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Design of a straw picking and cutting device
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Abstract: In order to improve the effective recovery of straw, a new type of straw picking and cutting device was designed. A
new type of roller moving knife mechanism was used which can realize simultaneous picking and cutting. A hammer claw
was used to pick up and cut straw for the first time, and a roller moving knife was used to cut straw for the second time.
ANSYS software was used to conduct static and modal analyses of the moving roller shaft and optimize the structure of the
cutting part and the staggered arrangement of hammer claw. The first-order resonance frequency of the hammer claw shaft is
205.84 Hz, and the first-order natural frequency of the pulling roller moving knife mechanism is 214.35 Hz, which can avoid

resonance and realize efficient picking and cutting of straw.
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1 Introduction

Straw is a by-product of many crops, including wheat, corn,
cotton, and sorghum. Straw is an indispensable raw material for
the light industry, and it can effectively protect forest coverage.
Straw can also be processed into “straw coal”, which burns with
minimal smoke and releases only 5% sulfur dioxide compared with
those released by other types of coall. With the massive
consumption of energy and the promotion of a sustainable
development strategy, straw recycling has nowadays become the
main approach for straw disposal®. Using rapidly developing
technology, the recycled straw is processed and can be used as
biomass fuel, animal feed, organic fertilizer or for paper and
fiberboard making®®!, especially in the building industry, where
straw has become one of the most favorite building materials for
sustainable development®®).  This not only opens up a new way in
old straw disposal, but, to a certain extent, alleviates resource
scarcity and environmental pollution!?.

At present, some progress has been achieved in research on
straw recovery devices in Europe and the USA. Agricultural
machine manufacturers, such as Lely Industries N.V. (the
Netherlands), CLAAS (Germany), and Strautmann (Germany),
have relatively mature technology reserves.  Although each
product has its own advantages!”, their basic working principle is
approximately the same. The common feature is the use of a
pulling roller moving knife mechanism.

The development of straw picking and cutting devices in China
is relatively backward. In 2017, Han et al.”®! developed a new saw
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disc straw crushing cutter, which had the advantages of strong
cutting force and fast cutting speed. However, straw can get stuck
easily. In 2019, a new cutting technology proposed by Zhao et
al.l® could cut straw on the ground by using a high-speed rotating
chopper. However, the cutter shaft must rotate at a high speed
and cut numerous times using a fixed knife, resulting in various
problems, such as resonance.

Considering the existing problems in straw recycling devices,
the current study designed a new straw picking and cutting device
and further optimized its structure through reasonable analysis and
simulation.  This design uses a new cutting system with a pulling
roller moving knife mechanism that works with a hammer claw,
enabling the repeated cutting of straw. The secondary cutting
method considerably improves cutting efficiency and prevents the
phenomenon of stuck straw.

2 Overall structure and working principle

The straw picking and cutting device designed in the current
study realizes efficient treatment of straw. The overall structure
of the device is shown in Figure 1. A certain gap is maintained
between the moving knife shaft (1) and the hammer claw shaft (2)
to avoid interference. Simultaneously, the two axes should be at
the same level to ensure that they will pick up straw in unison.
The moving knives (3) are evenly distributed around the moving
knife shaft (1) in two groups. The gap must be equal to ensure
uniform force and deformation. The moving knives (3) cut the
picked straw with the fixed knives at the back to complete the
process. The hammer claw (4) adopts a staggered arrangement
along the rotation axis (2) to ensure uniform force and smooth
movement. The device can achieve synchronous pick up and
cutting. The process is stable and prevents the stuck straw
phenomenon.

3 Key component design and parameter determination

3.1 Design of the picking mechanism
3.1.1 Structure design of the hammer claw shaft

The material of the hammer claw shaft is 40CrNiMo steel. In
accordance with the actual requirements of straw picking!”, the
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1. Moving knife shaft 2. Hammer claw shaft 3. Cutting knives 4. Hammer claw 5. Driving motor
Figure 1 Diagram of the overall structure

total length of the hammer claw shaft is set as 1.46 m and its
diameter is set as 0.17 m to meet actual strength requirements.
The final speed of the knife should be greater than 34 m/s™™ when
straw is chopped. In accordance with relevant agricultural
machine data, the speed of the driving shaft is determined as
2000 r/min and the maximum rotation radius of the hammer claw is
r=0.28 m. By calculating, a conclusion can be drawn that the
speed of the hammer claw shaft is v=58.60 m/s.
3.1.2 Structure design of the hammer claw

1) Selection of the bending angle and size of the hammer claw

We select the hammer claw with a bending angle of 147<in
accordance with relevant information™?. When the hammer claw
collides with straw during high-speed rotation, the root will suffer
from excessive stress. The force analysis of the hammer claw is
illustrated in Figure 2.
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)

Figure 2  Force analysis diagram of the hammer claw

The following formula can be listed from the figure:
Ls=Lsc0s0 1)

where, Ls is the vertical distance between the center of the rotation
axis and the point of action of resistance F;, Ls is the length of the
hammer claw, and @ is the swing angle of the hammer claw.

F, = mo?R, 2)
where, F, is the centripetal force of the hammer claw; m is the total
mass of the hammer claw; w; is the angular velocity of the hammer
claw, and R; is the rotation radius of the hammer claw.

From the geometric relationship, the following expression can
be obtained:
% R ©)

w Lssing
where, L, is the distance between O, and O,0; at the center of
the rotation axis; L, is the distance between the center of rotation
and the center of rotation axis, and L, is the straight-line
distance between the center of mass of the hammer claw and the
center of the hammer claw axis. The torque balance equation of
the hammer claw relative to the center of the hammer claw shaft
is

F.Lscos@ = mgL,sin @ + ma’L,L,sin @ 4)
From Equation (4), the following equation is obtained:
tand = R ()

m—=(g + &fL,)
Ls

where, g is the acceleration due to gravity, which is 9.80 m/s?.

When the hammer claw is working, the higher the value of 9,
the greater the resistance of Fy, leading to a decrease in the straw
picking rate!*®. Therefore, to fulfill actual work requirements,
R=250 mm. In accordance with the specific size requirements of
the structure, the length of the hammer claw L3 =130 mm. On the
basis of the preceding calculated size, the static calculation of the
model is performed using the solution function to obtain the stress
and deformation effect chart.

As shown in Figure 3, the maximum deformation is 0.0051 m,
which meets actual requirements.



November, 2021

Xu K, etal. Design of a straw picking and cutting device

Vol. 14 No.6 95

Time: 1
2020/5/10 xwq 5:59
5.0596e5 Max

3142.9 Min

0 0.025  0.050  0.075 0.100 m
— — ]

Figure 3 Diagram of hammer claw strain

2) Choice of hammer claw arrangement

The hammer claw arrangement of the picking device designed
in this study is divided into spiral, staggered, and oblique
symmetrical arrangements™. The most important factor of the
device is smooth movement, for which, velocity and radial force
are required to be small.  The oblique symmetrical arrangement is
mostly unstable, and thus, it is not considered. The spiral
arrangement is nonuniform in terms of wear and should be replaced
regularly. The designed device is required to operate in a harsh
environment for a long period, worsening its wear and tear. Thus,
we select the staggered arrangement.

3.2 Design of the cutting device
3.2.1 Composition and working principle of the cutting device

As shown in Figure 4, the cutting device is composed of a
fixed cutting knife frame (1), fixed cutting knives (2), a roller shaft
(3), cutting knives (4), and a motor (5). The fixed cutting knives
(2) are evenly distributed on the fixed knife frame (1). A certain
gap exists between adjacent fixed knives. The roller shaft (3) is
connected to the motor shaft to obtain power. The cutting knives
(4) are evenly distributed on the roller shaft (3) in a spiral
arrangement. A pair of cutting knives has a certain gap between
them(4],

Working principle: The motor (5) transfers power to the roller
shaft (3). The roller shaft (3) drives the cutting knife (4) to rotate
at a high speed. Straw is picked up between the two cutting
knives. After half a rotation, cutting knife (4) cooperates with a
fixed cutting knife (2) to cut straw into pieces. The cut straw is
transferred to the next working stage through the weeding
mechanism.

/

1. Fixed knife frame 2. Fixed cutting knife 3.Roller shaft 4. Cutting knife
5. Motor

Figure 4 Cutting mechanism
3.2.2 Design of the fixed cutting knife
The cutting edge of the fixed knife is a circular cutting edge.
The blade material is 65Mn steel. Considering the life of the
blade, its thickness is preliminarily determined as 5 mm, and the

thickness of the cutting edge is 0.2 mm. Annealing treatment is
performed. In addition, the distance between two fixed blades
exerts a crucial effect on cutting efficiency; thus, the appropriate
cutting clearance should be calculated™!,

The straw cutting process is a collaborative process between
two cutting knives and a fixed knife. This cutting method is
further transformed into a mechanical model. L; is the distance
between the cutting knife and the fixed knife, L, is the thickness of
the fixed blade, and L; is the gap between two fixed knives. Its
2D force model is depicted in Figure 5.
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Figure 5 Diagram of the mechanical model

The N received by the fixed knife is
Nobobp o L
L L-L

An external force F is added to the edge of the blade, and F =

180 N can be obtained from the calculation. In order to avoid

fracture and other phenomena occur, the cutting edge of the knife is

expanded, and the lower end is enlarged to 120 mm. Then, a
simulation analysis is conducted.

As shown in Figure 6, the maximum stress at the end of the

blade is 9833.70 Pa during this time. This value meets the

F, (6)

specific practical requirements and is not easy to break.
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Figure 6 Diagram of fixed knife stress

2.2.3 Design of the cutting knife

The pulling roller moving knife mechanism adopts a
double-row moving knife type; thus, two moving blades are
distributed as a group of spirals on the roller shaft, and a certain
clearance is controlled to make the moving blade and the fixed
blade match™®. The primary material of the blade is 65Mn, and
Cr plating technology is used on the surface to ensure corrosion
resistance. When the two moving blades are working, the size of
the force exerted on them is different and affected by clearance.
We must ensure that the stress of the heavy force side is within the
allowable range.

As shown in Figure 7, the maximum cutting knife stress is
found at the lower right corner, reaching a maximum of 7909.40 Pa.
In accordance with the selected tool material parameters, the
selected material can fully bear this stress level™"].
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Figure 7 Diagram of cutting knife stress

3.2.4 Design of the roller shaft

The material 40MnB is selected to ensure the synchronicity of
cutting and collecting. The shaft length is 1.50 m and the
effective working length is 1.20 m, which are consistent with those
of the collecting hammer claw shaft™*® in the picking mechanism.

In accordance with the material is 40MnB modulated steel, the
allowable stress of the axis is 370 MPa. Thus, by calculation, we
can determine that d>1.09 m.  We preliminarily assume that the
diameter of the shaft is 1.10 m. Then, d=1.10 m is substituted
into the calculation to obtain the allowable deformation value of
9=0.00004718 m < the shaft™®. Thus, the diameter of the shaft is
preliminarily determined to be qualified®”.

In accordance with the requirements of our actual field™™, to
reasonably distribute the movable blades on the shaft, first of all, it
is necessary to ensure that the tools are equally spaced in the axial
direction and achieve equiangular distribution on the circumference.
Therefore, the following settings are established: the number of
knives is 16 because half of the cutting set should satisfy the
number of moving knives, the moving blades should be 32 because
the gap between the fixed knife and the cutting knife is 6 mm, and
the clearance between the two moving knives of the knife group is
16 mm. On the basis of the aforementioned arrangement modes
and parameters, the model is imported into ANSYS software for
simulation analysis. The effect is illustrated in Figure 8.
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Figure 8 Strain diagram of the pulling roller moving knife mechanism

In accordance with the analysis figure, the maximum
deformation of the roller shaft during operation is 0.0001 m, which
meets the specific work requirements(?.

4 Modal analysis and simulation of high-speed
motion axis

4.1 Modal analysis of the hammer claw shaft

Using the model function in the workbench to conduct modal
analysis on the hammer claw shaft is crucial®®. The 3D model is
imported into ANSYS. Modal analysis of the model is performed,
and the following results are obtained.

As indicated in Table 1, the first-order resonance frequency of
the hammer claw shaft is 205.84 Hz and the rotational speed
converted into the shaft is 12 351.88 r/min, which is considerably
greater than rotational speed when it is operating; thus, the
resonance problem can be completely avoided?.

Table 1 Sixth-order natural frequencies and characteristics of
the hammer claw shaft

Modal order number  Inherent frequency/Hz Structural deformation

1 205.84 Severe bending of shaft center
2 206.16 Severe bending of shaft center
3 621.52 Severely bent shaft

4 623.00 Shaft breaks

5 652.80 fTr\;ﬁ L:l;reecdtlons of the shaft were
6 767.09 Shaft breaks

4.2 Modal analysis of the roller pulling and moving knife
mechanism

We import the 3D model into ANSY'S, conduct modal analysis
and simulation of the mechanism, and obtain the results.

As indicated in Table 2, the first-order natural frequency of the
pulling roller moving knife mechanism is 214.35 Hz, which is
converted into a shaft speed of 12 860.59 r/min. This value is
faster than the speed of the roller shaft. Moreover, a rubber
vibration damping pad is installed at the bottom of the mechanism
support to prevent the resonance phenomenon completely®!.

Table 2  Sixth-order natural frequencies and characteristics of
the hammer claw shaft

Mcr’]ii:gé?er fr elqnuheenrg;/tHZ Structural deformation
1 214.35 Bending deformation of the shaft
2 214.60 Severe deformation of the shaft center
3 540.23 Shaft is severely bent
4 540.62 Bending deformation of the shaft
5 615.47 Shaft is completely deformed and broken
6 930.13 Shaft is broken

4.3 Adams dynamic simulation

After the structure optimization of the puller shaft, Adams
software is used to conduct dynamic simulation to verify its
workability. The results are presented in Figure 9.

As shown in Figure 9, resistance only changes slightly in the
state of motion and will not cause a certain effect on the
mechanism due to the considerable change in resistance.
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Figure 9 Diagram of Adams simulation analysis

5 Conclusions

1) To solve the problems of stuck straw and resonance in
existing straw recycling devices, a new straw picking and cutting
device was designed. This device can realize straw picking,
recycling, and repeated cutting.

2) The key components of the structural design determine the
relevant structure and location parameters. In accordance with the
index requirements of the picking mechanism and the
characteristics of the arrangement of the hammer and claw of
various picking mechanisms, the staggered arrangement is adopted
to reduce resistance and increase working speed. The structure
and size of the hammer claw are determined via a detailed
calculation and static analysis.

3) Modal analysis and simulation are performed on a
high-speed moving shaft to avoid resonance, ensuring that the
entire device can achieve its best performance in a harsh field
environment.
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Nomenclature

1) angular velocity of the driving shaft (rad/s)

rotational speed of the hammer claw shaft (m/s)

=

slewing radius of the hammer claw (m)
swing angle of the hammer claw (9
length (m)

mass (kg)

rotation radius of the hammer claw (m)
force (N)

acceleration of gravity (m/s?)

force on the blade (N)

diameter of the roller shaft (m)

s o Z2«ae@ T ;v 3

deformation allowable value of the shaft
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