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Analysis and experiment on cutting performances of

high-stubble maize stalks
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Key Laboratory of Bionics Engineering, Ministry of Education, Jilin University, Changchun 130025, China)

Abstract: In the cold areas of Northeast China, maize high-stubble cutting is a novel stalk conservation tillage method, in
which the maize stalks are under a unilaterally-fixed no-support cutting status. Thus, reducing the cutting resistance and
power consumption of maize stalks under this status is very significant for the development of high-efficiency high-stubble
cutting devices. Based on a self-designed testing system that highly restored the maize high-stubble cutting conditions and by
means of experimental design and mathematic statistics, the effects of working parameters (blade angle, blade shape, cutting
speed and cutting angle) on the maximum cutting resistance and power consumption were studied. By analyzing stress
conditions during the stalk cutting process, six mathematic models were built to express the relationships between individual
factors and the maximum cutting resistance or cutting power consumption. Through model optimization, the parameter
combination for optimal cutting performance of maize stalks under unilaterally-fixed no-support cutting status was obtained:
blade angle is 18°, blade shape is isosceles triangle, cutting speed is 9.5 m/s, and cutting angle is 75°. Field validation
experiments under this parameter combination showed that the maximum cutting resistance was (55.23+3.50) N (declined by
11.04%), and power consumption was (11.41+1.04) J (declined by 16.65%).

design and development of maize high-stubble cutting devices.

The research findings can be a reference for the
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1 Introduction

The cold arcas of Northeast China, which have a

low-temperature dry climate, are rich in thick and strong

[1-3]

maize stalks The traditional conservation way of
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stalk crush covering is restricted by low rotting degree,
aggravation of diseases and insects, and reduction of
sowing quality'*’!.  Given these restrictions, a novel
stalk conservation way—high-stubble cutting, has been

popularized in Northeast China®'".

Specifically, maize
root stubbles are left underground, and 500 mm stalks are
left above ground after fall harvest. The root stubbles
and stalks are not only effective in alleviating wind
corrosion and water corrosion and increasing the soil
organic content, but also efficient in preventing diseases
and insects compared with the stalk crush covering

method" ",

During maize high-stubble cutting process,
the stalks are cut under the unilaterally-fixed no-support
cutting status. The cutting could generate very large
cutting resistance and power consumption and increase
the working cost, and severely inhibit the popularization

of this method.
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Thus, the key technical problem in research and

development of high-efficiency maize high-stubble

cutting devices is how to improve the cutting

performance in maize high-stubble works.

Recently, there are a lot of researches about the
cutting  performances of crop stalks  under
bilaterally-fixed or supported cutting conditions. A
study with an universal testing system show that the
cutting speed and cutting angle both significantly affect
the cutting resistance under the stalk bilaterally-fixed

14-16]

condition' A high-speed camera system revealed

that the stalk cutting speed significantly affected the
cutting resistance under the bilaterally-fixed condition''.
The test results with the universal testing system
indicated that the blade angle, blade shape and cutting
angle all significantly affected the cutting resistance
under the supported cutting condition, and a smaller
related to a

cutting angle was

. 17-19
r681stance[ ].

larger cutting
Under the supported stalk cutting
condition, the cutting power consumption is significantly
affected by the cutting speed and declines with the rising

cutting speed**>"".

These studies help to improve the
working performance of stalk cutting devices.
focused on the

stalk

However, these studies are

bilaterally-fixed or supported maize cutting

condition. In actual works, when the stalks are under
other cutting conditions, the significant influence factors
and changing laws on cutting performance are all
different®>4. Therefore, the above studies failed to
uncover what factors affect the cutting performance and
what are the changing laws during maize high-stubble
works. In order to analyze the effects of the parameters
of cutter on stalk’s cutting performances (the maximum
cutting resistance and cutting power consumption), the
cutters with different structural parameters (including
blade angle, blade shape, cutting speed and cutting angle),
were tested on high-stubble conditions of maize with two
different cutting conditions (unilaterally-fixed and
no-support) using a self-designed testing system by
means of experimental design and mathematic statistics.
By analyzing the stress conditions of stalks during the

cutting process, a mathematic model was built to express

the relationships between individual factors and the

maximum cutting resistance or cutting power
consumption, and these models were used to explain the
effects of the factors and the affecting laws. Regression
analyses were conducted to build the mathematic models
for expressing the relationships between individual
factors and the maximum cutting resistance or cutting
power consumption. Then the model optimization
method was used to find out the parameter combination
for optimal cutting performance under unilaterally-fixed
status. The

no-support research findings will

theoretically underlie the development of maize
high-stubble cutting devices and promote the maize

high-stubble conservation tillage method.
2 Materials and methods

2.1 Materials

The test maize variety of 335, is most commonly-
planted in Northeast China.
April 21, 2015.

harvested

The maize was planted on
The samples were maize stalks
1-7, 2015 at Lishu Town,
of China

The air humidity was

in October
Changchun, Jinlin Province
35.897776°N, 83.961532°W).

above 60% and air temperature was within 6°C to 14°C

(location:

during the whole collection course. All samples were
packed in plastic wraps immediately after harvest, and
then transported to the laboratory is shown in Figure 1.
Tests for each sample were conducted within 140 min
after harvest. The soils attached to root stubbles and the
leaves on the stalks were all reserved. All the tests were
conducted at the laboratory of Jilin University in
Changchun, China.

Each sample was mainly marked at two positions A
and B. During fall high-stubble works, the root stubbles
were buried under ground, where position A is the
intersection between the stalk and the ground earth, and
position B is where a blade cuts the stalk. The stubble
height is about 500 mm in actual works. Because all
samples were fresh stalks harvested during rainy and wet
days, the samples were packed in plastic wrap, and tested
within 6 h after harvest for keeping the moisture contents

of the samples unchanged basically. Before the cutting
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tests, about 20% of the samples were randomly selected
for measuring the average moisture content by weighing
method with oven-dried at 102°C for 24 h (ASABE
Standards, 2006).

is an ellipse with an average major axis of 26.21 mm and

The cross sectional area at position B

an average minor axis of 22.28 mm.

Figure 1

Test samples

2.2 Methods and testing equipment

2.2.1 Selection of testing factors and testing indicators
Given the purposes of this study, four testing factors

including blade angle (15°, 20°, 25° and

30°), blade shape (isosceles triangle and right-angled

triangle), cutting speed (4 m/s, 8 m/s, 12 m/s and 16 m/s)

and cutting angle (60°, 70°, 80° and 90°), and the

resistance and

were selected ,

maximum  cutting cutting power
consumption were chosen as testing indicators. The
cutting angle is defined as the included angle between the
stalk axial direction and the cutter radial direction.

Based on the eight combinations of blade angles and
blade shapes, sixteen testing cutters were prepared, of
which two cutters were made for each combination that
one blade was used for cutting test and one blade for
examining whether the shape of the test blade was altered.
2.2.2  Design of testing system

The tests were designed to largely reflect the real
cutting conditions in terms of both test materials and tool
materials. The testing system mainly consists of a small
soil bin, a delivery bed, a numerical control (NC) device,
a cutter, a cutting rack, a torque tester, a data acquisition
card, Hall sensors, a high-speed camera, and a computer
control device (Figure 2). To guarantee the testing
conditions were similar to the real working conditions,

the root stubbles were buried in the soil bin. Under

control by the delivery bed, the stalks were cut at the
working speed (8 km/h) of the stubble-typed maize
harvester and delivered to the cutting device, which
rotated at a constant speed controlled by an NC machine.
The cutter’s cutting speed v (m/s) was determined jointly
from the cutter’s rotation speed w (rad/s) and the stalks’
forward speed v, (m/s). Specifically, @ was computed

as follows:

o= (1)

e
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Figure 2 Testing system

As shown in Figure 3, the stalks were buried in the
soil bin; area 4 was at the level of soil surfaces, and area
B was 500 mm above the ground surfaces. The soil bin
was fixed onto the delivery bed, whose delivery speed of
8 km/h was set according to the working speed of the
stubble-typed maize harvester. The test cutter was
installed on the cutting rack and at a vertical distance of
500 mm from the soil surfaces in the soil bin. During
the tests, the cutting angle was adjusted by changing the
rack angle, while the cutting speed was adjusted by
changing the rotating speed of the NC machine. Two
Hall sensors were installed at each side of stalk in the soil
bin. When the blade passed through Hall sensor-A, the
data acquisition card started timing and reading the data;
when it passed through Hall sensor-B, the card stopped
timing and reading. Because the stalks under the
unilaterally-fixed no-support cutting status would be bent
modestly, the Hall sensor-B should be kept at 20 cm
away from the stalks. Since the stalk cutting is a rapid
motion process and in order to accurately observe the

deformation changes of stalks under forces, a high-speed
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camera with a shooting speed of 0.0001 s was installed
into this system and used to observe the deformation
status of stalks before being cut, the instantaneous
deformation status of stalk epidermis being cut open, and
the instantaneous deformation status of stalks after being
cut fully open.

Cutting speed: 4 m/s, 8 m/s, 12 m/s, 16 m/s
Cutting angle: 60°, 70°, 80°, 90°

tting angle adjusting.
lever i

500 m

Figure 3 Sketch map of testing system
2.2.3 Abrasion testing of cutting blades during repeated
tests

The blades would be abraded somewhat after repeated
tests, which would lead to changes in blade shape, blade
angle or blade sharpness, thereby reducing the test
accuracy. At the beginning of each test, the test cutter
was ground on the grinding wheel, and after that, its blade
shape, blade angle and blade sharpness were measured.
After each test, the cutter sharpness was assessed again.

Two cutters were made from each combination
scheme, one blade used for test and the other one used for
contrast to examine whether the shape of the test blade
was altered. The test blade and the contrast blade were
connected in head-to-tail to examine whether the blade
shapes were different, and thereby to decide whether any
blade should be re-processed.

The blade angle was assessed by a Vernier protractor
with an accuracy of 2'. The acceptable error of blade
angle is £0.5°.  The cutters with blade angle beyond this
error range would be reground on the grinding wheel.
Besides, whether it is any abrasion, distortion and sink
need to be examined.

The blade sharpness was assessed by measuring the
variation of cutting edge thickness using Scanning
Electron Microscopy (SEM).

2.2.4 Detection of maximum cutting resistance

In order to measure the friction-induced torque (7))

which caused by the testing system, the NC machine
would drive the blade to rotate idly at present speed and
cutting angle before each test. The blade would start to
cut stalks and the torque sensor would start to work when
the blade’s

Simultaneously, the torque data of the stalk cutting and

location was above the sensor-A.
corresponding cutting time were transmitted into the
When the blade rotates to where above the

The cutter

computer.
sensor-B, the sensor stops data transmission.
torque P,, at cutting time ¢ was computed from the torques
P, of five repeated tests. The P; was converted to F,
according to Equation (2) by Matlab, and the real pair (¥,
) would be shown as a point on the cutting resistance —
time coordinate system. Then these points were fitted
into a cutting resistance-time curve, from which the
cutting resistance changing trend of this blade during
stalk cutting was observed. Figure 4 shows the cutting
resistance-time curve Fj,=g(¢) of a blade at blade angle
of 15°, cutting speed of 4 m/s, cutting angle of 90° and
blade shape of isosceles triangle. The extremums Fix
on the cutting resistance-time curve corresponding to
each factor combination were determined on Matlab, and
were used to compare and analyze the effects of each

factor on the maximum cutting resistance.

ZI: (£ -T))

T R 2
where, F; is the cutting resistance of a blade at cutting
time ¢, N; P; is the torque measured from the torque
sensor at cutting time ¢ in the i-th repeated test, Nm; 7} is
the torque due to internal resistance in the testing system,

Nm; R is the rotating radius of the cutter, m; #n, is the

number of times when P; is larger than Ty at the cutting

time ¢.
120 - : 1
Blade shape: isosceles triangle
Z 100 Blade angle: 15°
g B Cutting angle: 90°
87 Cutting speed: 4 m's™
&
FR
g w0
2 2}
3
= 0 1 1 1 1 1 1 I
0.01 0.02 0.03 0.04 0.05 0.06 0.07
-20L Time/s

Figure 4 Fitted curve of cutting resistance-time
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2.2.5 Determination of cutting power consumption
From Equation (3), the cutting resistance-time curve
F,=g(t) corresponding to each factor combination was
converted into a cutting power-time curve P;= h(f) =
2(H)Rw on Matlab. The area formed by the new curve
P, = h(t) and the time axis is the cutting power
consumption W under this factor combination. Figure 5
shows the P,=h(f) of a blade at blade angle of 15°, cutting
speed of 4 m/s, cutting angle of 90° and blade shape of

isosceles triangle.

(4):

The W (J) is computed from Equation

FP, = h(t) = g()Rw 3)

W = [ Rog(t)dt (4)
where, P, is the torque of a blade at the cutting time ¢, Nm;
w 1s the preset rotating speed of the blade, rad/s; R is the
rotating radius of the blade, m.

=== The cutting power consumption-time curve

160 The cutting power consumption

Blade shape: isosceles triangle
Blade angle: 15°
Cutting angle: 90°

Cutting speed: 4 m's”

Cutting power/W
-]
o

= oo o~ L= (= =+ oo o s o ~ o =2
g (=1 — — o ™ o o (2] 8 g - wy vy =l 3
S € 2 2 2 ¢ 2 g 2 2 2 g 2 g 2 2
= = (=] (=] = (=] (=] = = = (=] (=) = (=] = =
Time/s

Figure 5 Cutting power-time fitted curve and cutting power

consumption

2.2.6 Determination of stalk force status

The stalk forces statuses in the cutting test of each
factor combination were recorded by a high-speed camera.
The results showed that all stalks undergo the compressed
status first and then the compressed and cut status (Figure
6). As shown in the statuses before being cut open, the
epidermis and interior of stalks were both deformed,
confirming the occurrence of compressed status. As
shown from the instantaneous status when stalk epidermis
was cut open, the stalks were cut into two parts, and the
epidermis and interior were both deformed, confirming
the coexistence of compressed and cut statuses. As
shown from the instant when the stalk epidermis was
fully cut open, the stalks were still deformed, confirming

the coexistence of compressed and cut statuses.

Open Access at https://www.ijabe.org Vol. 10 No.1
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Figure 6 Stalk force statuses

3 Test results and discussion

3.1 Test results
(1) Effects of blade angle on maximum cutting
resistance and cutting power consumption
The test data were assessed via analysis of variance
(ANOVA) on SPSS.

cutting resistance versus blade angle and cutting power

The histograms of maximum

consumption versus blade angle are shown in Table 1,
respectively. Clearly, at cutting speed of 4 m/s or 8 m/s,
the maximum cutting resistance was significantly affected
by the blade angle (p<0.05); it continuously declined with
the drop of blade angle and the downtrend became
gradually gentle (Table 1). The effect of blade angle on
maximum cutting resistance was not significant when the
cutting speed exceeded 12 m/s (p>0.05).

Moreover, at the cutting speed of 4 m/s or 8 m/s, the
cutting power consumption was significantly affected by
the blade angle (p<0.05); it gradually reduced with the
decline of blade angle, and the downtrend became gentle
gradually (Table 1). The effect of blade angle on cutting
power consumption was not significant when the cutting
speed exceeded 12 m/s (p>0.05).

By comparison from Table 1, the results showed that
the blade angle and cutting speed imposed an interactive
effect on both the maximum cutting resistance and cutting
power consumption.

(2) Effects of cutting speed on maximum cutting
resistance and cutting power consumption

The test data were assessed via ANOVA on SPSS.
The histograms of maximum cutting resistance versus

cutting speed and cutting power consumption versus
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cutting speed are shown in Table 1, respectively. The
maximum cutting resistance was significantly affected by
cutting speed (p<0.05) and declined with the rise of

cutting speed and the downtrend became gradually gentle

(Table 1).
significantly affected by the cutting speed (p<0.05), and it

The cutting power consumption was

first dropped and then increased with the rise of cutting

speed.

Table 1 Test results of relationships among blade angle, cutting resistance and cutting power consumption

Cutting speed /m's™

Blade shape Blad/‘(’f;“gle Cutti;‘(%)a“gle 4 8 12 16 4 8 12 16
Maximum cutting resistance /N Cutting power consumption /J

15 97.47 86.92 80.66 74.28 15.27 12.58 24.69 32.14
%0 20 103.11 91.36 82.40 77.71 16.72 14.58 24.37 31.88
25 110.06 97.54 78.59 74.56 19.23 16.23 24.56 31.59
30 120.84 106.41 83.17 76.12 23.01 18.59 24.84 32.01
15 77.32 68.58 61.45 55.65 13.42 10.64 22.31 28.99
20 81.78 72.32 59.74 56.18 15.37 12.61 22.04 29.24
80 25 88.52 77.21 64.12 54.71 17.98 14.00 22.57 29.58
Isosceles 30 98.91 85.27 63.81 56.47 20.47 16.62 22.00 30.03
triangle 15 74.41 65.23 56.71 54.71 11.85 9.02 20.71 25.96
70 20 79.29 70.48 58.11 53.77 13.92 10.77 21.12 26.05
25 86.01 74.56 58.17 54.16 16.43 12.43 20.05 26.02
30 95.17 80.27 57.29 52.39 18.85 15.01 20.56 25.32
15 92.71 81.34 73.21 67.19 13.58 10.81 23.84 29.84
20 99.62 86.48 71.19 67.72 15.87 12.67 23.09 30.21
6 25 105.43 93.02 74.35 69.24 18.02 14.22 23.91 30.02
30 116.08 102.07 70.98 67.45 20.59 17.28 23.56 30.18
15 106.53 96.03 89.88 83.86 17.43 14.39 27.02 33.57
% 20 112.78 100.28 90.10 84.05 18.69 16.61 26.89 33.98
25 121.00 107.53 88.76 83.60 21.31 18.54 26.83 34.13
30 132.16 117.37 89.45 85.02 25.03 21.00 26.59 34.08
15 85.98 77.12 71.47 65.46 15.68 12.73 24.43 31.92
20 92.26 81.33 69.53 64.01 17.81 14.59 24.86 31.31
80 25 97.17 85.98 72.43 63.79 20.04 16.23 24.08 32.08
Right-angled 30 109.05 95.48 73.71 65.12 22.87 18.74 24.25 31.16
triangle 15 83.56 74.59 64.23 61.33 14.02 11.08 22.67 27.01
70 20 90.34 80.32 67.31 62.59 16.13 12.56 22.96 26.74
25 98.12 86.84 66.32 61.87 18.53 14.52 23.12 26.59
30 106.02 92.81 64.39 63.89 21.21 16.83 23.08 27.02
15 101.05 90.68 83.45 77.98 15.89 12.72 26.03 34.24
20 110.31 96.31 85.61 79.20 17.23 14.23 25.51 33.48
0 25 120.37 102.07 84.78 79.31 20.29 16.31 25.13 32.89

30 130.67 113.76 84.45 77.57 23.12 19.58 26.07 33

(3) Effects of cutting angle on maximum cutting
resistance and cutting power consumption

The test data were assessed via ANOVA on SPSS.
The histograms of maximum cutting resistance versus
cutting angle and cutting power consumption versus
cutting angle are shown in Table 1, respectively. Both
maximum cutting resistance and cutting power
consumption were significantly affected by the cutting
angle, and both first declined and then increased with the

drop of cutting angle (Table 1).

(4) Effects of blade shape on maximum cutting
resistance and cutting power consumption

The test data were assessed via ANOVA on SPSS.
The histograms of maximum cutting resistance versus
blade shape and cutting power consumption versus blade
shape are shown in Table 1, respectively. Clearly, the
maximum cutting resistance and cutting power
consumption were both significantly affected by the blade
shape (p<0.05), but they were both very small when the

shape was an isosceles triangle.
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3.2 Discussion
3.2.1 Mathematical models of each factor versus cutting
resistance or cutting power consumption

By analyzing the force statuses of stalks and blades
during the cutting process, a mathematic model was built
to express the relationships between individual factors
and the cutting resistance or cutting power consumption,
and to discuss how these factors affect the maximum
cutting resistance or cutting power consumption.
Results showed that during the cutting process, all stalks
first enter the compressed status and then the compressed
and cut status. Thus, the model between -cutting
resistance and the blade geometric morphology should be
built under the compressed status, and the compressed-cut
status.

For any grinding way, the edge blade thickness would
never be 0, the blade thickness can be described as dL.
As shown in Figure 7a, a blade could be equivalently
considered as the connection of countless cross-sections,
so the geometric shape of a blade can be equivalently
considered as a connection of countless right-angle
trapezoids or isosceles trapezoids, while each trapezoid is
regarded as a micro-unit of the blade. Based on the
same principles, a stalk is subdivided into countless
dZ-thick micro-units (Figure 7b).

The cutting work at point B of the stalk (500 mm

above ground) can be equivalently regarded as the cutting

No 2. micro-units of a cutter
No 1. micro-units of a cutter

The blade thickness to be dL

a. Equivalent micro-units of a cutter

work of countless cutter micro-units on the stalk
micro-unit j. The cutting resistance of a cutter on the
stalk can be considered as a vector sum of cutting
resistances imposed by all blade micro-units on the j-th
stalk micro-unit.

Taking the blade micro-unit m and the stalk
micro-unit j as objects, as shown in Figure 8a, the force
status of the blade micro-unit m at cutting time ¢ consists
of pressures N,,, N',; and N",, of stalk micro-unit j at
three directions, frictions f,,, and f”,, at two directions,
and the internal force Q,, imposed from other blade
micro-units. The cutting resistance F,, of blade
micro-unit m at cutting time ¢ can be deduced as

follows:
Fmt:Nmt+N;nt+Nr:;t+f;r;t+fm"t+th (5)
At the cutting time ¢z, the cutting resistance F; of the
cutter is the vector sum of cutting resistances imposed on

the cutter micro-units at time ¢ and F, can be computed as

follows:

F=YF, =N, +N,+NL+fn+fr+0,) (6)

m

"= N' t

S = e @
S =N, tang

>0, =0 (8)

where, ¢ is the friction angle between stalk and cutter,

rad.

—— No j+1. micro-units of a straw
— No j. micro-units of a straw
— No j—1. micro-units of a straw

4[4[

500 mm

=|— No 2. micro-units of a straw
Soil y <—Nol. 1 -units straw

b. Equivalent micro-units of a stalk

Figure 7 Equivalent micro-units of cutter and stalk
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— e

No. m. micro-units
of a cutter

No j. micro-units
of a straw ]

——

a. Force status analysis of blade micro-unit m

No j+1. micro-units of a straw

==

P

No j~1. micro-units of a straw

b. Force status analysis of stalk micro-unit j

Figure 8 Force status analysis

From Equations (6)-(8), the F; was calculated by the

following equation:

F, :Z(Nmt + N/ sina+ N, tangcosa + o
N”

" sina+ N, tangcosa)
where, a is the half of blade angle, rad.

The force status of stalk micro-unit j (Figure 8b)
consists of pull forces T;.; and 7}, from stalk micro-units
(7-1) and (j+1), respectively; Pressures N,,, N',,; and N”,,;
at three directions and the frictions f',,, and /", at two
Thus, the

radial force status under the compressed status and the

directions imposed by all blade micro-units.

radial force status under the compressed-cut status can be

expressed by Equations (10) and (11).
Z(Nmt + N/, sina+ N tangpcosa+ N sina +

N, tangcosa)—T, sina —T,,sina = L Gy ds (10)
yj <7jmax

> (N, + N, sina+N,, tanpcosa + Ny, sina +

N, tanpcosa)—T,, sina—T,, sinc :LT,made (11)
Vi =V jmax
ijax < Gyjmax (12)
j-1
=Y Eeg, (13)
k=1
T, = Eg, (14)

where, y; is the compressed deformation of stalk
micro-unit j; Tjmax is the limit shear force of stalk
micro-unit j, Pa; G is the compressed elasticity modulus
of stalks; F is the tensile elasticity modulus of stalks; ¢ is
the tensile deformation of any stalk micro-unit k.

The model (Equation (15)) which could express the
relationship between cutting resistance and blade angle
under the compressed status was
Equations (10), (12)-(14); The model (Equation (16))

which could express the relationship between cutting

determined by

resistance and blade angle under the compressed-cut

status was determined by Equations (11)-(15).
I G}/jds+ZEek sina + Z Eg sina
K=j+1 (15)
}/j < ]/jmax

L ds +ZE5k sina + KZIEgk sina 16)
J+

F=[ tm
ViV jmax
From Equations (15) and (16), mathematical models
expressing the relationship (U between cutting resistance
and blade angle was established as Equation (17):
ViV imae * B =I Jmaxds+ZE5k sing + Z Eg, sina

K=j+1

Vi<V 7 = J. G;//ds+ZEgk sina + Z Eg, sina

K=j+1
(17

From Equations (15) and (16), mathematical models



48  January, 2017 Int J Agric & Biol Eng

Open Access at https://www.ijabe.org

Vol. 10 No.1

expressing the relationship @ between cutting power

consumption and blade angle was established as Equation

(18):

-1
W=-[(IS, G}{ids+;Egkm sina+ Y Eg,, sina)dt +

K=j+1

I(L T maxdS + iEgkm sina + Z Eg, sina)dt = ZEth
J K=1

K=j+ =0
(18)

3.2.2 Effects of each factor on maximum cutting
resistance and cutting power consumption, and analysis
of interactive mechanisms

(1) Effects of blade angle or cutting speed on
maximum cutting resistance and cutting power
consumption, and analysis of interactive mechanisms

To simulate the real in-field working statuses of a
stubble-reserved maize harvester, the stalk advancing
speed was set at 8 km/h. From Equations (1) and (2),
we know the sliding cutting angle 7, is enlarged with the
rise of cutting speed.

R
J(@R)* +v?

where, 7, is the dynamic sliding cutting angle, rad; v; is

7, =arctan

(19)

the advance speed of stalks, m/s.

When the dynamic sliding cutting angle z, is larger
than 0, the cutting blade angle of cutter micro-unit m is
transferred from the structural blade angle 2a into the real
cutting blade angle 2a, (Figure 9), where o, can be
determined from Equation (20). The model ®
(Equation (21)), which could express the relationship and
interaction between the real cutting blade angle and the
cutting speed was derived from Equations (19) and (20).

o, = arctan(tan o cos 7)) (20)

21)

R
o, = arctan § tan(2) cos| arctan ——
V(@R)" +]

where, o is the real cutting blade angle, rad.

The real cutting blade angle

2ay ™
45 T B
T4 ™,
% The structural blade angle

Figure 9 Schematic diagram of conversion of cutter blade angle

Equation (22) was obtained from models (U and ®).
From Equations (1), (21) and (22), the acting laws can be
explained as follows: 1) When the cutting speed was very
low, the cutting resistance reduced with the decline of
blade angle, and the downtrend became gentle gradually;
2) The cutting resistance was enhanced with the rise of
cutting speed; 3) When the cutting speed reached a
certain level, the real cutting blade angle 20, reduced
rapidly, so for cutters with different structural blade
angles 2a, the real cutting edge angles 2a,; during cutting
process were very similar. This is because at very small
blade angle, the changing trend of cutting resistance was
very gentle; so when the cutting speed was above 12 m/s,
the effect of blade angle on the cutting resistance was not

significant any more.

6F’>O

a
O’F,
oa’

oF, >0
ov
oa,

>0

(22)

>0

ov

From models @ and &), The acting laws can be
explained as follows: 1) At very low cutting speed, the
cutting power consumption is reduced with the decline of
blade angle and the downtrend is gradually gentle; 2)
When the cutting speed reached a certain level, the real
blade angle 2a; rapidly reduced, so for cutters with
different structural blade angles 2a, the real blade angles
204 during cutting process were very similar. This is
because at very small blade angle, the changing trend of
cutting power consumption was very gentle; so when the
cutting speed was above 12 m/s, the effect of blade angle
on the cutting power consumption was not significant any
more.

From models @ and ®), the model @ (Equation
(23)) was obtained to explain the relationship between
cutting power consumption and cutting speed. Equation
(24) was got by Equation (23). From Equation (24), it
can be explained why the cutting power consumption
first reduced and then increased with the rise of cutting

speed.
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j-1

L G;//.derjY T/.maxds+(§E5k + Z Eeg, +2Ea‘k +
el S K=1

K=j+1 K=1

w=| dt
z Eg,)sinqarctan< tan(2ar) cos arctanwiR
K=j+1 J(@R) +v]
(23)
V< v',—w <0
ov
y= v',@ =0 (24)
ov
V> v',@ >0
ov

where, v’ is the cutting speed at the extremum point from
Equation (24), m/s.

(2) Effects of blade shape on maximum cutting
resistance and cutting power consumption, and analyses
of mechanisms

Figure 10 shows the resistances during stalk cutting
works from two cutters with blade shape of right-angled
triangle and blade angle of 2a, and one cutter with blade
shape of isosceles triangle and blade angle of 4o.
Combining Figure 10 and Equation (22), the model ®
could be obtained in Equation (25) which could express
the relationship between cutting resistance and blade
shape. From Equation (25), the acting laws of the
following factors can be explained: 1) the -cutting
resistance and 2) the cutting power consumption are both

very small when the blade shape is an isosceles triangle.

F
% >0
L = F,>2R,|
TF o =>F,>F, (25
oa*
F, +F, >F,,

where, F',, is the cutting resistance of a cutter with blade
shape of right-angled triangle and blade angle of 2a, N;
Fy4 1s the cutting resistance of a cutter with blade shape
of isosceles triangle and blade angle of 2a, N; Fy4, is the
cutting resistance of a cutter with blade shape of isosceles
triangle and blade angle of 4a, N.

(3) Effects of cutting angle on maximum cutting
resistance and cutting power consumption, and analyses
of mechanisms

During high-stubble cutting works (Figure 11), the
stalks after cutting would be bent modestly by an angle f,

leading to the increase of cutting angle from 6 to 6+p.

On this basis, the model ® in Equation (26) which

could express the relationship between cutting
resistance and cutting angle was obtained. As shown in
Figure 12 and Equation (26), the maximum -cutting
resistance and cutting power consumption both droped
first and increased then along with the decline of

cutting angle.

j-1
J f/made+ZE3k sina + Z Eg sina
y.=y F = 5i K=1 K=j+1
S amat cos(f+6)
I
L r/.maxds+ZEgk sina + Z Eg sina
i K=1 K=j+1
Vi<V - F =
S mae cos(f +6)

(26)

Ve

/
S

5 —»
SOTERTR e £ LA
! — £,

SNy R - N E——

\

Figure 10  Analysis of cutting resistance for cutters with different

blade shapes

The vertical /direction

The horizontal direction

™
Figure 11  Analysis of cutting angle changes
3.2.3 Optimal parameter combination and validation
From the above results and the models, it showed that
the maximum cutting resistance and cutting power
consumption were both significantly affected by blade

angle, cutting speed, cutting angle and blade shape
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(»<0.05), and there was an interaction between blade
angle and cutting speed. This is because the cutting
resistance and power consumption are very small when
the blade shape is isosceles triangle, so the factor
combinations involving this blade shape were selected as

data sources, and used to build 3D surface images (Figure

1

=z
3
£
2
£
=
:
E
=
E
3
=

8.00

12.00 peed@s)

S
7y 15.0016.00 Cutting

a. Maximum cutting resistance versus cutting speed andblade angle
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gle I
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¢. Maximum cutting resistance versus cutting speed and cutting angle
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e |
(=]
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e. Maximum cutting resistance versus blade angle and cutting angle

12) on Design-Expert. With Design-Expert and
comprehensively considering low power consumption,
low resistance and low cutter wear (blade angle should
not be too small), the optimal solution was found: blade
shape was isosceles triangle, blade angle was 18°, cutting

speed was 9.5 m/s, and cutting angle was 75°.

e
=

|
o
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f. Cutting power consumption versus blade angle and cutting angle

Figure 12 Corresponding surface analysis diagram

As shown in Figure 13, one type of commonly-seen
high-stubble cutters (saw blade) was selected for

validation experiments in field. Then the cutter edges

were re-processed according to the optimal parameter
combination, and the results of maximum cutting

resistance and power consumption are shown in Table 2.
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Table 2 Maximum cutting resistance and power consumption

Maximum cutting Cutting power consumption

Blade resistance /N Al
New blade 55.2343.50 11.41+1.04
Original saw blade 62.08 £2.41 13.69+1.17

Note: blade angle = 18°, blade shape = isosceles triangle, cutting rate = 9.5 m/s,
and cutting angle = 75°

4 Conclusions

1) During high-stubble maize stalks operation, maize
stalks will be fixed unilaterally and no-support cutting
status. Cutting speed, blade shape and cutting angle
have significant influences (p<0.05) on the maximum
cutting resistance and cutting power consumption. The
blade angle has significant influences (p<0.05) on the
maximum cutting resistance and cutting power
consumption if the cutting speed is 4 m/s or 8 m/s, but the
blade angle will not have significant influences on the
maximum cutting resistance and cutting power
consumption any longer if the cutting speed exceeds
12 m/s.

2) Along with the increasing of cutting speed, the
maximum cutting resistance decreases gradually (the
decreasing tendency becomes gently), the cutting power
consumption firstly decreases, and then increases; the
maximum cutting resistance and cutting power
consumption was relatively low if the blade shape was
isosceles triangle. The maximum cutting resistance and
cutting power consumption will increase after decreasing
along with the decreasing of cutting angle. The
maximum resistance and

cutting cutting power

consumption will decrease along with the decreasing of
blade angle when the cutting speed is 4 m/s or 8 m/s.
The reasons for the influenced regulations that mentioned
above could be explained by the six mathematical models,
which were analysed through stress states of blades and
stalks in this paper.

3) According to regression analysis and the
consideration of blade life, the best parameters of
high-stubble maize stalks are the blade angle is 18°, the
blade shape is isosceles triangle, the cutting speed is
9.5 m/s, the cutting angle is 75°. The maximum cutting
resistance and cutting power consumption are (55.2+
3.5) N and (28.4+£3.2) J respectively under the combined
parameters mentioned above. Compared with
conventional cutting blade parameter, the maximum
cutting resistance and cutting power consumption
decreased by 11.04% and 16.65%, respectively. The
experimental conclusion and mechanism obtained from
this study could provide solid theoretical basis for the
design and development of high-stubble maize stalks

cutting equipment.
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