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Abstract: Handheld tillers are the main tilling machinery
in hilly areas, with rotavators as the main tilling parts of
the machines. The soil move, soil-cutting force and power
consumption, accompanying the tiling process, are
crucial to the performance of a handheld tiller. In this
study, rotavators were chosen as a case study, and
soil-cutting model of the rotavators was built and solved,
by Finite Element Method (FEM), for the soil-cutting
performance analysis, and the effectiveness of the
analysis was validated as well, which will benefit and
provide reference for design, optimization, and
performance match of the handheld tillers. The results
showed that: 1) during tilling process, particles of the top
layer soil get the highest velocity and acceleration, and
velocity and acceleration of middle layer and bottom layer
particles decrease sequentially; 2) soil-cutting force of the
rotavators increases to a maximum, and it gradually
decreases to reach a relatively stable status with a certain
fluctuation; 3) power consumption, combination of kinetic
power and internal power, is mainly consumed by means
of internal energy, and the ratio of kinetic power and
internal power is 1: 9.5.

Keywords: soil-cutting, handheld tiller, rotavator, power
consumption, FEM

INTRODUCTION

Handheld tillers are the main tilling machinery in hilly
areas, and the tilling land includes upland field, paddy
field, blocks in greenhouse, orchards, etc. Different from
traditional power tiller with power take-off from tractor to
drive the machine, a handheld tiller is often driven forward
by the resultant force from soil-cutting [7, 9,13]. Rotavator,
as a combination of rotary blades and wheel axle, is the
main tilling part of a handheld tiller. The wheel axle of the
rotavator bears resultant force from rotary blade
soil-cutting and driven torque from transmission, which
results in complex deformations, such as bending, torsion
and shearing, and strong vibration to the tiller. Therefore,
structure and parameters of a rotavator directly affect the
performance of a handheld tiller and have a great impact
on soil-cutting quality, power consumption and balancing
characteristics of the machine [6].

Since the 1990s, growing concerns about tilling issues
of handheld tillers have been shown, and the
implementation of Finite Element Method (FEM) and
optimization has been applied more and more to the
soil-cutting study. In such applications, Abo-Elnor (2003)
studied the soil-tool interaction to investigate the effect of
cutting speed and angle on cutting forces over large blade
displacements based on predefined failure surfaces [1].
Zhou (2009) studied the stress distribution of soil and
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transverse knife on helical rotavator of a tiller by FEM
method, and found that increased cutting speed and
angle could make larger cutting resistance, between
which the relationship were non-linear [12]. Xia (2013)
analyzed the effects of soil-cutting parameters on tilling
performance of the helical rotavator, and located the
maximum equivalent stress point on the transverse knife
[8]. Asl (2010) determined the mathematical model of
power requirement of the rotary blades and the equations
of surface area per unit volume of soil tilled, checked the
validity of the model for prediction of power requirement
via experiments conducted in indoor soil bin, and
obtained optimized rotary blade [2]. Yang (2014)
simulated and evaluated the power consumption of a
handheld tiller’s rotary blade at different levels of control
factors of soil-cutting parameters by method of Smoothed
Particle Hydrodynamics (SPH) [10]. But, the studies
mentioned above were mostly focused on the soil-blade
interaction, and literatures regarding to soil-cutting
performance of the rotavators of a handheld tiller can
scarcely be found. Then, references for design,
optimization, and performance match of the handheld
tillers are not enough to rely upon.

In this study, rotavators of a handheld tiller were chosen
as a case study, and the soil-cutting model of the
rotavators was built and solved by FEM Method within
ANSYS for the soil-cutting performance analysis, and the
effectiveness of the analysis was validated as well.

MATERIAL AND METHOD

Material

Considering the climate, geological conditions and soil
characteristics in Chongging, China, soil model MAT147
by LS-DYNA was adopted in this study [3,16]. Parameters
of soil were defined for FEM analysis, as shown in Table
1.
Rotary blades (rotary radius 185mm) of type Ill suitable
for shallow tillage were employed. The blades were
qualified for Chinese national standard GB/T 5669-2008
[14]. Parameters of the blades were defined, as shown in
Table 2.
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Table 1

Parameters of soil

Parameters

Value

Bulk density, kg/mm®
Porosity, %

Specific gravity

Bulk modulus, Pa
Moisture, %

Shear modulus, Pa

Within friction angle, radian

Cohesion, Pa

2.35e-6
39.2
2.68
3.5e+07
21
2.0e+07
0.436
2.2e+04

Table 2

Parameters of rotary blade

Parameters

Value

Rotary radius, mm
Material

Density, kg/mm?®
Elastics modulus, Pa
Poisson’s ratio

185
65Mn
7.83e+3
2.07e+11
0.35

Method

a) FEM model of soil-cutting

Main links to set up a FEM model of soil-cutting of a
rotavator are as follows:

1) FEM model of rotavator
Build the 3-D solid model of the rotavator by Pro/E, as
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shown in Figure 1, and save it as format .igs or .*x-t.
Import the model to HyperMesh to mesh grids with grid
size 6mm, and refine them according to requirement of
surface complexity of the rotavator, then the FEM model
of the rotavator was obtained, as shown in Figure 2.

L

Fig.1 - The 3-D solid model of rotavator

2) FEM model of soil

According to soil model MAT147 provided by ANSYS,
build the 3-D solid model of soil with dimensions as
required. Transform the solid model to SPH model in
LS-PREPOST, and define element types and parameters
of the soil. Set Lagrange single-point integration
algorithm, and mesh grids with grid size of 10mm, then
the FEM model of soil (soil SPH model) was obtained, as
shown in Figure 3.
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Fig.2 — The FEM model of rotavator
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Fig.3 - The FEM model of soil

3) Boundary condition and contact

Define rotary blades of the rotavator as rigid bodies
with stable forward speed and rotation speed, and add
symmetry constraint SPH_SYMMETRY_PLANE for the
soil SPH model on both sides and bottom surfaces of the
soil. Define rotary blades as contact PART and soil as
target PART, and add the contact between rotary blades
and the soil as AUTOMATIC_NODES TO_SURFACE.
Set sliding interface penalties 0.2, and dynamic and static
coefficient friction 0.20, 0.18, respectively [9].

4) FEM model of soil-cutting

Import the FEM model of rotavator to LS-PREPOST,
generate SPH (soil SPH model) for the rotavator, and load
parameters of the rotavator and soil-cutting on Keyword
Manager panel in LS-PREPOST, then the FEM model of
soil-cutting was available for process, as shown in Figure
4,
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Fig.4 - The FEM model of soil-cutting

b) Power consumption of soil-cutting

The power consumption of soil-cutting of a rotavator
consists of 2 parts, and one is for the machine moving
forward, and the other is for the soil-cutting and
soil-throwing. Define the former as kinetic power, and the
latter as internal power, and the power consumption can
be calculated by empirical method as follows:

1) Kinetic power

The kinetic power for the handheld tiller moving
forward can be expressed as [4]:

Where, P is kinetic power kW; F is the resultant force
along the forward move of the tiller, N; vy, is the forward
speed of the tiller, m/s.

2) Internal power

The internal power can be expressed as follow [15]:

N =0.1K ,dv, B

where N is internal power, kW; K, is tillage resistance of
rotary tilling, N/cm?® and K,=K,K,K.K,K, ; K, is soil
resistance, and K, =12 for common clay soil, with
stubble, of moisture content 20% and tilling depth 13cm.
K, is correction coefficient for tilling depth, K, is
correction coefficient for moisture content of the soil, K,
is correction coefficient for vegetation conditions of the
soil, and K, is the correction coefficient for operation
mode of the tilling operation. Set K, =0.93, K, =1.0,
K, =11, and K, =0.71 in this study. d is tilling depth,
cm; B is tilling width, m.

RESULTS
By solving the FEM model of soil-cutting of the rotavator,
the information of soil move with animation effect,
soil-cutting force, and power consumption can be
obtained for the corresponding analysis.
Soil move

From the animation information of soil move while
soil-cutting of the rotavator, the following findings were
observed: during the soil-cutting, there is no soil move
before rotary blades contact the soil. With rotavator
travelling forward, the lengthwise edges of two blades on
the rotavator firstly contact the soil concurrently, and the
soil is cut apart by the blades along forward direction.
With the rotavator travelling further, the contact areas and
contact points between soil and blades increase, and the
soil particles, surrounding the blades, are driven apart
along surfaces of the rotary blades under the co-act of
shearing and squeezing, which results in the sail
deformation and move. Then, the particles move with
parabolic mode after they leave the surface of rotary
blades to obtain effects of soil-throwing and pulverization.

For quantitatively studying the soil move of different
tillage layers, 3 SPH soil particles, representing surface
layer, middle layer, and deep layer of tillage soil, were
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chosen for soil move analysis, and they were numbered
as 28885 (A), 30000 (B), and 29992 (C), in Fig.5.
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Fig.5 - Marked SPH soil particles

By solving the FEM model of soil-cutting of the
rotavator, the velocity, acceleration and displacement
curves of the particles were obtained by means of
simulation, as shown in Figure 6. Of which, the red curves
were of particle A, green curves were of particle B, and
blue curves were of particle C. From curves of velocity
and acceleration of the marked SPH soil particles as
shown in Figures 6 a) and 6 b), there are 3 stages of the
particles’ move: 1) during 0-0.3s, the rotary blades of the
rotavator does not contact the 3 marked soil particles,
and the particles does not show any obvious move with
small values of velocity and acceleration; 2) during
0.3-0.8s, the rotary blades start to contact the marked
particles, and the particles of different layers, subjected to
forces from rotary blades and the surrounding soil, obtain
different velocity and acceleration as: particles of the top
layer particles get the highest velocity and acceleration,
and velocity and acceleration of middle layer and bottom
layer particles decrease sequentially; 3) after 0.8s, the
rotary blades leave the marked particles, and the forces
acting on the particles decrease, then the velocity and
acceleration decrease as well. Furthermore, from curves
of displacement of the marked SPH soil particles as
shown in Figure 6 c), after the contact of soil and blades,
the top layer particles get the highest displacement, which
reflects that the top layer soil is deformed and destroyed
seriously because of shearing force provided by the
rotary blades of the rotavator. This soil move observation
has a similar pattern as Xia’s study [8]
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a) Speed curve; b) Acceleration curve; c) Displacement curve

Soil-cutting force

The curve of soil-cutting force by FEM method was
obtained, as shown in Figure 7. In the initial stage of
soil-cutting, the soil-cutting force is relatively small with
low fluctuations, and with the processing of soil-cutting,
the soil-cutting force increases gradually, and it reaches a
certain status with a relatively high fluctuations. The
reason for the observed curve pattern of soil-cutting force
is as follows: in the initial stage of soil-cutting, there are
only two rotary blades on the rotavator contact the sail,
and after that more and more blades take part in the
soil-cutting operation to stabilize the soil-cutting force.
This soil-cutting force observation coincides with Lin’s
study on that of rotary blade [5].

In fact, when the rotary blades start to contact the soil,
with the forward travel of the blades, the contact areas of
soil-blade increase, the soil deforms elastically, and the
force acting on the soil increases gradually. With the
increases of deformation and force acting on the solil, the
soil deforms plastically, and it follows the soil hardening,
then the soil-cutting force reaches maximum value, and
the soil structure breaks down and is destroyed
accordingly. After that, there is soil softening effect which
results in decrease of soil-cutting force. Therefore the
soil-cutting process is stabilized at a status with a certain
fluctuations [12].
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Power consumption

The curves of energy of soil-cutting by FEM method
were obtained, as shown in Figure 8. Of which, Figure 8
(a) is curve of kinetic energy, Figure 8 (b) is curve of
internal energy, and Figure 8 (c) is curve of total energy of
soil-cutting, and the energy information can be employed
to calculated the corresponding power consumption. The
total energy of soil-cutting is the addition of kinetic energy
and internal energy. The total energy of soil-cutting of
rotavator increases linearly after the initial soil-cutting
stage. The internal energy constitutes a high proportion
of total energy of soil-cutting, namely, the power
consumption of soil-cutting is mainly consumed by means
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of internal energy. According to power consumption
Equations (1) and (2) in section 2, taking a handheld tiller
SR17-80 with mass 80kg and rated power 4kW
(manufactured by Chongqing Shineray Agricultural
Machinery Co., Ltd.) as an example, the power
consumption by means of kinetic energy and internal
energy was 0.15kW and 1.42kW for one rotavator of the
tiller (the handheld tiller brings 2 rotavators for the tillage),
and the ratio of kinetic energy and internal energy is
1:9.5, and it is consistent with the relationship between
curves of kinetic energy and internal energy of soil-cutting
as shown in Figure 8, which validates effectiveness of the
FEM analysis of soil-cutting.
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Fig.8 - Total energy of soil-cutting
a) Kinetic energy; b) Internal energy; c) Total energy

CONCLUSIONS

The soil-cutting performance analysis of a handheld
tiller’s rotavator by FEM method was conducted, and the
effectiveness of the analysis was validated in this study.
During soil-cutting of the rotavator, soil of different layers
gets different velocity and acceleration, and the top layer
soil gets the highest velocity and acceleration. The
soil-cutting force increases to a maximum, and follows a
gradual decrease to reach a relatively stable status with
some fluctuation. Power consumption, combination of
kinetic power and internal power, is mainly consumed by
means of internal energy, with ratio of kinetic power and
internal power 1: 9.5.
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