agriculture

Article

Research on the Operational Parameters and Performance of Key
Components of an Industrial Hemp Harvester and Drier

Chao Feng !, Changxi Liu !

check for
updates

Academic Editor: Zhong Tang

Received: 11 December 2024
Revised: 7 January 2025
Accepted: 7 January 2025
Published: 10 January 2025

Citation: Feng, C.;Liu, C.; Wang, B.;
Shi, H.; Sun, H.; Li, Y.; Hu, J. Research
on the Operational Parameters and
Performance of Key Components of an
Industrial Hemp Harvester and Drier.
Agriculture 2025, 15, 141. https://
doi.org/10.3390/ agriculture15020141

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

:23(0, Bosheng Wang %, Hang Shi !, Hao Sun !, Yufei Li ! and Jun Hu /2:3*

College of Engineering, Heilongjiang Bayi Agricultural University, Daqing 163319, China;
13633427798@163.com (C.E.); liuchangxi0527@163.com (C.L.); byaushihang@163.com (H.S.);
$275395538@163.com (H.S.); liyufei9558@163.com (Y.L.)

Heilongjiang Province Conservation Tillage Engineering Technology Research Center,

Dagqing 163319, China

Key Laboratory of Soybean Mechanized Production, Ministry of Agriculture and Rural Affairs,

Dagqing 163319, China

4 Raohe County Agricultural and Rural Affairs Bureau, Shuangyashan 155100, China; 15776507482@163.com
*  Correspondence: gexykj@126.com; Tel.: +86-13836962331

Abstract: Industrial hemp has significant utilization value, and China is the largest pro-
ducer of industrial hemp in the world, primarily growing hemp for fiber. Heilongjiang
Province is the largest area of hemp fiber cultivation in China. In response to issues such as
inconsistent operating standards, low efficiency, and poor harvesting quality of industrial
hemp harvesters in China, this study integrates the mechanical properties of the “Hanma
5” hemp stalk and applies cutting platform design theory to analyze and optimize the key
components of existing hemp harvesters, aiming to obtain optimal operational parameters.
First, by analyzing the motion laws of the cutting blade and the regression equations of
shear power consumption and shear force, the relationship between cutting speed and time
is established, and the cutting and conveying parameter ranges are derived, providing the
basis for subsequent simulation analysis and field validation. Next, dynamic simulation
analysis of the key components of the domestic 4GM-2.2 industrial hemp harvester for
fiber is conducted using ADAMS and Workbench. The conveyor speed values and corre-
sponding chain drive combinations under different conveyor speed ratios are obtained.
Field experiments validated the optimal combination of key operational parameters for
the industrial hemp harvester as follows: forward speed of 2.1 m/s, cutting speed of
2.5 m/s, conveyor speed ratio of 2.2, coefficient of variation for the laying angle of 6.88%,
coefficient of variation for the laying thickness of 4.11%, and cutting height of 10.4 cm.
Under the optimal operational parameter combination, the re-cut rate was 8.4%, with no
missed cutting observed. This paper provides technical references for exploring the optimal
operational parameters of industrial hemp harvesters for fiber to achieve high-quality
harvesting operations.

Keywords: industrial hemp; harvesting and drying machine; best operating parameters;
performance experiment

1. Introduction

Industrial hemp has significant utilization value, and China is the largest producer of
industrial hemp in the world, primarily growing hemp for fiber. Heilongjiang Province
is the largest area of fiber hemp cultivation in China, accounting for over 60% of the total
cultivation area in the country [1-4]. Before the large-scale cultivation of fiber hemp in
China, flax was the main fiber crop [5-8], with mature flax typically growing to a height
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between 0.8 and 1.2 m. In contrast, mature fiber hemp generally grows above 2 m, with
some varieties reaching 3 to 5 m, or even up to 6 m. Additionally, the stalk diameter and
hardness of hemp are larger than those of flax, leading to significant differences in plant
characteristics. While flax is harvested by pulling, fiber hemp is harvested through cutting
and drying operations. Therefore, flax harvesting machinery is not suitable for harvesting
fiber hemp.

The development of industrial hemp harvesters began earlier abroad, with a high
level of mechanization. There are various types of machinery used for harvesting in-
dustrial hemp, including those for harvesting stalks, leaves, flower seeds, and stem
seeds. These machines feature good cutting performance, long operational life, and
stable structures [9-11]. The industrial hemp harvester developed by the Polish Institute
of Natural Fibers and Medicinal Plants adopts a tractor-mounted side-rear cutting mech-
anism. After cutting, the stalks are output sideways and cross-laid on the ground for
subsequent collection and bundling, entering the fiber stripping process. Companies
such as Czech Tebeco, John Deere in the United States, and the University of Manitoba
in Canada [12,13] have also developed industrial hemp harvesters. However, these
machines require a high level of land leveling and have low adaptability to lodging
and tilted crops. Additionally, many foreign industrial hemp harvesters use segmented
harvesting, and the fibers obtained are difficult to use in the long textile industry. The
equipment is expensive and not suitable for China’s cultivation model [14,15]. China’s
research and development of fiber hemp harvesters started late, with limited investment
and slow progress, resulting in low mechanization, limited variety, and small quan-
tities [16-18]. The 4GS-2880 industrial hemp harvester developed by Cao Yongquan
et al. [19] is suitable for large-scale harvesting of hemp, reed, and other crops, with
an efficiency of 1 to 1.3 hm?/h and a speed of 5 to 5.5 km/h. Features include high
strength, wear resistance, and long service life; an adaptive mechanism for adjusting
the cutting height; and a low-stubble device that can lower the cutting height to 6 cm.
Zhu Hao et al. [20] developed a fiber hemp harvester and provided a detailed intro-
duction to its working principles, structure, and components. Gong Yanfeng et al. [21]
developed the 4GL-285 industrial hemp harvester tailored to the current situation in
Heilongjiang, with a speed range of 8 to 10 km/h. Field experiments showed that the
harvester has strong adaptability, wide working width, meets harvesting requirements,
improves efficiency, resolves compaction issues, and facilitates subsequent mechanized
operations. The domestically developed industrial hemp harvesters partially address the
harvesting requirements of hemp, but the lack of unified harvesting standards leads to
low operational efficiency and poor work quality. Moreover, during the design process,
the unique characteristics and agronomic requirements of fiber hemp were not fully
considered, leading to difficulties in cutting when harvesting fiber hemp.

To address the above issues, this study uses the “Hanma 5” variety as the experimental
model, based on the prototype structural parameters, theoretical analysis, existing agro-
nomic requirements, and relevant national standards. Combining the values obtained from
the laboratory experiments on fiber hemp, numerical simulation analysis is performed to
obtain the operational parameters that meet practical needs, which are then verified in the
field. The optimal combination of operational parameters is ultimately determined, aiming
to provide a reference for improving the operational quality of industrial hemp harvesters.

2. Materials and Methods
2.1. Study on the Mechanical Properties of Industrial Hemp Stems

The mechanical properties of fiber hemp stems are a critical factor in optimizing
operational parameters and simulation analysis of key components. They can provide
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the relationship between cutting power consumption, cutting speed, cutting force, cut-
ting time, and stem moisture content, serving as the basis for subsequent dynamic
simulation analysis.

2.1.1. Experimental Materials and Instruments

The selected variety of fiber hemp in this study is “Hanma No. 5”. The selection
criteria include uniform stem wall thickness, consistent upper and lower diameters, and
absence of diseases, pests, and damage. Since the machine’s cutting height is set at 10 cm, a
20 cm section of the stem, starting from the root, is selected as the test sample and stored in
a sealed bag for preservation. Measurements from the experiment show that the average
external and internal diameters at the plant’s cutting point are 8 mm and 5 mm, respectively;
the maximum values are 10 mm and 7 mm, and the minimum values are 5 mm and 2 mm.
In this experiment, the Keet-MS100 grain moisture meter is used to measure the moisture
content, and the CTM-2050 micro-controlled electronic universal material testing machine
is used for the mechanical property analysis of the hemp stems, as shown in Figure 1.

Figure 1. CTM-2050 micro-controlled electronic universal testing machine.

2.1.2. Moisture Content Determination

The moisture content of a material refers to the percentage of the mass of water in the
material relative to the total mass of the material. Its calculation formula is

M; — M
1

M = -100% (1)

In the equation, M represents moisture content of fiber hemp stems (%), M; represents
pre-drying mass of fiber hemp stems (g), and M, is the post-drying mass of fiber hemp
stems (g).

2.1.3. Shear Mechanical Property Testing Study

To ensure that the shear mechanical property test closely matches actual operations, the
width of the cutting blade in this experiment is only increased to better secure it on the test
bench, while the blade dimensions and material are consistent with those used in practice.
During the test, the shear speed was adjusted to 5 mm/s, 7 mm/s, 9 mm/s, 11 mm/s, and
13 mm/s, with stem moisture contents of 35.86%, 37.53%, 39.20%, 40.87%, and 42.54%. Shear
tests were conducted on stems with maximum, minimum, and average diameters, and shear
force data were collected. Shear power consumption refers to the energy consumed by the
shear force during the cutting process in performing work on the material. It reflects the
energy consumption and efficiency of the shear process. Shear force refers to the force that
causes the stalk to undergo shear deformation. Shear speed refers to the movement speed
of the cutting blade relative to the crop stalk, which is an important indicator of the cutting
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efficiency and capability of the blade. The relationship between shear power consumption,
shear force, shear speed, and shear time is shown in Equation (2).

W=F vt )

In the equation, W represents shear power consumption (J), F represents shear force
(N), v represents shear speed (cm/s), and ¢ is shear time (s).

The results of the shear mechanical property tests for the fiber-type industrial hemp
stems are shown in Table 1. The analysis focuses on the variation in shear power consumption,
shear speed, shear time, and shear force with respect to stem diameter, and the relationship of
shear force with shear speed, stem diameter, and stem moisture content [22-25].

Table 1. Shear mechanical property test results of stems.

Shear Speed Stem Diameter Stem Moisture Shear Force Energy Time

(mm/s) (mm) Content (%) (N) ()] (s)
10 35.86 100.5 1.01 2.35

10 37.53 106.2 1.06 247

10 39.20 109 1.09 2.65

10 40.87 116.8 1.17 2.76

10 42.54 122.2 1.22 2.88

8 35.86 91.2 0.73 1.86

8 37.53 95.1 0.76 1.98

5 8 39.20 100.7 0.81 2.13
8 40.87 103.9 0.83 2.27

8 42.54 109.5 0.88 241

5 35.86 84.5 0.42 1.17

5 37.53 88.1 0.44 1.29

5 39.20 90.1 0.45 1.44

5 40.87 95.9 0.48 1.59

5 42.54 101.1 0.51 1.78

10 35.86 96.3 0.96 1.65

10 37.53 100.9 1.01 1.79

10 39.2 106 1.06 1.94

10 40.87 111.9 1.12 2.21

10 42.54 118.1 1.18 2.57

8 35.86 84.1 0.67 1.33

8 37.53 87.3 0.70 1.58

7 8 39.2 91.5 0.73 1.71
8 40.87 95.4 0.76 1.83

8 42.54 100.3 0.80 1.98

5 35.86 745 0.37 1.13

5 37.53 79.5 0.40 0.86

5 39.2 81.3 0.41 0.94

5 40.87 86 0.43 1.14

5 42.54 92.3 0.46 1.39
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Table 1. Cont.

Shear Speed Stem Diameter Stem Moisture Shear Force Energy Time
(mm/s) (mm) Content (%) (N) (1)) (s)
10 35.86 87.7 0.88 1.35
10 37.53 92.9 0.93 1.47
10 39.2 96.5 0.97 1.65
10 40.87 101.8 1.02 1.77
10 42.54 110.4 1.10 1.96
8 35.86 76.5 0.61 0.94
8 37.53 80 0.64 1.08
9 8 39.2 94.1 0.75 1.21
8 40.87 95.4 0.76 1.46
8 42.54 98.52 0.79 1.51
5 35.86 66.6 0.33 0.66
5 37.53 719 0.36 0.74
5 39.2 75 0.38 0.86
5 40.87 79.1 0.40 0.91
5 42.54 85 0.43 1.04
10 35.86 79.1 0.79 0.95
10 37.53 84.9 0.85 1.07
10 39.2 914 0.91 1.16
10 40.87 96.7 0.97 1.28
10 42.54 101.3 1.01 1.43
8 35.86 68.7 0.55 0.85
8 37.53 79.73 0.64 0.96
11 8 39.2 78.3 0.63 1.11
8 40.87 83.3 0.67 1.32
8 42.54 88 0.70 1.45
5 35.86 57.5 0.29 0.51
5 37.53 65.1 0.33 0.67
5 39.2 68.9 0.34 0.78
5 40.87 76 0.38 0.84
5 42.54 77.8 0.39 0.97
10 35.86 68.8 0.69 0.81
10 37.53 725 0.73 0.92
10 39.2 78.3 0.78 1.01
10 40.87 82 0.82 1.17
10 42.54 86.8 0.87 1.35
8 35.86 63.3 0.51 0.69
8 37.53 67 0.54 0.74
13 8 39.2 69.6 0.56 0.85
8 40.87 74 0.59 0.96
8 42.54 79.5 0.64 1.10
5 35.86 50.37 0.25 0.45
5 37.53 66 0.33 0.51
5 39.2 66.6 0.33 0.67
5 40.87 69.9 0.35 0.79
5 42.54 80.45 0.40 0.92
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2.2. Analysis and Simulation of Key Component Operational Parameters of the Harvesting
Platform for Industrial Hemp Swathers

This section uses the previously derived regression equations for stalk cutting power
consumption and cutting force as numerical references for theoretical calculations. By
incorporating the theory of vertical cutting and conveying systems, it determines the range
values for cutting speed, forward speed, and conveying speed that align with both practical
operations and theoretical calculations. These values will serve as a basis for subsequent
dynamic simulation analysis and field experiments.

2.2.1. Overall Machine Structure and Working Principle

The overall machine can be divided into four major components: the cutting mecha-
nism, conveying mechanism, plant lifting mechanism, and power transmission mechanism.
The cutting mechanism consists of a cutter and a drive device, with the reciprocating
cutter driven by a crank-slider mechanism to cut the fiber hemp plants. The conveying
mechanism is composed of a conveyor belt, driving wheels, and idler wheels, responsible
for transporting the cut plants to the ground. The plant lifting mechanism consists of a
lifting device and a spring tape, responsible for guiding the hemp plants to the conveyor
belt and lifting the lodged plants. The power transmission mechanism is composed of a
drive shaft, gearbox, and chain drive, responsible for transmitting power and maintaining
the normal operation of the machine.

The fiber hemp harvesting machine is based on a vertical cutting platform, and its
working principle is as follows: The gearbox receives power from the tractor through
the power output shaft and transmits it to the drive device of the cutting mechanism via
the drive shaft, which powers the small sprocket and chain drive. The drive mechanism
powers the cutter to complete the cutting operation. The small chain transmits power to
the large sprocket and drive shaft, which drives the conveyor belt and idler shaft to move
in a fixed direction, completing the conveying operation. The fiber hemp plants are guided
by the lifting device to the front of the frame, and then held tightly against the machine by
the spring tape to complete the plant lifting operation. A schematic diagram of the whole
machine is shown in Figure 2.

Figure 2. Schematic diagram of the entire machine.

2.2.2. Analysis of the Operating Parameters of the Cutting Components

(1) Analysis of the cutter movement

The cutter adopts a reciprocating cutter, which is characterized by a simple structure, a
large lateral working width, and a small longitudinal space occupation, making it suitable
for high-speed cutting operations in the reaping and drying machine. The drive mechanism
uses a crank-link mechanism, known for its simple and compact structure, as well as high
transmission efficiency. The analysis of the cutter’s motion characteristics directly affects
the cutting performance. Its motion mode is reciprocating lateral movement, characterized
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by intermittency. Therefore, by analyzing the motion characteristics and determining the
relationship between displacement and velocity, it provides a basis for determining the
relationship between cutting speed and forward speed. Figure 3 illustrates the motion
analysis of the cutter.

X D

— -

Figure 3. Diagram of cutter movement analysis.
The relationship between the cutter speed and displacement is shown in Equation (3):

2 2
X Vi

2t aa=1 ©)

In the equation, x represents cutter displacement(m), r represents crank radius (mm),
Vy represents cutter speed (m/s), and w is the crank angular velocity(rad/s).

This equation is an ellipse equation, indicating that the speed at any point on the cutter
changes according to the elliptical variation law. Therefore, when x = 0, i.e., when a point
on the cutter edge is at the midpoint positions C or D, the speed V reaches its maximum
value, /30 x 1073 (m/s). When x = +r, i.e., when a point on the cutter edge is at the
two extreme positions E or F, the speed V reaches its minimum value, 0 m/s. As noted
above, the cutter speed is variable, so the average cutter speed V), is taken as the cutting

speed, i.e.,
Vp:§x10_3:%x10_3:%x10_3 )
In the equation, V), represents average cutter speed(m/s), S represents cutter cutting
stroke (mm), t represents time required for the cutter to complete one cutting stroke (s), r
represents crank radius (mm), and 7 is the crank speed (r/min).
The cutting stroke is an important parameter for analyzing the cutter speed and cutting
profile. Its value is generally the same as the width of the moving blade’s edge. In this

experimental prototype, the value is 50 mm.
(2) Cutter Cutting Diagram

The cutter’s motion relative to the machine is a reciprocating lateral movement. How-
ever, relative to the ground, it is the combination of the reciprocating lateral movement and
the straight-line forward movement. Therefore, the cutter’s trajectory is determined by
both the cutting speed V), and the forward speed V,,, generally represented by the cutter
advance distance H:

H=V, t= x 1073 (5)

30V,
n
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Solving with Equation (4) yields
H S 30x1073
== ©)
Vin Vp n
The cutter-to-machine speed ratio B is used to represent this relationship, i.e.,
V, S
4
= — = — 7
b= =& )

B has a significant impact on cutting quality, so determining the relationship between
Vp and Vy, by specifying B is crucial. Typically, the cutting profile is plotted to obtain the
motion trajectory of the moving blade, analyze the cutter’s motion pattern, and determine
the B value. According to the Agricultural Machinery Design Handbook [26], the reasonable
range for j3 is generally between 0.8 and 1.2. However, due to the high planting density of
industrial hemp for fiber use, the B value range is set between 1 and 1.2. Figure 4 shows
the cutting profile when B is set to 1.

Figure 4. Cutter cutting profile when = 1.

(38) Theoretical Analysis of Cutting Speed

As mentioned above, the loading speed in the laboratory shear mechanics tests is far
from the actual field working speed, but the work consumed to cut a single stalk is the
same. Therefore, power consumption is used as the research focus to calculate the cutting
speed of a single stalk during actual field operations.

W = —0.479105 + 0.001628X; + 0.080724X, + 0.192X5 + 0.007551 X, (8)

In the equation, W represents cutting power consumption (J), X; represents cutting
speed (m/s), X, represents stalk diameter (mm), X3 represents cutting time (s), and X4 is
stalk moisture content (%).

From the experimental data above, it can be seen that when the cutting speed is
0.5 cm/s, the stalk diameter is 10 mm, the moisture content is 42.54%, the cutting time is
2.88 s, the cutting force is 122.20 N, and the power consumption reaches its maximum value
of 1.22 J. When the cutting speed is 13 mm/s, the stalk diameter is 5 mm, the moisture
content is 35.86%, the cutting time is 0.45 s, the cutting force is 50.37 N, and the power
consumption reaches its minimum value of 0.25 J. Equations (9) and (10) represent the
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relationships between cutting time and cutting speed when the power consumption is at
its maximum and minimum values, respectively:

Winax = 0.64935454 +- 0.001628V + 0.192t = 1.22 )

Winin = 0.19529386 + 0.001628V + 0.192¢t = 0.25 (10)

In the equation, W,y represents maximum power consumption (J), W,,;, represents
minimum power consumption (J), V represents cutting speed (m/s), and t is the cutting
time (s).

Through field measurements, the average planting density of industrial hemp for fiber
use in Zhenxiang Town is 347 plants/m?, with a row spacing of 10 cm, resulting in an
average plant spacing of 34.7 plants/m. To ensure that each plant can be cut smoothly, the
average time for cutting plants in 1 s under different forward speeds was calculated, and
this time was substituted into the equation to obtain the cutting speed. Considering the poor
uniformity of plant spacing in industrial hemp for fiber use, an increment of less than 20%
was added to the calculated cutting speed to determine the theoretical maximum cutting
speed. When the maximum forward speed is 3.8 m/s, under this condition, 132 plants are
cut, with a cutting time of 0.0076 s per plant. The cutting speed is calculated as 3.5 m/s,
and a 14% increase brings it to 4.0 m/s. The minimum forward speed is 0.3 m/s, with
11 plants cut, and the cutting time per plant is 0.0909 s. The cutting speed is calculated as
0.3 m/s, and a 17% increase gives the minimum cutting speed as 0.35 m/s. Therefore, the
cutting speed range is obtained as 0.35-4.0 m/s, corresponding to a forward speed range of
0.3-3.8m/s.

(4) Cutting Speed Diagram

As shown in Figure 5, according to field operations, when the crank speed n is less
than 600 r/min, cutting difficulties occur. Therefore, the minimum speed is set to 700 r/min.
When the crank speed n exceeds 1400 r/min, severe vibration occurs on the cutting platform,
so the maximum speed is set to 1300 r/min. Therefore, using Equation (11), the cutting
speed range is calculated to be 1.9-3.7 m/s, and the forward speed range is 1.7-3.5 m/s.

V, =27 x10"%n (11)

1 ' 2
Figure 5. Prototype cutting speed diagram.

2.3. Analysis of Conveying Component Operating Parameters
2.3.1. Conditions for No Clogging During Plant Conveying

During the operation of the harvesting machine, it is essential to ensure that the
conveyor belt’s delivery volume is no less than the cutting volume. Otherwise, the conveyor
will accumulate too many plants, causing a blockage, which could damage the machine
in severe cases [27,28]. The delivery volume depends on the conveyor speed (V;), and the
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cutting volume depends on the forward speed (V). Therefore, this study introduces the
conveyor speed ratio (A) to express the conveyor speed, as shown in Equation (12).

BV

A= T

(12)

In the equation, A represents conveyor speed ratio, Vs represents conveyor speed
(m/s), Vi, represents cutting speed (m/s), B represents cutting width (m), /& represents
conveyor finger length (m), and k is the stalk accumulation coefficient.

The stalk accumulation coefficient refers to the ratio of the accumulated area in front
and behind a unit number of harvested fiber hemp plants. After calculation, the result is
36.69. Other parameters include a cutting width B of 2.2 m and a conveyor finger length h
of 0.04 m. The final result yields a conveyor speed ratio A > 1.5.

2.3.2. Analysis of Plant Falling Process

The falling process of the plant after it is conveyed to the discharge point is a key
factor in determining the uniformity of the laying process [29,30]. When analyzing the
falling process of a single plant, without considering the connecting force between adjacent
plants, it can be seen that when the plant is still upright and about to fall, it is influenced
by the speed in the machine’s forward direction (V};), the conveyor’s transport direction
speed (V;), the speed of the plant guide in the transport direction (Vj), and the speed of
the plant guide in the forward direction (V). The angle between the conveyor speed (V&)
and the transport direction is 8, as shown in Figure 6.

Figure 6. Schematic diagram of the speed of fiber hemp plants before falling.

The actual falling speed of the plant is shown in Equations (13)—(15):

Vax = Vpysind + Vi (13)
Vay = Vy, sinf + Vs (14)
Vo =gh (15)

In the equations, Vy represents the forward direction component of the plant’s falling
speed (m/s), V,, represents the conveyor direction component of the plant’s falling speed
(m/s), V, represents the actual falling speed of the plant in the falling direction (m/s), g
represents gravitational acceleration (m/s?), and t is the time it takes for the bottom of the
plant to hit the ground during the falling process (s).
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When an object falls from an upright position, it generally undergoes a rotational
motion around a fixed axis. Assuming that the plant does not bounce after landing and
performs rotational motion around a fixed axis upon landing, the schematic diagram is
shown in Figure 7.

Y

Figure 7. Schematic diagram of fixed-axis rotational motion during the falling process of industrial
hemp plants.

During the plant’s falling process, the plant’s gravitational potential energy is con-
verted into kinetic energy. According to Figure 7 and the law of conservation of energy, the
energy change in the plant during fixed-axis rotation is given by

%]sz = mghg sina + %m(Vazx + Vazy) (16)
In the equation, ], represents the moment of inertia of the plant (kg x m?), w represents
the angular velocity of the plant during fixed-axis rotation (rad/s), m represents the mass
of the plant (kg), h, represents the height of the plant’s center of mass (m/s?), and « is the
laying angle of the plant (°).
The laying angle is related to the velocity component in the direction of the conveyor
during the plant’s fall, so Equation (17) can be derived as follows:

Vayt

« = arctan
hg

(17)

According to Equations (13) and (16), when the forward speed V), increases, the plant
falls in the forward direction, the angle « increases, and sin(«) decreases, leading to a
smaller laying angle, which affects the laying quality. Therefore, the forward speed should
not be too high.

According to Equations (14) and (16), when the conveyor speed V; increases, the plant
falls towards the conveyor speed and the angle « decreases. Based on the characteristics of
the cosine function, when the angle is between 0° and 90°, the sine value and the angle show
an inverse correlation. Therefore, it is difficult to determine the change in V. According
to Equations (14) and (17), an increase in V; leads to an increase in V,y and a decrease in
ty. To maintain an ideal laying angle, the conveyor speed should be moderate, avoiding
values that are too high or too low.

2.3.3. Final Conveyor Speed Analysis

In summary, the minimum value of the conveyor speed ratio is found to be 1.5. How-
ever, due to the high and uneven planting density of industrial hemp, and the possibility
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of belt or tire slippage when operating in rainy or other harsh conditions, this value re-
quires further consideration. Based on field tests, it was observed that when the conveyor
speed ratio falls below 1.7 or exceeds 2.6, the laying angle increases abruptly. There-
fore, the minimum and maximum values for the conveyor speed ratio are set at 1.9 and
2.5, respectively.

2.4. Simulation Analysis of the Cutting Platform of the Industrial Hemp Harvester
2.4.1. Overall Machine Modeling

This design uses UG for 3D modeling of the entire machine, as shown in Figure 8.

Model building

Figure 8. Three-dimensional model of the complete machine. In the figure, 1 represents the chain
drive, 2 represents the drive shaft, 3 represents the driving mechanism, 4 represents the conveyor
belt, 5 represents the frame, 6 represents the driven wheel, 7 represents the plant support plate,
8 represents the star wheel, 9 represents the cutter, and 10 is the driver shaft.

In the figure, the drive shaft 2 is located at the gearbox installation point. According
to the working principle, the gearbox is responsible for driving the drive shaft, which in
turn drives the entire machine. Since modeling the gearbox is relatively complicated, the
rotation of drive shaft 2 is defined as the driving component for the whole machine. The
chain drive 1 can be created as a standard and complete system in ADAMS 2018. However,
modeling the chain and sprocket in UG 10.0 is similarly complex, so they have not been
modeled. The drive shaft 10 consists of a shaft body and a protective casing. To simplify
modeling and simulation, they have been combined into one component.

2.4.2. Simulation Analysis of the Industrial Hemp Plant Cutting Process

This section uses the Explicit Dynamics module in Workbench 19.0 to perform a
dynamic analysis of the cutting operation. Explicit dynamics can analyze the stress changes
in the impacted model when subjected to load or velocity impacts, which can cover most
impact, cutting, and shear scenarios [31,32]. The preprocessing steps for simulation running
using the software are shown in Figure 9. Figure 10 shows the material properties of

industrial hemp plants.

ES0E-07 P
om0t Fa

Contact surface and target surface

Define material properties Grid division )
setting

Figure 9. Preprocessing steps before simulation run.
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2 A Material Field Variables [ Table

3 %@ Density 400 kg m~-3
4 |@ %4 Orthotropic Elasticity

5 Young's Modulus X direction | 1.034E+07 | Pa
6 Young's Modulus Y direction | 1.034E+07 | Pa
7 Young's Modulus Z direction | 3.2092E+08 | Pa
8 Poisson's Ratio XY 0.3

9 Poisson's Ratio YZ 0.0415
10 Poisson's Ratio XZ 0.0415
11 Shear Modulus XY 3.09E+06 Pa
12 Shear Modulus YZ 6.902E+07 | Pa
13 Shear Modulus XZ 6.902E+07 | Pa

Figure 10. Material properties of industrial cannabis plants.

Mesh division is critical for simulation accuracy. The plant, as a flexible body, should
have a mesh density of 1 mm, while the blade, as the cutting body, should be defined as a
rigid body with a smaller mesh density. The number of nodes generated is 17,854, and the
number of elements is 12,097. From the previous text, the average cutting time for a single
plant at cutting speeds of 1.9 m/s and 3.7 m/s is 0.0169 s and 0.0078 s, respectively, which
are used as the simulation stop times.

Running the simulation, the stress maps of the cutting model at 1.9 m/s, 2.5 m/s, and
3.7 m/s can be obtained, as shown in Figures 11-13. Analyzing the stress maps of the
cutting model reveals that when the cutting speed is 2.5 m/s, the blade can just completely
cut the plant, and the blade’s travel distance is moderate. Stress is only high at the cutting
point, while stress is small and uniform at other positions, indicating that at this speed, the
damage to the plant is minimal, maintaining its integrity.

0100 m)

Figure 12. Stress map of the cutting model at a cutting speed of 2.5 m/s.
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Figure 13. Stress map of the cutting model at a cutting speed of 3.7 m/s.

2.4.3. Simulation Analysis of the Hemp Plant Transportation Process

In simulating the transportation process of hemp plants, the first step is to establish
the flexibility model for the conveyor belt. Simulation software such as ADAMS 2018 has
a flexible treatment module, but it is primarily used for analyzing rigid deformation and
natural frequencies. Compared to previous studies, this research proposes decomposing
the conveyor belt into small segments, connecting them with rotational pairs to simulate its
motion and achieve flexible modeling. The length of each segment is set to 21 mm, and there
are four types: straight edge and curved edge, with or without fingers. Transitional blocks
are added to ensure precise assembly. The assembled conveyor belt consists of various
segments. To prevent blocks with the same name in ADAMS from being recognized as the
same component, the names are replaced after assembly. Figure 14 shows the model of the
assembled conveyor belt.

Figure 14. The assembled conveyor belt model.

In ADAMS 2018, the revolute joint needs to be applied to specific marker points. In
this study, the revolute joint is required to be placed at the center of the common edge
between two small blocks. Therefore, a circular passage is reserved during modeling to
add the marker points, ensuring that the center of mass position is not affected, as shown
in Figure 15.

Figure 15. A schematic representation of the circular pathway.

Next, a chain drive system needs to be created and model constraints applied. The
fiber industrial hemp reaper has four conveyor belts, each of which is wound around
the drive shaft and driven shaft at the same shaft diameter and operates synchronously.
Therefore, all four conveyor belts move at the same speed. In this study, only the speed
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variation of one conveyor belt is analyzed. This paper uses the built-in module of ADAMS
2018 to create a complete chain drive system, as shown in Figure 16.

ST
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Figure 16. Chain drive system.

The main types of kinematic pairs applied in the model are rotational pairs, transla-
tional pairs, and fixed pairs, which are used to simulate the movement of the conveyor
belt and cutting mechanism, as well as to fix the entire machine. The specific locations and
quantities of these pairs are shown in Table 2.

Table 2. Motion pairs imposed by the model.

Name of Kinematic Pairs Application Location Number of Applications

Transmission shaft and frame 1
Revolute joint Crank and connecting rod 1
Connecting rod and moving blade 1
Driving shaft and frame 1
Driven shaft and frame 1
Translational joint Every tm(; icCH\ avc:}rilct)rsig?ents of 1

Moving blade and fixed blade 218
Frame and ground 1
Prismatic joint Transmission shaft and crank 1
Fixed knife and frame 1

This paper mainly studies the optimal operating parameters for the fiber hemp har-
vester, which are primarily influenced by the forward speed, cutting speed, and conveyor
speed ratio. The forward speed and cutting speed can be controlled by the tractor, whereas
adjusting the conveyor speed ratio is cumbersome and requires changes to the chain drive
system. Therefore, this chapter uses ADAMS 2018 to establish a rigid—flexible coupling
model for the fiber hemp harvester, exploring the speed variation of the flexible con-
veyor belt under different chain drives to determine the optimal combination of operat-
ing parameters.

(1) Conveyor Motion Simulation and Analysis

As mentioned above, the conveyor belt is composed of several small pieces. Therefore,
by measuring the speed of any individual piece, the conveyor speed can be obtained, which
in turn allows for the calculation of the corresponding conveyor speed ratio. The speed
curve of any one piece is shown in Figure 17.
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Figure 17. Conveyor belt speed diagram.

Figure 16 shows that when the number of teeth on the sprocket is 15 or 25 and the
cutting speed is 2.5 m/s, the speed of the small blocks on the conveyor belt represents
the conveyor speed. After stabilization, the conveyor speed is 5.3 m/s with an error of
£0.1 m/s. The error arises from the expansion of the conveyor belt due to the movement
of the small blocks in the simulation, with centroid deviation leading to curve errors.

(2) Determine the range of actual operating parameters.

We tested the following forward speeds to determine whether they can achieve the
conveyor speed ratio under theoretical conditions, and provided a range of values for the
influencing factors in the single-factor experiment, as shown in Table 3 for the conveying
speed ratio under different speed conditions.

Table 3. Conveyor speed ratio under different speed conditions.

Experiment Forward Speed Pgl‘:; z g;:g;t Cutting Speed Convey0¥ Speed
Number (m/s) (t/min) (m/s) Ratio
1 15 900 1.7 24
2 17 1100 1.9 2.4
3 19 1200 2.1 2.2
4 2.1 1300 2.3 23
5 2.3 1400 2.5 2.3
6 2.5 1500 2.7 23
7 2.7 1600 29 2.3
8 2.9 1700 3.1 2.3
9 3.1 1800 3.3 2.4
10 3.3 1900 35 2.3
11 35 2000 3.7 2.4
3. Results

3.1. Results and Analysis of Multi-Factor Orthogonal Experiment

SPSS 21.0 was used to construct a linear regression equation for shear power con-
sumption and shear force with stem diameter, shear speed, shear time, and stem moisture
content, providing a basis for dynamic simulation analysis. The significance analysis of the
relationships between shear power consumption and stem diameter, shear speed, shear
time, and stem moisture content is shown in Table 4, and the fitted equation is presented as
Equation (18).
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Table 4. Fitted equation coefficients.
Unstandardized Coefficients Stander.dlzed L
Coefficients T-Value Significance
B Standard Error Beta
Constant 0.046 0.094 0.488 0.62701
Shear Force 0.021 0.001 1.209 17.569 0.00016
Shear Speed 0.760 0.031 0.829 24.397 0.00036
Shear Time 0.192 0.029 0.430 6.646 0.00028
Stem Moisture ~0.054 0.003 ~0.493 —17.747 0.00024
Content
The fitting equation is
Z = 0.046 + 0.021 X7 + 0.760X, 4+ 0.192X3 — 0.054 X4 (18)

In the equation, Z represents the shearing energy consumption of hemp stalks (J), X;
represents shear force (N), X, represents shear speed (cm/s), X3 represents shear time (s),
and X, is stem moisture content (%).

As shown in Table 2, the order of significance for the factors affecting the variation in
stem shearing energy consumption is shear speed > shear time > stem moisture content >
shear force. All factors have a highly significant impact on the shearing energy consumption
of the hemp stalk.

Similarly, a mathematical model is constructed for the shear force in relation to stem
diameter, shear speed, shear time, and stem moisture content, as expressed in Equation (19).

Z = —25.005 — 36.268X; + 3.844X, +2.931X3 (19)

In the equation, Z represents the shear force of fiber hemp stems (N), X; represents
shear speed (cm/s), X, represents stem diameter (mm), and X3 is the stem moisture
content (%).

From the significance analysis, it is evident that the order of significance for the factors
influencing the variation in stem shear force is as follows: shear speed > stem diameter
> stem moisture content. All of the factors have a highly significant impact on stem
shear force.

Overall, the linear regression equations derived in this section regarding the shear
mechanical properties of fiber hemp stems can, to a certain extent, effectively describe the
linear dependency between the dependent and independent variables. The mathematical
models thus have significant practical value.

3.2. Validation Test of Operating Parameters for the Industrial Hemp Harvester’s Cutter Bar

This section is based on the previous research conclusions and conducts field valida-
tion experiments in Zhenxiang Town, Qingan County, Suhua City, Heilongjiang Province.
The variety selected is “Hanma No. 5”, with a plant moisture content of 48.37%. Field
experiments with single-factor and multi-factor designs are carried out to optimize and
validate the operational performance of the fiber-specific industrial hemp harvester. As
relevant standards for fiber-specific industrial hemp harvesting operations have not yet
been established in China, this experiment uses the general national standards for harvest-
ing machines, JB/T7733-2007, JB/T8097-2008, and DG/T111-2019, as the main reference
basis [33]. The plant laying angle, laying thickness, and cutting height are proposed as
evaluation criteria, while forward speed, cutting speed, and conveyor speed ratio are con-
sidered as influencing factors for the field validation experiments. Based on the previous
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section, the forward speeds are selected as 2.1 m/s, 2.3 m/s, 2.5 m/s, and 2.7 m/s; the
suitable cutting speeds are 2.3 m/s, 2.5 m/s, 2.7 m/s, and 2.9 m/s; and the conveyor speed
ratios are 1.9, 2.1, 2.3, and 2.5.

3.2.1. Single-Factor Experiment on Forward Speed

With the cutting speed controlled at 2.5 m/s and the conveyor speed ratio set to 2.1,
four levels of forward speed were selected for the performance test. The test results are
shown in Table 5, and the fitted curve is shown in Figure 17.

Table 5. Results of the single-factor experiment on forward speed.

Experiment Forward Number of Laying Angle L.a ymng Cutting
Number Speed (mfs) ceth on the C.Vy (%) Thickness Height (cm)
Large Sprocket e C.V; (%)
1 2.1 30 8.94 3.29 10.3
2 2.3 27 9.27 4.46 10.4
3 2.5 25 10.57 5.96 10.8
4 2.7 23 11.91 6.41 11.3

Analysis of Figure 18 shows that forward speed has a significant impact on the
coefficient of variation of the laying angle and laying thickness, as well as on cutting height.
This indicates that forward speed greatly influences the machine’s operational performance.
When the forward speed is 2.7 m/s, the coefficients of variation for the laying angle and
laying thickness, as well as the cutting height, reach their maximum values, which are
11.91%, 6.41%, and 11.3 cm, respectively. Therefore, the forward speed range is set as 2.1 to
2.5m/s.

—m— Laying Angle ) )
—+— Laying Thickness n.ar —8— Cutting Height
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a) Relationship Curve between Forward Speed, Laying An- (b) Relationship Curve between Forward Speed and
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Figure 18. Relationship curve between forward speed and evaluation indicators.

3.2.2. Single-Factor Experiment on Cutting Speed

With the forward speed controlled at 2.3 m/s and the conveyor speed ratio set to 2.1,
four levels of cutting speed were selected for the performance test. The test results are
shown in Table 6, and the fitted curve is shown in Figure 17.

Analysis of Figure 19 shows that the coefficient of variation for the laying angle and
thickness decreases and then increases with increasing cutting speed. The minimum values
occur at 2.5 m/s (9.27%, 4.46%), and the maximum values occur at 2.9 m/s (11.33%, 6.39%).
The cutting height decreases with increasing speed, with the minimum value at 2.9 m/s
being 10.1 cm and the maximum value at 2.3 m/s being 10.7 cm. The reasons for this are
as follows: at low speeds, cutting is difficult, affecting the uniformity of the laying; as
speed increases, the propulsion effect weakens, and uniformity improves. However, at
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excessively high speeds, repeated cutting causes angle variations, which negatively affect
uniformity. At low speeds, the plants tilt forward, resulting in a higher cutting height.
As speed increases, the plants become more upright, and the cutting height decreases.
Therefore, the cutting speed range is set as 2.3 to 2.7 m/s.

Table 6. Results of the single-factor experiment on cutting speed.

Experiment Cutting Speed Number of Laying Angle L.a ymng Cutting
Number (m/s) Teeth on the C.V: (%) Thickness Height (cm)
Large Sprocket C.V; (%)
1 2.3 24 10.83 4.88 10.7
2 2.5 27 9.27 4.46 10.4
3 2.7 29 10.13 5.15 10.2
4 2.9 32 11.33 6.39 10.1
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—e— Laying Thickness
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(a) Relationship Curve between Cutting Speed, Laying Angle, and
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Figure 19. Relationship curve between cutting speed and evaluation indicators.
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3.2.3. Single-Factor Experiment on Conveyor Speed Ratio

With the forward speed controlled at 2.3 m/s and the cutting speed set to 2.5 m/s,
four levels of conveyor speed ratio were selected for the performance test. The test results

are shown in Table 7, and the fitted curve is shown in Figure 18.

Table 7. Results of the single-factor experiment on conveyor speed ratio.

Bperiment - Comeyor TG, LayingAngle ol cuting
Large Sprocket C.V3 (%)

1 1.9 30 11.49 5.46 10.4

2 2.1 27 9.27 4.46 10.3

3 2.3 25 7.89 5.86 10.4

4 2.5 22 8.36 7.62 10.4

Analysis of Figure 20 shows that the coefficient of variation for the laying angle and
thickness decreases and then increases with the conveyor speed ratio. The minimum values
occur at conveyor speed ratios of 2.1 and 1.9, while the maximum values occur at 1.9 and
2.5. The cutting height shows a slight fluctuation trend with the increase in conveyor speed
ratio, with an overall variation between 10.3 cm and 10.4 cm. The conveyor speed ratio
affects the plant delivery status, thereby influencing the uniformity of the laying, but has a
minimal impact on the cutting height. Therefore, the conveyor speed ratio range is set as
21to2.5.



Agriculture 2025, 15, 141

20 of 25

CcV (%)

12

11

10

—-— Laying Angle 10.7 . .
—=+— Laying Thickness —m— Cutting Height

10.3F L}

Cutting Height (cm)

10.0 1 1 1 1
L L L L 1.9 2.0 2.1 2.2 2.3 2.4 2.5

1.9

2.0

2.1

2.2 2.3 2.4 2.5 Conveyor Speed Ratio

Conveyor Speed Ratio

(a) Relationship Curve between Conveyor Speed Ratio, Laying An-  (b) Relationship Curve between Conveyor Speed Ratio

gle, and Laying Thickness and Cutting Height

Figure 20. Relationship curve between conveyor speed ratio and evaluation indicators.

3.2.4. Multi-Factor Experiment

To further investigate the interactive effects of forward speed, cutting speed, and
conveyor speed ratio on the coefficient of variation for the laying angle and thickness,
as well as cutting height, this experiment is based on the response surface methodology.
A three-factor, three-level orthogonal experiment is designed to determine the optimal
operational parameter combination.

(1) Influencing Factors and Analysis of the Coefficient of Variation for Laying Angle

A significance analysis was conducted for the coefficient of variation of the laying angle.
The model significance for the laying angle’s coefficient of variation is p < 0.0001, indicating
a highly significant regression model. Regression fitting analysis was performed on the
experimental data using Design-Expert 8.0.6 software, resulting in a quadratic regression
mathematical model for the laying angle’s coefficient of variation. Non-significant factors
with p > 0.05 were excluded, and the optimized model is shown in Equation (20).

Y1 =785+1.24X1 — 045X, —1.01X53 — 0.2X1 Xp

20
+0.42X7 X5 — 0.068X, X3 — 0.69X;% + 1.6X3> 20

The significance analysis of the model for the coefficient of variation of the laying
angle shows that the order of significance for factors affecting the variation in the laying
angle’s coefficient of variation is forward speed > conveyor speed ratio > cutting speed,
with p values all <0.01, indicating that the influence of each individual factor is highly
significant. Interaction analysis reveals that all three factors have pairwise interactions. The
p values for X; X, and X; X3 are both <0.01, indicating that the interaction between forward
speed and cutting speed, as well as between forward speed and conveyor speed, is highly
significant for the laying angle’s coefficient of variation. The lack-of-fit item has a p value
of 0.1180 > 0.05, proving that there are no lack-of-fit factors. Figure 21 shows the response
surface plots of pairwise interactions for each factor.

A variance analysis was conducted on the laying thickness data in Table 7, and the
model significance for the coefficient of variation of laying thickness was found to be
p < 0.0001, indicating a highly significant regression model. A regression fitting analysis
was performed on the experimental data to obtain the quadratic regression mathematical
model for the coefficient of variation of laying thickness. Non-significant factors with
p > 0.05 were excluded, and the optimized model is shown in Equation (21):

Y, = 5.84 4 0.95X; 4 0.15X, + 0.65X3 — 0.36 X7 X3 — 0.27X;% — 0.30X3> (21)
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Figure 21. Response surface plot of pairwise interactions for each factor.

(2) Factors Influencing the Coefficient of Variation of Laying Thickness and Analysis

The significance analysis of the model for the coefficient of variation of laying thickness
indicates that the order of significance for the factors influencing the variation in laying
thickness is as follows: forward speed > conveyor speed ratio > cutting speed, with p-
values all <0.01, indicating that the influence of each individual factor is highly significant.
Interaction analysis shows that the p-value for X; X3 is <0.01, indicating that the interaction
between forward speed and conveyor speed ratio is highly significant for the coefficient of
variation of laying thickness. The p-values for X1 X, and X, X3 are both >0.05, indicating
that there is no interaction between forward speed and cutting speed, as well as between
cutting speed and conveyor speed ratio, on the coefficient of variation of laying thickness.
The p-value for the lack of fit is 0.0844 (>0.05), indicating that there are no lack-of-fit factors.
Figure 22 shows the response surface plots for pairwise interactions of the factors.
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Figure 22. Response surface plot of pairwise interactions for each factor.

(3) Factors Affecting Cutting Height and Analysis

A variance analysis was conducted on the cutting height data in Table 7, and the
significance of the cutting height model was found to be p < 0.0001, indicating that the
regression model is highly significant. Regression fitting analysis was performed on the
experimental data using software, resulting in a regression mathematical model for cutting
height. Factors with p > 0.05, which were not significant, were excluded, and the optimized
mathematical model is shown in Equation (22):

Y; = 10.36 + 0.10X; — 0.14X, — 0.10X; X»

5 ) (22)
—0.15X; X3 + 0.075X, X3 + 0.16X;2 + 0.082X,

In the equation, Y3 represents the coefficient of variation for cutting height, X; repre-
sents the coded value for forward speed, X, represents the coded value for cutting speed,
and X3 is the coded value for conveyor speed ratio.
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The significance analysis of the cutting height variation coefficient model shows that
the significance ranking of factors affecting cutting height variation is cutting speed >
forward speed > conveyor speed ratio. The p-values for X; X, are all <0.01, indicating
that the effects of forward speed and cutting speed on cutting height variation are highly
significant. Interaction analysis indicates that all three factors have pairwise interactions,
with the p-value for X; X3 being <0.01, indicating that the interaction between forward
speed and conveyor speed ratio on cutting height is highly significant, and the p-values
for X1 X, and X, X3 are both <0.05, indicating that the interactions between forward speed
and cutting speed, as well as cutting speed and conveyor speed ratio, on cutting height
are significant, The p-value for the lack of fit is 0.3678 (>0.05), proving that there are no
lack-of-fit factors. Figure 23 shows the response surface plots for the pairwise interactions
of each factor.

(a) Interaction between Forward (b) Interaction between Forward Speed and  (c) Interaction between Cutting Speed

Speed and Cutting Speed

Conveyor Speed Ratio and Conveyor Speed Ratio
Figure 23. Response surface plot of pairwise interactions for each factor.

(4) Optimal Parameter Combination and Validation of Each Indicator

Using Design-Expert 8.0.6 to optimize the orthogonal experimental results, the param-
eter ranges were set as follows: forward speed 2.1-2.5 m/s, cutting speed 2.3-2.7 m/s, and
conveyor speed ratio 2.1-2.5. The variation coefficients of planting angle and thickness
were controlled within 0-10.83% and 0-6.75%, respectively, while the cutting height was
set between 10 and 10.9 cm. The optimal operational parameter combination results are
shown in Table 8.

Table 8. Optimal operational parameter combination of the model.

Laying

Forward Cutting Speed Conveyor Laying Angle Thickness Stubble
Speed (m/s) (m/s) Speed Ratio C.V1 (%) CV, (%) Height (cm)
V2 /o
2.10 2.56 2.20 6.91 4.14 10.3

The parameters for the field validation experiment were adjusted based on actual
conditions: forward speed 2.1 m/s, cutting speed 2.5 m/s, and conveyor speed ratio
2.2. The experimental results are shown in Table 9. The actual values are close to the
optimal values obtained by the model, with errors within the allowable range. The optimal
operational parameters derived from the model are reliable and suitable for practical
use. As shown in Figure 24, the actual field operation under the optimal parameter
combination conditions.

Table 9. Actual optimal operation parameter combination in the field.

Laying Aongle Laying Thickness C.V; (%) Stubble Height (cm)
C.Vy (%)
Optimal model value 6.92 4.14 10.3

Field actual value 6.88 4.11 10.4
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Figure 24. Actual field operation under the optimal parameter combination conditions.

The re-harvest rate refers to the ratio of the actual amount of crop harvested by the
harvester in a unit of time to the theoretical amount of crop that can be harvested. The
missed harvest rate refers to the ratio of the crop portions that the harvester failed to
effectively harvest to the total theoretically harvestable crop amount. The re-cutting rate
and missed cutting rate are key indicators for evaluating the performance of industrial
hemp reaping machines. No missed cutting was observed in the field operation; however,
re-cutting is difficult to directly observe, so the theoretical missed cutting rate is calculated
using cutting diagrams. Under the optimal parameters, the cutter speed ratio () is 1.19.
Using CAXA 2018, the total area is calculated as 3405.887 mm?, with the re-cutting area
being 286.054 mm?, resulting in a re-cutting rate of 8.4%.

4. Discussion

This study primarily focuses on the cutter-bar design theory and explores the op-
erational parameters and influencing factors of the 4GM-2.2 fiber-type industrial hemp
harvesting machine, conducting an in-depth analysis of its optimal operational parameters.
Currently, there is no unified operational standard for fiber-type industrial hemp harvesting
machines in China, leading to unclear optimal operational parameters and issues such as
low operational quality [17-21]. Therefore, we analyze the cutter—bar design principles
of existing machines based on the mechanical properties of the “Hanma 5” hemp stalks
grown in the cold regions of Heilongjiang, conduct dynamic simulation analysis of the
key components of the fiber-type industrial hemp harvesting machine using ADAMS and
Workbench, and obtain the optimal parameter combination through field experiments. This
method provides new technical support for the development of future fiber-type industrial
hemp harvesting machines. Compared to the operational parameters of industrial hemp
harvesting machines that do not consider the mechanical properties of the stalks [18], this
study fully considers the mechanical properties of the “Hanma 5” hemp stalks grown in
Heilongjiang's cold regions, providing a more realistic technical reference for improving
the operational quality of industrial hemp harvesting machines. However, the main focus
of this study is on the operational parameters, and there has been limited exploration
of structural parameters. Future research should begin with structural parameters and
integrate them with the operational parameters to achieve optimization and improvement
of the fiber-type industrial hemp harvesting machine. The study found that the machine
relies on a single power system to transmit power, resulting in significant load on some
components. To further improve the operational efficiency of the fiber-type industrial hemp
harvesting machine, multiple power systems can be designed.

5. Conclusions

This study, based on the mechanical properties of “Hanma 5” hemp stalks in Hei-
longjiang, presents a technical method for determining the optimal operational parameters
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for fiber hemp harvesting machines. Furthermore, this study, based on cutting platform
design theory, combines numerical simulations to analyze the optimal ranges of various
influencing factors and determines the optimal operational parameter combination through
field trials. The main conclusions are as follows:

(1) The linear relationship between shear speed, stalk moisture content, stalk diameter,
shear force, and shear strength was derived by measuring fiber hemp plant samples.
The results show that the shear speed has the most significant effect on stalk shear
energy consumption, followed by shear time, stalk moisture content, and shear force,
with all factors being highly significant. The shear speed has the most significant
effect on stalk shear force, followed by stalk diameter and stalk moisture content, all
of which are also highly significant.

(2) Through the analysis and simulation of the operational parameters of key components
of the industrial hemp harvesting machine’s cutting platform, the range values for cut-
ting speed, forward speed, and conveyor speed that match both practical operations
and theoretical calculations were determined, as follows: the cutting speed range is
1.9~3.7 m/s; the conveyor speed ratio range is 1.9-2.5; and the optimal cutting speed
is2.5m/s.

(3) Field trials of the fiber hemp harvesting machine revealed the optimal operational
parameters as follows: forward speed 2.1 m/s, cutting speed 2.5 m/s, and conveyor
speed ratio 2.2; with these parameters, the variation coefficient of the laying angle
was 6.88%, the variation coefficient of the laying thickness was 4.11%, and the cutting
height was 10.4 cm. The overlap rate was 8.4%, with no missed cutting.
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