. The rate of soil disturbance was only
18.57%,  which  was  significantly  lower  than  that  of  conventional
cutters.  Additionally,  the  PCD  was  4.1  kW.  The  device  achieved
crushing  of  root-stubble  while  maximally  preserving  the  original
ridge  shape,  effectively  reducing  soil  disturbance  and  providing
favorable  seedbed  conditions  for  subsequent  sowing.  In  addition,
the  device  could  operate  in  coordination  with  supporting
agricultural  machinery,  such  as  seeders,  demonstrating  high
practical  application value.  However,  the current  investigation was
mainly  focused  on  the  maize  planting  pattern  of  ridge  tillage  in
Northeast China, and the adaptability of the device under other soil
types  and  crop  conditions  has  not  been  validated.  To  achieve  low
energy  consumption  and  soil  disturbance,  the  device  needed  to
operate  at  relatively  low  forward  speeds,  which  constrained  field
efficiency.  Future  studies  should  aim  at  further  optimization  and
validation with respect to multi-crop and multi-soil  adaptability,  as
well as improvements in operational efficiency.
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