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Abstract: To solve the problem of grain spatter during harvest by combine harvester headers, a new
clamping and conveying device of the sunflower oil harvester header was designed. We investigated
plant states during the conveying process. To optimize the parameters of the sunflower oil harvester
header, a test bench was built to simulate sunflower plant harvest. The influence of the clamping gap,
clamping speed ratio, and clamping length on conveying success rate was explored by a single-factor
experiment. Based on this experiment, the secondary regression orthogonal rotation test was carried
out. The optimal structural parameter combination was obtained as follows: the clamping gap
was 20 mm, the clamping speed ratio was 1.3, and the clamping length was 345 mm. Under this
combination parameter condition, the corresponding conveying success rate reached up to 85.16%
and the minimum value of conveying grain loss rate was 1.57%. To verify the effect of parameter
optimization, a verification test and a comparison test were performed. Results showed that the
actual conveying success rate was 83.50% and the actual grain loss rate was 1.49%, which were close
to the optimized parameter value. The comparison test showed that the conveying success rate of the
flexible clamping and conveying device was 83.50% with a grain loss rate of 1.49%, and that of the
rigid clamping and conveying device was 55% with a grain loss rate of 5.17%. This study provides a
theoretical basis for the design of a low-loss sunflower oil combine harvester header.

Keywords: flexible; clamping and conveying; header; sunflower oil harvest

1. Introduction

Sunflower oil is the world’s fourth largest oil crop [1,2], with a planting area of
1.33 million hectares in China [3]. The artificial harvest of sunflower oil is expensive
and inefficient. Therefore, the mechanized harvesting of sunflower oil represents a trend
of development in the future. An important link in the mechanized harvest process is
conveying the sunflower oil plants to the combine harvester header. Great loss in the
harvest process often occurs at the header, which poses a bottleneck and has restricted the
development of mechanized harvesting technology of sunflower oil. Therefore, it is urgent
to explore new techniques for minimizing loss during the harvest [4,5].

There are two common harvesting methods for sunflower oil. One method utilizes
the traditional plucking wheel to pluck plants. During harvesting, the crop is rotated and
thrown into the screw conveyor by the plucking wheel. The friction between the plant
and the bottom plate and the collision of plant against the header results in grain loss and
broken sunflower disks [6,7]. Besides, the large wheel is space-consuming [8–10].

Another harvest method uses a rigid chain of crop, which forces the plant into the
combine harvester’s header, resulting in great loss due to violent vibration [11,12].

To reduce the loss of plants in the process of cutting and conveying, some scholars at
home and abroad have explored new harvesting methods. For example, some researchers
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designed the flexible clamping conveyor for vegetable harvesting [13–15]. Other researchers
attempted to optimize the corn harvester header clamping conveyor [16,17]. The above
harvesting methods are useful for strong-stem crops and for those whose grains do not drop
easily, such as corn. Some scholars have proposed flexible delivery methods. Yang et al.
suggested the technology of flexible clamping with three clamps, which was applicable to
the harvest of underground crops [18].

A. S., et al. developed an auger-reel equipped with a winding, which allows reducing
the acceleration of sunflower head movement during harvesting and minimizes the loss of
oilseeds behind the header to 0.63% [19]. Dahab, M. H.; Elsheikh, A. O. et al. attempted
to reduce the header loss rate by optimizing the header parts and exploring the influence
of water content and walking speed on header loss rate [20]. Ghiasi et al. researched the
influence of bar height and header height on sunflower loss and modeled grain losses
during mechanized harvesting of sunflower oil [21].

Traditionally, sunflower oil harvest loss was mainly caused by unsuccessful harvesting,
through collision loss and vibration loss of the sunflower oil plant during transportation.
Considering the biological characteristics of the plants, such as being easy to break, easy to
spatter, and the difference in plant height, a new device was designed for sunflower oil
harvesting based on the principle of flexible gripping and conveying. To study structural
parameters and working parameters of the clamping conveyor during the harvest process
of sunflower oil, the bench test was carried out by the Box Benhnken Design (BBD) center
combination design method. The working performance was tested by field experiment to
verify the accuracy of the device parameters and to provide a reference for the design of
the sunflower oil combine harvester header.

2. Materials and Methods
2.1. Structural Design

Based on the principle of plucking and clamping conveying, a flexible clamping and
conveying device for sunflower oil combine header was designed (Figure 1).
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Figure 1. Sunflower oil combine harvester header. 1—External crop divider. 2—Crop divider header.
3—Clamping and conveying device. 4—Cutting systems. 5—Crop divider. 6—Screw conveyor.
7—Antispatter net.

As shown in Figure 2, the flexible clamping conveying device was composed of an
active feeding sprocket, follower feeding sprocket, conveying chain, flexible plucking
element, rotary cutter, cutter power sprocket, and other parts.
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Figure 2. Clamping and conveying device. 1—Gear box. 2—Clamping element. 3—Second-generation cutter. 4—Installation
base plate. 5—Crop divider header. 6—Conveying chain. 7—Cutter drive chain. 8—Chain tensioner. 9—Driven sprocket.
10—Cutter chain tensioner. 11—Chain guide mechanism. 12—Active sprocket.

2.2. Operation Principle

While working, the gearbox drives the active sprocket; the driven sprocket; and the
conveying chain, which further drives the cutter chain.

Movement of the sunflower oil plant includes two processes, namely, the raking
crop process and the clamping transport process. During the raking crop process, the
momentum of the collision can be converted into the potential energy of the clamping
element due to the flexible surface and the buffering effect of the flexible element; thus,
grain loss caused by collision can be reduced when the sunflower oil is plucked in the
harvest period.

During the clamping and conveying process, the relative speed of two clamping
elements (A and B) is zero, which renders the device capable of clamping and smoothly
conveying the sunflower oil to the screw conveyor similar to the “hand”, thus reducing the
loss of grain drop in the conveying process.

2.3. Design of the Key Parameters

During working, the clamping and conveying device should meet the reel grain and
lifting branches functions of the plant, while reduce the impact on the plant. Combined
with the chain conveying capacity, the 12A chain with side plate was selected and flexible
clamping elements were installed onto it, which can achieve effective threshing for different
running distances and declining sunflower oil; the layout of the conveying chain is shown
in Figure 3. Its key parameters include conveying chain parameters and clamping element
structural parameters.

2.3.1. The Design of Conveying Chain Parameters

The key parameters of clamping and conveying device include the central distance, chain
front inclination, chain rear inclination, etc. These parameters were designed as follows:

Center Distance

The conveying chain was installed at the bottom of the crop divider; its overall layout
is shown in Figure 3a. To ensure that the fallen grain can be collected by the shattering
recovery tank, according to the structure size of the hopper and the spatial layout of the
conveying chain, the longitudinal length of the chain should meet the following conditions:

Lsc ≥ Lx +
(Dl + DC)

2
+ CS (1)



Agriculture 2021, 11, 859 4 of 17

where Lsc is the length of dropping grain collected slot, mm; LX is the center distance
between the active sprocket and driven sprocket, mm; DC is the driven sprocket diameter,
mm; Dl is the diameter of active sprocket, mm; Cs is the length of dial fingers, mm.

 
Figure 3 

 
Figure 5 

Figure 3. The schematic of layout and the speed of chain. (1) Cutter drive chain. (2) Driven sprocket.
(3) Cutter driven sprocket. (4) Conveying chain. (5) Active sprocket. (6) Clamping element. (7) Screw
conveyor. (I) Reeling stage. (II) Clamping and conveying stage. (III) Throwing stage.

Substituting those parameters with the diameter of active sprocket Dl = 120 mm, the
diameter of driven sprocket DC = 100 mm, the length of dial fingers Cs = 50 mm, and
the length of dropping grain collected slot Lsc = 960 mm into Formula (1), we obtained
LX ≤ 800 mm; thus, LX was set to 800 mm.

The Front Inclination Angle of Chain

The plant moved backwards opposite the machine walk (reel speed is shown in
Figure 3b) to ensure that the plant could be successfully clamped and conveyed; then, the
line speed of conveying chain along the machine walking direction speed should be greater
than or equal to the machine forward speed, specifically,

vr cos ab ≥ vm (2)

where ab is the chain front inclination angle, which is the clip angle between the conveying
chain and the forward direction of the machine, ◦; vr is the speed of conveying chain, m/s;
vm is the speed of combine harvester walk, m/s.

According to the agricultural machinery design manual, the speed range of the existing
harvester was 0.8~2.5 m/s and its speed range of machine walking was 0.5~2.2 m/s [22,23].
The above parameters were substituted into (2), obtaining the available range of ab as
ab ≤ 28.35◦. Considering the machining and sprocket installation, ab was set to 25◦.

The Angle of Chain Rear Inclination

The throwing speed is shown in Figure 3c. To ensure that the sunflower oil plant
could be captured by the spiral conveyor and avoid reaching the bottom of the chain, when
the plant reaches the spiral conveyor, the offset distance of the vertical machine direction
was not greater than the distance from the center to the moving sprocket; when the plant
was transported to the spiral conveyor, the minimum distance from conveying chain to
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spiral blade was not greater than the distance between the center of the two crop dividers
and the center of the driven sprocket. Thus,

hj

vr cos ah
≥

sj

vr sin ah
(3)

where ah is chain rear inclination angle, which was the angle between the conveying chain
and the forward direction of the machine, ◦; hj is the minimum distance from conveying
chain to spiral blade, mm; sj is the distance that between the center of the two crop dividers
and the center of the driven sprocket, mm.

To prevent dial finger interference with the spiral blade, we set a certain surplus
∆ε = 10~20 mm according to its spatial position, so there was{

hj ≥ Cs + ∆ε

sj ≥ Dc
2 +

S f
2

(4)

where ∆ε is the minimum distance from the grain element to the spiral blade, mm; Sf is the
gap between two crop divider, mm. Substituting Formula (4) into Formula (3), we obtain
Formula (5), as shown below:

tan ah ≥
sj

hj
(5)

The parameters Sf = 60 mm, Cs = 50 mm, ∆ε = 20 mm, and Dc = 100 mm were
substituted into Formula (5); the range of chain rear inclination angle that could be acquired
was ah ≥ 41.19◦; for easy installation, ah was set to 42◦.

2.3.2. The Design of Clamping Element Parameters

The main included parameters of the clamping element were the height of the clamp-
ing element, the mounting width of clamping element, and the width and the thickness of
the clamping element. A schematic diagram of the clamping element is shown in Figure 4.
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Height of the Clamping Element

The height of the clamping element refers to the distance from the peak to the bottom,
which determines whether the plant could be effectively moved. To ensure effective reeling,
the height of the holding element should be greater than the maximum diameter of the
plant. To ensure that all plants are stably held at the tip, the plant at its minimum diameter
will be in tight contact, so there are

dmax ≤ Hb ≤ S f − Hh − dmin (6)

where Hb is the height of the clamping element, mm; dmax is the maximum diameter plant,
mm; dmin is the minimum diameter of plant, mm; Hh is the thickness of clamping, mm.

We selected the thickness of the clamping element Hh = 5 mm; the parameters dmax
32 mm and dmin 9.92 mm were gained through a filed survey; the gap of crop divider Sf,
from the previous analysis, was equal to 60 mm. Those parameters were substituted into
Formula (6), obtaining the range of Hb that could be acquired as 32 ≤ Hb ≤ 46.08 mm. For
convenience of processing, we chose Hb = 45 mm.

The Mounting Width of Clamping Element

The installation width of the clamping element is shown in Figure 4. If the value is
too large, the grain strength of the clamping element will be too weak; if the value is too
small, it will not be conducive to the installation of the clamping element. According to
the geometric relationship in the graph, the clamping element mounting width meets the
following requirements: 

a′b′ ≤ Hs
αb1 < αb2

tan αb1 = 2(Hb−Hh)

a′b′

(7)

2(Hb − Hh)

tan αb2
< Hs (8)

The siding angle and the installation surface of the grain chain should be less than the cor-
responding friction angle, namely, αb1 ≤ ϕb2, which was substituted in Formula (8), obtaining

2(Hb − Hh)

tan ϕb2
< Hs (9)

In Formula (9), Hs is the mounting width of the clamping element, mm; ϕb2 is the
friction angle between the clamping element and the plant, ◦.

Measuring the friction angle of the clamping element with a ripple, ϕb2 = 47.5◦. The
parameters Hb = 45 mm, Hh = 5 mm were gained from previous content, which were substi-
tuted into Formula (9); thus, the range of Hs was obtained: 75.91 ≤ Hs. Combining these,
the installation chain was chosen as 12A chain and its pitch was 19.05 mm. Depending on
the space position, the clamping element width should be in integer intervals of the pitch;
thus, we chose Hs = 76 mm.

The Width of Clamping Element

From the walking direction of the machine, the installation schematic diagram of
the clamping element is shown in Figure 5, which shows that the width of the clamping
element should meet Formula (10).

Hl ≤ lw ≤ 2Hg + Hl (10)
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Figure 5 Figure 5. The main view of mounting position of clamping element. 1—Clamping element. 2—Chain

attachment. 3—Driven sprocket. 4—Cutter sprocket. 5—Install the bottom plate.

In Formula (10), lw is the width of clamping, mm; Hl is the width of conveying chain
attachment, mm; Hg is the distance between the grain chain attachment and the mounting
base plate, mm.

The conveying chain was selected in this article as 12A industrial chain and the corre-
sponding attachment width Hl was 56.40 mm, the distance between the grain chain attach-
ment and the installation base plate Hg was 22.50 mm. Substituting the above parameters
into Formula (10), the clamping element width range acquired was 56.40 ≤ Hk ≤ 101.4 mm.
Considering that the common size of PVC is 60 mm and 80 mm, the width of the clamping
element was chosen as 80 mm.

2.4. Principle Analysis of the Clamping

The sunflower oil plant was clamped by concave and convex flexible elements to
form a force seal [24–26], which results effective clamping of the sunflower oil plant. The
clamping model is shown in Figure 6.
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According to Figure 6a, the plant statics model is expressed in the following Formula (11):
∑ Fx = F1x + F2x + F3x + F4x = 0

∑ Fy = F1y + F2y + F3y + F4y = 0

∑ Fz = f1 + f2 + f3 + f4 − G = 0
fi = Fiu

(11)

According to Figure 6b, the torque equation at point A and point B is as follows:{
2Fal − G(l0 cos β− s

2 ) = 0

2Fbl − G(l0 cos β + s
2 ) = 0

(12)

Solution: {
Fa =

2l0 cos β−s
4s G

Fb = 2l0 cos β+s
4s G

(13)

Based on the geometric position in Figure 3b, the following equation is established:

s tan β +
d0

cos β
= d1 (14)

Solution:
cos β =

d0

d1 − s tan β
(15)

By inserting Formula (15) into (13), the clamping forces are obtained as follows: Fa = 2l0d0−s(d1−s tan β)
4s(d1−s tan β)

G

Fb = 2l0d0+s(d1−s tan β)
4s(d1−s tan β)

G
(16)

Clamping force determines the effect of plant transport. Formula (16) shows that the
clamping forces (Fa and Fb) are related to the width of clamping elements, s; the distance
from plant gravity center to the clamping element gravity center, l0; the diameter of plant,
d0; the clamping gap, d1; the gravity of plant, G; and the offset angle, which is the angle
between the plant and the vertical direction, β.

In addition, plant movement comprised the movement of the clamping element and
the movement of the combine harvester. As a result, the ratio of the above two movement
speeds (k) affects the effect of plant conveying.

In Formula (11), F1, F2, F3, and F4 are the support forces from clamping elements; f 1,
f 2, f 3, and f 4 represent the vertical friction forces received by the plant; F1x, F2x, F3x, and
F4x represent the component forces along the x axis; F1y, F2y, F3y, and F4y represent the
component forces along the y axis; and u is the friction coefficient between the stem and
the clamping element. It is difficult to measure l0 in Formula (16) during this experiment;
therefore, l1—indicating the length of the plant above the clamping element—is selected
to approximately replace l0. In this study, the effects of clamping gap, d1; clamping speed
ratio, k; and clamping length, l1, on plant conveying were explored.

2.5. Methods and Materials of Bench Tests
2.5.1. Materials and Devices

The experiment was carried out in the City of Huangshi, Hubei Province on 20 August
2019 with the “short head XC567” sunflower oil variety as material. Material characteristics
are shown in Table 1. The test bench comprised the clamping and conveying device, cutter
system, plant conveyer, and other components, as shown in Figure 7. The power of these
devices was supplied independently by their respective motors, whose parameters were
adjusted by the corresponding frequency converter.
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Table 1. “Short big head XC567” sunflower oil material characteristic parameters.

Parameter Numerical Value

Vertical height, h/mm 452–1965

Average thickness of sunflower disk, m/mm 22.7

Average diameter of sunflower, D/mm 156.5

Critical bending angle of stem, α/◦ 17.93–55.49

Moisture content of stem, w1/% 55.3~84.5

Grain moisture content, w0/% 25~35

 
Figure 7 

Figure 7. Test bench. 1—Generator. 2—Flexible clamping chain. 3—Material to be threshed.
4—Cutter. 5—Plant conveying device. 6—Sunflower oil plant. 7—Clamping and conveying bench.
8—Rigid conveying chain.

The working principle of the test bench was as follows: First, the plant was delivered
by the plant-feeding device; then, it was cut at the proper cutting point by the cutter.
Subsequently, it was transported to the tail of the test bench by the flexible clamping and
conveying device. Finally, the plant was discharged from the outlet of test bench by the
screw conveyor.

According to the principle of relative motion, if the plant conveying device is assumed
as relatively static, the test bench can be regarded as moving towards the plant, which
simulates the working procedures of the combine harvester in the field.

2.5.2. Selection of Factor Parameters

Based on the above mentioned theoretical analysis, factors such as the height of plant
clamping (l1, mentioned above), the speed ratio of clamping conveying device and combine
harvester, and the gap between clamping elements (A and B in Figure 3) were defined as
the experimental factors.

1. The Clamping Speed Ratio



Agriculture 2021, 11, 859 10 of 17

The plant movement speed was affected by both the conveying speed of the sunflower
oil clamping/conveying device vr and the moving speed of combine harvester vm [27]. A
suitable speed ratio can provide the corresponding theoretical reference for the design and
parameter optimization of the flexible clamping and conveying device. If the speed ratio is
too large, the plant is easier to knock down; if too small, the plant is not easy to convey.
The plant movement is shown in Figure 8.{ vr

sin α = vm
sin(180−γ−α)

α− β = 90
(17)
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The speed ratio obtained from formula (17) was calculated as follows:

k =
vr

vm
=

cos β

cos(γ + β)
(18)

where k is clamp speed ratio; α is the angle between the plant and the horizontal line, ◦; β
is the angle between the plant and the vertical line, ◦; γ is the angle between header and
ground, ◦.

During the actual clamping and conveying process, the value β of the plant inclination
ranged from 5◦ to 30◦ [28] and the value of γ angle between the header and ground ranged
from 10◦ to 30◦ [29]. By substituting the above parameters into Formula (18), the speed ratio
range was found to be 1.03 ≤ k ≤ 1.73. Therefore, in the single-factor test, the speed ratio
factor selection range was defined as 1.0 ≤ k ≤ 1.8; thus, within the range, the parameters
1.0, 1.2, 1.4, 1.6, and 1.8 were selected as the speed ratio levels in the single-factor test.

2. The Clamping Gap

When the gap between clamping elements was too large, the plant was easy to fall, but
when the gap was too small, transportation blockage easily occurred. Considering that the
diameter range of sunflower oil was 18.72 mm–41.3 mm, the clamping gap factor selection
range was defined as 10 ≤ d1 ≤ 50; thus, within the range, the parameters 10 mm, 20 mm,
30 mm, 40 mm, and 50 mm were selected as the clamping gap levels in the single-factor test.

3. The Clamping Length

The test results indicated that, when the clamped plant was too long, the plant was
easily inclined, resulting in the failure of transportation; when it was too short, it was easy
for the plant to fall out of the crop divider, causing grain loss. To facilitate subsequent
threshing and cleaning, the clamped plant was cut to a length of no more than 1/3 of the
entire crop length [30]. Since the plant length range was within 452 mm 5 L 5 1965 mm
(Table 1), the range of clamping length factor range was defined as 150.6 5 L0 5 655 mm;
thus, within the range, the parameters 150 mm, 250 mm, 350 mm, 450 mm, 550 mm, and
650 mm were selected as the clamping length levels in the single-factor test.
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2.5.3. Appraisal Indexes

1. The Conveying Success Rate

The conveying success rate was equal to the percentage of plants successfully trans-
ported in each group and the total number of plants transported. The plant conveying
device can convey 10 sunflower oil plants each time. Each group test was repeated four
times, conveying a total of 40 sunflower oil plants. The test was conducted in triplicate to
obtain the average value. The conveying success rate was calculated as follows:

k =
vr

vm
=

cos β

cos(γ + β)
(19)

where y1 is the plant conveying success rate, %; n is the total number of conveyed plants;
and n0 is the number of plants successfully conveyed.

2. The Grain Loss Rate

After each group of experiments, the successful conveying sunflower disk was
threshed, and then the seed were weighed. At the same time, the dropped grain and
the sunflower discs that failed to convey were threshed, and then the seed were weighed.
Grain loss rate was defined as the percentage of the mass of seeds that failed to be trans-
ported in each group and the total mass of seeds successfully transported. The test was
conducted in triplicate to obtain the average value. The grain loss rate was calculated
as follows:

y2 =
m1

m1 + m2
× 100% (20)

where y2 is the grain loss rate, %; m1 is the sum of the mass of the seed dropped in
conveying and the grain in the sunflower that failed to be conveyed, g; and m2 is the mass
of seed in sunflower successfully conveyed.

3. Results and Discussion

The single-factor test was conducted first to select a suitable factor range. Based on its
results, an orthogonal test was performed to obtain the structural parameters and motion
parameters of the device.

Before the experiment, a sunflower oil plant with a diameter close to 25 mm was
inserted into the fixed tube of the plant conveying device, and the motor of the plant
conveying device was started.

The speed of the plant conveying device was adjusted to 1.0 m/s by a frequency
converter, and plants with different clamping lengths were prepared from sunflower
oil plants of different heights. The clamping gap was adjusted by adjusting clamping
chain gap.

3.1. Analysis of Single-Factor Test and Results

As shown in Figure 9a, with the increase in the clamping gap, the conveying success
rate first increases and then decreases; furthermore, the grain loss rate decreases first and
then increases. Within the range of 20~60 mm, with the increase of clamping gap, the swing
amplitude of plant transportation process becomes larger, resulting an increase in plant
grain loss. The clearance of the plucking chain was better in the range of 20~40 mm; within
this range, the loss rate of grain was low and the success rate of transportation was better.

As shown in Figure 9b, the success rate of plant conveying first increased and then
decreased with the increasing speed ratio; the law of grain loss change was that the grain
loss rate was small with clamping speed ratio within the range of 1.0~1.2. When the
clamping speed ratio was greater than 1.2, the loss rate of falling grain increases linearly
with clamping speed ratio.
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As shown in Figure 9c, with the increase in the clamped plant length, the success rate
of plant conveying first increased, and then decreased. The falling grain loss changed subtly
under the clamping length change at 150~350 mm, increasing with the clamping length.

3.2. Analysis of Orthogonal Test Results

To determine an optimal combination of parameters, a three-factor, three-level, sec-
ondary regression, orthogonal rotation combination test was designed [31,32]. A total of
17 group tests were conducted, each repeated three times to find the mean value. Based on
the analysis of the single-factor experiment, the two-rotation orthogonal combination test
was conducted. The coding of test factors is shown in Table 2.

Table 2. Test factors and levels.

Level
Experimental Factor

Clamping Gap x1/mm Clamping Speed Ratio x2 Clamping Length x3/mm

−1 20 1.2 250
0 30 1.4 350
1 40 1.6 450

The results of the quadratic rotation orthogonal combination test are shown in
Table 3. The regression equation of clamping gap, clamping speed ratio, and clamping
length versus the plant conveying success rate was established by using the Design-Expert
data processing software to analyze experimental results.

Table 3. Orthogonal test results.

No Clamping Gap x1/mm Clamping Speed Ratio x2 Clamping Length x3/mm Plant Conveying Success Rate Y1/% Grain Loss Rate Y2/%

1 20 1.2 350 87.50 1.75
2 40 1.2 350 68.33 2.33
3 20 1.6 350 81.67 1.98
4 40 1.6 350 72.50 3.13
5 20 1.4 250 80.00 1.25
6 40 1.4 250 69.17 3.67
7 20 1.4 450 85.00 3.83
8 40 1.4 450 77.50 3.06
9 30 1.2 250 69.17 1.52

10 30 1.6 250 75.00 3.21
11 30 1.2 450 82.50 3.31
12 30 1.6 450 82.50 3.21
13 30 1.4 350 77.50 2.15
14 30 1.4 350 83.33 1.83
15 30 1.4 350 80.00 1.26
16 30 1.4 350 80.00 1.74
17 30 1.4 350 77.50 1.96
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The variance analysis results showed that plant conveying success rate and the grain
loss rate model were significant, with significance values p of 0.008 and 0.001, respectively
(p < 0.01), while misfit (p > 0.05) was not significant (Table 4). The variance analysis results
showed that the regression model of the plant conveying success rate was well-fitted with
the actual values.

Table 4. Analysis of variance table.

Variance
Source

Free
Degree

Sum of Squares of
Deviations Mean Square F Value p Value

Conveying
Success
rate/%

Grain Loss
Rate/%

Conveying
Success
Rate/%

Grain Loss
Rate/%

Conveying
Success
Rate/%

Grain Loss
Rate/%

Conveying
Success
Rate/%

Grain Loss
Rate/%

Model 9 472.883 0.001129 52.543 0.000125 7.42 18.01 0.008 0.001
Linear 3 420.298 0.000405 140.099 0.000135 19.77 19.4 0.001 0.001

x1 1 272.261 0.000143 272.261 0.000143 38.42 20.5 0.001 0.002
x2 1 2.174 0.000086 2.174 0.000086 0.31 12.32 0.597 0.009
x3 1 145.863 0.000177 145.863 0.000177 20.59 25.37 0.003 0.001

Square 3 16.316 0.000381 5.439 0.000127 0.77 18.22 0.548 0.001
x1

2 1 2.5 0.000044 2.5 0.000044 0.35 6.38 0.571 0.04
x2

2 1 8.2 0.000014 8.2 0.000014 1.16 2.06 0.318 0.194
x3

2 1 4.027 0.000297 4.027 0.000297 0.57 42.63 0.475 0.004
Interaction 3 36.269 0.000343 12.09 0.000114 1.71 16.4 0.252 0.002

x1x2 1 25 0.000008 25 0.000008 3.53 1.17 0.102 0.316
x1x3 1 2.772 0.000254 2.772 0.000254 0.39 36.53 0.551 0.001
x2x3 1 8.497 0.00008 8.497 0.00008 1.2 11.5 0.31 0.012
Error 7 49.6 0.000049 7.086 0.000007
Misfit 3 26.569 0.000004 8.856 0.000001 1.54 0.13 0.335 0.936

Amount to 4 23.031 0.000044 5.758 0.000011
Model 16 522.483 0.001177

The significance analysis results indicate that the clamping gap and clamping length
has a significant effect on plant conveying success rate (p < 0.01). The effects of three factors
on conveying success rate are ranked as follows: clamping gap > clamping length > clamp-
ing speed ratio. The significance analysis results indicate that the above factors have a
significant effect on grain loss rate (p < 0.01). The effects of three factors on grain loss rate
are ranked as follows: clamping length > clamping gap > clamping speed ratio.

After removing the insignificant factors, the regression equation of the plant conveying
success rate Y1 and the grain loss rate Y2 were as follows:

Y1 = 16.8 − 2.16x1 + 88.3x2 + 0.188x3 − 0.0077x1·x1 − 34.9x2·x2 − 0.000098x3·x3 + 1.250x1·x2 + 0.00083x1·x3

− 0.0729x2·x3
(21)

Y2 = 0.0250 + 0.00027x1 − 0.0560x2 + 0.000012x3 + 0.000032x1·x1 + 0.0462x2·x2 + 0.000001x3·x3 + 0.000713x1·x2

− 0.000008x1·x3 − 0.000224x2·x3
(22)

3.3. Parameter Optimization

The target function value was larger, the parameters were better. The target function
Z was expressed as follows:

maxY1(x1, x2, x3)

minY2(x1, x2, x3)

s.t.


20mm ≤ x1 ≤ 40mm

1.2 ≤ x2 ≤ 1.6

250mm ≤ x3 ≤ 450mm

(23)
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The optimal parameter combination solution was obtained by MATLAB software with
a clamping gap of 20 mm, clamping speed ratio of 1.27, and clamping length of 344.8 mm.
After rounding, the parameter combination was a clamping gap of 20 mm, clamping speed
ratio of 1.3, and clamping length of 345 mm. Under this condition, the maximum value of
conveying success rate was 85.16% and the minimum value of conveying grain loss rate
was 1.57%.

3.4. Verification Tests

Verification tests were carried out under the parameter combination of 20 mm clamp-
ing gap, clamping speed ratio of 1.3, and 345 mm clamping length. The verification
tests were performed in triplicate and the average value was calculated, as shown in
Table 5. The verification test results showed that the actual values were close to the
predicted values; thus, the test results were reliable.

Table 5. Verification of test results.

Project
Actual Value

Predicted Value Error
1 2 3 Average

Conveying success rate 82.50% 85.50% 82.50% 83.50% 85.16% 1.95%

Grain loss rate 1.24% 1.56% 1.68% 1.49% 1.57% 5.1%

3.5. Contrast Test

To further reveal the performances of rigid and flexible conveying, a comparative
experiment was carried out with the success rate of plant conveying and the loss rate of
falling grain as evaluation indexes. At the end of each experiment, the dropped grain and
the dropped sunflower discs were threshed and weighed. Each group experiment was
repeated three times to obtain the mean value.

The comparison test results showed that the conveying success rate of flexible clamp-
ing conveyer was 83.50% and the loss of falling grain was 1.49%, while conveying success
rate of rigid clamping conveyor was 55% and the loss of falling grain was 5.17%. The effect
of a flexible plucking chain was better than that of a rigid plucking chain (Table 6).

Table 6. Comparison of test results.

Project Conveying Success Rate Grain Loss Rate

1 2 3 Average 1 2 3 Average

Rigid conveying chain 65% 55% 45% 55% 5.40% 5.60% 4.50% 5.17%
Flexible conveying chain 82.50% 85.50% 82.50% 83.50% 1.24% 1.56% 1.68% 1.49%

4. Discussion
4.1. Effect of Clamping Gap on Conveying Success Rate and Grain Loss Rate

The law of the conveying success rate changed as shown in Figure 9a. The possible
reason might be that when the clamping gap was larger than the plant diameter, the plant
was more likely to be inclined, leading to a decrease in the conveying success rate. The
clamping gap was too large, and the clamping force acting on the plant was reduced;
therefore, it was easy for the plant to tilt and slide out, leading to the decreased success
rate of plant conveying.

The law of the grain loss rate changed as shown in Figure 9a. The reason was that the
gap of plucking chain is easily blocked at 10–20 mm, and the loss rate of falling grain was
higher. As the clamping gap continues to increase, the clogging rate decreased, so the grain
loss rate decreased briefly. Considering the success rate of plant conveying and grain loss
rate, the clamping gap range was defined as 20 mm–40 mm.
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4.2. Effect of Clamping Speed Ratio on Conveying Success Rate and Grain Loss Rate

The law of conveying success rate changed as shown in Figure 9b, which may be
attributed to the fact that when the speed was low, the relative collision force acting on
the plant was relatively small, which was favorable for the adjustment of plant posture,
thus improving the success rate of plant conveying. With the increase in the speed ratio,
the plant conveying success rate decreased. This might be due to the large relative speed,
which could easily pull the plant down. In addition, with the increased speed ratio, the
plant was more likely to be stuck in the gap between the crop divider and the clamp chain,
which also increased the probability of conveying failure.

The law of the grain loss rate changed as shown in Figure 9b. The reason may be
attributed to the fact that when the relative speed was small, the impact of the element on
the plant was small, so the impact loss was small. With the increase of velocity ratio, the
relative velocity increased, the impact increased, and the swing of transportation process
increased, which led to the increase in grain loss. Considering the above, the range of speed
ratio was determined as 1.2–1.6.

4.3. Effect of Clamping Length on Conveying Success Rate and Grain Loss Rate

The law of conveying success rate changed as shown in Figure 9c, which may be
explained by the fact that, when the clamped plant length was too short, it was easy for
the cut sunflower disc to fall into the crop divider due to the action of gravity. In contrast,
when the clamped plant length was too long, the plant gravity action was unstable and it
was easy for the plant to drop, resulting in the conveying failure.

The law of the conveying success rate changed as shown in Figure 9c, which might
be explicated by the fact that the plant easily broke as swing increased, resulting in an
increased grain loss rate. Considering this, the clamping length range was defined as
250~450 mm.

5. Conclusions

(1) To solve the problem of grain spatter during harvest by the combine harvester header, a
new clamping and conveying device for the sunflower oil harvester header was designed.

(2) The effects of the clamping gap, clamping speed ratio, and clamping length on the
plant delivery success rate were investigated using the single-factor test. The results
showed that the optimal clamping speed ratio range was 1.2–1.6, the optimal clamping
gap range was 20–40 mm, and the optimal clamping length range was 250–450 mm.

(3) The optimal parameter combination obtained by secondary regression orthogonal
test was as follows: the optimal clamping gap was 20 mm, the optimal clamping
speed ratio was 1.3, the optimal clamping length was 345 mm, the maximum plant
conveying success rate was 85.16%; the minimum value of conveying grain loss rate
was 1.57%. The verification result was close to the predicted value.

(4) The comparison results indicated that the plant conveying success rate of the flexible
clamping and conveying device was 83.50%, with a falling grain loss of 1.49%, and
the plant conveying success rate of the rigid clamping and conveying device was
55%, with a falling grain loss of 5.17%, which suggested that the effect of the flexible
clamping and conveying device was better.

6. Patent

Two patent applications have been made for the sunflower oil combine harvester
header in this manuscript (Patent ZL201810609057.X. and Application ZL201710720098.1.).
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