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ABSTRACT

To address the issues of high damage rate and low harvesting efficiency during the tobacco leaf picking
process, this study analyzed the separation mechanics of tobacco stems and leaves. A low-damage bionic
picking device was designed by imitating the manual method of harvesting tobacco leaves. Based on
theoretical analysis of the device and its key components, the structure and parameters of the complete system
were determined. The picking process was simulated using ADAMS software, focusing on the contact force
between the rigid and flexible components at various picking rod speeds. This analysis yielded the optimal
combination of structural and operational parameters. Field experiments were subsequently conducted, and a
response surface mathematical model was established using Design-Expert software to evaluate the
relationship between key factors and performance indicators. The optimal parameter combination was found
to be: a picking rod speed of 0.8 m/s, a device inclination angle of 30°, a picking rod spacing of 90 mm, and a
forward speed of 0.69 m/s. Under these conditions, the tobacco leaf damage rate was minimized, meeting the
requirements for low-damage harvesting. Further experimental validation showed consistency with simulation
results, confirming the model's reliability and demonstrating the practical feasibility of the device for tobacco
field operations. This provides a valuable reference for the development of low-damage tobacco leaf harvesting
equipment.
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INTRODUCTION

In the tobacco harvesting process, picking is the most fundamental and challenging operation. The
quality of harvested tobacco leaves directly influences the effectiveness of post-harvest grading. As the core
component of the harvesting machinery, the picking device plays a crucial role. Therefore, the design of the
tobacco leaf picking device is key to ensuring high-quality tobacco leaf harvesting.
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Early tobacco leaf harvesting devices have been categorized into three primary types (Papusha S.K,
2022). The first type, a serrated harvesting device, employs a saw-toothed blade to sever the entire tobacco
stalk at its base, achieving high operational efficiency. The second type, a chain-and-hole harvesting device,
incorporates a series of spaced chains with apertures sized to accommodate the stalk diameter. During
operation, the stalk is guided through these apertures, thereby completing the detachment process. Both
serrated and chain-and-hole methods are exclusively suitable for fully matured tobacco plants. The third and
most widely utilized type is the mechanical striking harvester, which induces leaf detachment by applying
downward force on the petiole through controlled mechanical impact. Although these methods demonstrate
operational efficiency, they exhibit elevated leaf damage rates (12—18%) and variable collection efficiency (67—
82% across field trials). Further design refinements are therefore required to mitigate these limitations,
particularly through enhanced stalk-gripping mechanisms and impact force modulation.

With the continuous advancement of modern agricultural technology, the mechanization and
intelligentization of tobacco harvesting have become inevitable trends to enhance production efficiency and
quality. In recent years, significant achievements have been made by scholars both domestically and
internationally in the field of tobacco harvesting machinery and intelligent recognition. Sun C. (2024) and
colleagues designed and tested key components of a comb-type tobacco harvester, providing valuable insights
for optimizing tobacco harvesting equipment. Liu J. (2012) and Yu J. (2019) leveraged virtual manufacturing
technology to design and simulate a tobacco harvesting system, further advancing the intelligence and
automation of harvesting processes. Zhu H. (2014) developed a floating harvesting platform based on the
advantages and disadvantages of tobacco leaf harvesting processes. This platform enables selective
harvesting by determining the relative position of leaves and the harvesting device using sensor rods, while
hydraulic systems control the platform’s lateral movement and elevation. Gan W. (2018) and colleagues
designed a tobacco leaf harvesting device featuring left and right curved blades connected via a rotating axis.
This design effectively harvests mature leaves while protecting unripe ones, ensuring efficient and low-damage
harvesting.

Bionic picking machinery is designed and improved by studying biological mechanisms and imitating
the shape, structure, or function of organisms. Currently, bionic mechanical design has been widely applied in
fields such as sensors and new materials, with numerous studies (Luo, Y. et al., 2024.) published in this area.
Beyond developing cutting end effectors with low cutting resistance, bionic optimization of these effectors is
achieved by mimicking the fingers and claws of natural organisms. Research in this field primarily focuses on
crops such as fruits (Malekzadeh, 2019; He Z., 2022; Kurbah F., 2022), tea (Kurbah F., 2022; Nie Y.C., 2022)
and vegetables (Du Z., 2021), with tomatoes (Gao J. et al., 2022; Gao J. et al., 2024; Guo T. et al., 2022; Hou
Z. etal., 2021; Wang M. et al., 2022; Zhao L. et al., 2012) being the most extensively studied. For high-stalk
crops like corn and tobacco, scholars have conducted significant research on bionic ear-breaking mechanisms
for corn (Xu W.T. et al., 2018; Zhang L.P. et al., 2015). A notable example is the work of Zhang Liping and
Chen Meizhou (Zhang L.P. et al., 2015. Chen M.Z. et al., 2018), who addressed issues such as high impurity
rates in plate-type ear picking, gnawing in roller-type ear picking, and significant grain loss. They proposed a
bionic ear-breaking hand-type mechanism for corn harvesting, providing valuable insights for the development
of low-damage corn harvesting techniques. In contrast, research on bionic picking for tobacco leaves remains
limited. Li Zhiguang (2016) designed a self-propelled intelligent bionic picking system for tobacco leaves. This
system mimics the entire process of manual tobacco harvesting by controlling a bionic picking hand to perform
actions such as extending, grasping, picking, releasing, and retracting, thereby reducing damage to both
tobacco leaves and stems.

On the basis of drawing lessons from the existing automatic picking machinery of tobacco leaves and
other crops, this paper intends to combine modern bionic technology, imitate the action of human hand picking,
and apply force to tobacco leaves from top to bottom to make tobacco leaves fall. This paper verifies the
possibility of low-loss harvesting of this bionic picking method, which can solve the problems of high crushing
rate and low picking rate in the process of automatic picking of tobacco leaves, in order to provide theoretical
basis and technical basis for low-damage automatic tobacco leaf picking technology.

ANALYSIS OF THE MANUAL HARVESTING PROCESS AND DESIGN OF BIONIC STRUCTURES
Analysis of Manual Harvesting Actions

Stem-leaf separation constitutes the initial critical stage in flue-cured tobacco harvesting. During
mechanized operations, this process exhibits complex mechanical stress distributions due to heterogeneous
stalk-foliage interactions.
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Such dynamic force conditions frequently induce mechanical injuries to leaves, including surface
abrasions, midrib fractures, and lamina tearing, as documented in field studies. Consequently, minimizing
mechanical damage rates during automated stem-leaf separation has emerged as a pivotal technical challenge
that must be resolved to enable fully mechanized tobacco production systems.

This paper analyzes the motion of manual tobacco leaf harvesting and designs a bionic harvesting
device to achieve the purpose of reducing damage and increasing efficiency. Manual harvesting typically
involves using the thumb and index finger (the "tiger mouth" position) to grip the leaf stem, pressing straight
down until the leaf detaches from the stalk. The following Figure 1 is the manual harvesting process and the
force diagram of tobacco leaves.

(b)
Fig. 1 - Manual harvesting action and force diagram of tobacco leaves
(a) Artificial harvesting method; (b) Harvesting force diagram.

Bionic Design Principles

The crucial part of the bionic tobacco leaf harvesting machine is the bionic picking rod, which acts as the
executive mechanism to directly sever the leaves from the stem. The stability of the picking rod's operation
directly impacts the performance of the harvester and the quality of the picked tobacco leaves. This study
designs the bionic picking rod by mimicking the action of human fingers when picking tobacco leaves,
considering that tobacco leaves grow in various directions around the stalk during their growth in the field.
Auxiliary rods are therefore positioned vertically along the picking rod, and the two picking rods, in conjunction
with the auxiliary rod, form a picking frame that ensures all leaves can be collected. The following Figure 2 is
a bionic design.

Fig. 2 - Bionic picking principle diagram

Design and Working Principle of Bionic Tobacco Leaf Harvesting Structure

The low-damage bionic tobacco leaf harvesting machine is structured vertically with a collection box at
the top, followed by a transmission section, and a harvesting unit at the bottom, as shown in Figure 3. The
harvesting unit consists of two oppositely positioned harvesting modules, with a gap reserved between them.
The height and tilt angle of the harvesting unit are adjustable to accommodate tobacco plants of varying heights.
The transmission section includes a series of rollers positioned below the harvesting unit and a conveyor belt
that transports harvested leaves upward toward the collection box. The divider, designed in a triangular conical
shape, is mounted at the front of the harvesting mechanism and positioned between two parallel bionic
harvesting units, serving as the leading component of the entire apparatus.
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This design can complete the layered mechanized picking of tobacco leaves, with low breakage rate
and high harvesting efficiency. At the same time, it can greatly reduce the damage to tobacco plants and
ensure the normal growth of tobacco plants in the future.

e

Y

Fig. 3 - The overall structure of tobacco leaf harvester

Working Principle

When the tobacco leaf picking machine starts to harvest tobacco leaves, the tobacco plants are first
introduced by the upper and lower pairs of dividers at the front end, and then the tobacco plants enter the
bionic picking frame composed of picking rods and auxiliary rods on both sides. The picking frame is fixed on
the chain and rotates around the picking frames on both sides, and the back end of the chain plane is tilted
downward to ensure that the tobacco leaves within the preset height range can be harvested. The picking
frame rotates downward and backward, and the picking machine moves forward. The petiole is subjected to a
downward force. When the force is greater than the connection force between the tobacco leaf and the stem,
the petiole breaks. After the tobacco leaves are removed, they fall on the conveyor belt below and are then
transmitted to the collection box. The picking machine continues to move forward, and the flexible picking rod
contacts and bends with the tobacco rod. The tobacco rod enters the next picking frame and carries out the
tobacco leaf picking at the next height until the tobacco plant passes through all the picking frames to complete
the tobacco leaf picking in the preset height range. The harvesting operation of the whole device imitates the
action of rolling tobacco leaves down along the stem during manual picking through the motion synthesis of
the picking frame and the whole machine, so as to realize the low-loss picking of tobacco leaves. The
schematic diagram of the harvesting process is shown in Figure 4.

Fig. 4 - Tobacco leaf harvesting process
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Analysis of Mechanical Properties in Tobacco Leaf Harvesting Process
Characteristics of Tobacco Leaf Harvesting

The growth characteristics of tobacco leaves and the connection strength of stems and leaves are
important basis for the design of bionic picking device. The experiment was conducted in the tobacco fields of
Xiangcheng County, Henan Province. The height of tobacco plant is moderate, the oil of tobacco leaf is large,
the toughness is good, and it is suitable for mechanized harvesting. As shown in Figure 5, 20 tobacco plants
were randomly selected as test objects, and steel ruler, electronic tension meter and protractor were used to
measure the trait characteristics of tobacco leaves, the angle between petiole and stem, the position of picking
force and the fracture force between stem and petiole. After removing extreme data, the average value of the
measurement results was taken: length 58 cm, width 34 cm, stem diameter 3.6 cm, stem leaf angle 46°, petiole
fracture force 34 N, which provided data support for the design of bionic picking device.

Fig. 5 - Measurement of tobacco leaf characteristics

Analysis of the Collision Process in Tobacco Leaf Harvesting

In the process of tobacco leaf picking, the collision between the picking device and the tobacco leaf will
produce a large impact force. Assuming that the external force impulse is constant, the length of the collision
time A t will seriously affect the peak impact force. Prolonging the collision time can reduce the collision impact
force, thereby reducing the damage rate of tobacco leaves. The tobacco leaf is regarded as a particle, and its
collision process conforms to the impulse-momentum theorem:

ty+At
| = jt ma(t)dt 1)

Where: | is the impulse of tobacco leaves, N-s; M is the quality of tobacco leaves, kg; a is acceleration, m/s?;
tis time, s.

It can be seen from Equation (1) that the impulse of tobacco leaves during picking is not only related to
its own weight, but also affected by collision time and collision acceleration.

Let ¥ be the coordinate of the middle part of the tobacco leaf in the vertical direction, then the motion
equation of the single degree of freedom system is:

my+cy+(k+k )y=0

. &)
y(0)=0,y(0) =V,
In the case of underdamping, the solution of Equation (2) is:
y = Ae “"sin ot (3)
where:
c
A= 4
2ma; @
A=Yo (5)
a)S
o, =J1- Yo, (6)
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In the formula, A is viscous damping ratio, 4 <1; A is amplitude, mm; ws is damped natural frequency,
Hz; wi is undamped natural frequency, Hz.
With an initial displacement of 0, the collision time is determined by the smallest positive root of Eq. (8):

f(t)=cy+ky=0 ®
The available collision time is:

At Tt arctan A, ©)

0} 1- 42

It can be seen from Equation (9) that the impact time is related to the tobacco leaves mass, picking
mechanism stiffness coefficient, damping coefficient, and other parameters of the system, and these inherent
parameters depend on its structure and materials.

As mentioned above, in the design of the next bionic picking device, the stiffness coefficient can be
reduced and the damping coefficient can be increased by changing the structure and contact material of the
picking mechanism, thereby reducing the collision acceleration, reducing the impact force at the moment of
collision, and finally reducing the damage rate of tobacco leaves.

Bionic Harvesting Device Parameter Design
Harvesting Rod Parameter Design

The bionic picking rod and the auxiliary rod are fixed on the chain, and the chain and the motor are
installed on both sides of the frame. The two chains are driven by the motor to rotate around the two sides of
the frame. In the process of field operation, as the picking machine moves forward, the tobacco stem enters
the picking frame composed of picking rod and auxiliary rod through the guidance of the front divider, as shown
in the following Figure 6.

Fig. 6 - Picking rod structure diagram

If the picking frame is set too small, the stem pass ability is reduced, which is likely to cause damage to
the stem and seriously affecting the picking effect; if the picking frame is too large, the torque of the tobacco
leaves increases, and completing the picking operation requires greater force, resulting in an increase in the
power consumption of the picking machine. Secondly, if the picking frame is too large, it will lead to the contact
being not with the petiole but with the more fragile blade, resulting in an increase in the picking damage rate.
Through field experiments, it has been determined that the distance between two adjacent picking rods on the
same side of the transmission chain needs to be optimized:

I xcosar =1, +d (10)

where, | is the distance between the two picking rods in the same side, mm; a is the angle between the plane
and the horizontal plane of picking rod, °; d is diameter, mm; | is tobacco leaf picking position to the distance
from the stem pole, mm.

According to the previous measurement and statistics of tobacco stems, d is 35 mm, the angle between
the plane of the picking rod and the horizontal plane is 30, and the picking force of the tobacco petiole is tested.
The distance from the picking force position to the stem is 70 mm, and it is reasonable to take 92 mm by
calculation.
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Harvesting Rod Rotation Speed Design

The picking rod rotates with the chain around the frame. It can be seen from the previous calculation that
the greater the instantaneous speed of contact between the picking rod and the blade, the greater the impact
force on the tobacco leaf, so the excessive speed of the chain will cause the damage rate of the tobacco leaf
to increase. If the chain speed is simply reduced, the tobacco stem bent by the picking frame will cause damage
to the tobacco stem because it does not pass through the flexible picking frame in time. According to the design
principle of the picking device and the agronomic requirements of the layered picking of tobacco leaves, as
shown in Figure 7, the speed of the picking frame needs to match the speed of the picking machine to achieve
the expected effect of the picking rod relative to the downward movement of the tobacco stem. The speed of
the two needs to meet:

Vv

CoSx
where, Vv is picking machine forward operating speed, m/s; k is empirical coefficient; vi is the chain rotation
speed of picking rod, m/s; a is the angle between the picking mechanism and the horizontal plane, °.
After many field experiments, the value of the empirical coefficient k is 1.0-1.1, the picking frame plane
and the horizontal plane are 25°-35°, the integrity of the tobacco leaf is high, the damage to the tobacco stem

v, =k

(11

is low, and the expected operation effect can be better realized. At the same time, in order to ensure the
harvest efficiency of 1 to 1.3333 hectares per day, the operating speed v of the tobacco picking machine in the
field is 1.5 km/h-4 km/h. When the angle a between the plane of the picking mechanism and the horizontal
plane is set to 30°, substituting this value into Equation (11) yields a calculated range for the chain rotation
speed v, of the picking rod between 0.48 m/s and 1.28 m/s.

Fig. 7 - Velocity relation diagram

Design of Grain Divider

The divider, as the core front-end component of the harvester, primarily serves to upright fallen tobacco
plants and guide them into the harvesting mechanism while separating upper and lower leaves to prevent
damage during harvesting. Its simple yet critical design directly impacts overall harvesting performance.
Featuring symmetrical triangular-cone structures, the divider’s effectiveness depends on its angle (B) and front
height (/;). Based on field data, it is designed to handle plants with up to 20° of lodging. For example, in central
Henan, where mid-stem leaves grow 0.5-0.9 meters above ground, the front height (I:) is calculated using the
formula:

|, =0.9cosy (12)
where, I1 is the height of the front end of the layered device from the ground, cm; y is tobacco lodging angle, °,
y = 0~20°.

Because the maturity of tobacco leaves is from bottom to top, the design of the divider only considers

the uppermost part of the picking layer. The distance from the front end of the divider to the ground is 84.5 ~
90 cm, and the inclination angle of the divider should be satisfied.

A
3 = arcsin % (13)
3
where, f is angle of inclination of the divider, °; I, is the height from the rear end of the divider to the ground,

cm; |z is length of divider, cm.
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Through the comprehensive analysis of the characteristics of tobacco field planting in Henan and the
agronomic requirements of picking, combined with the design experience, the distance from the front end of
the divider to the mechanism is determined to be 46.5 cm, and the height from the connection position of the
divider and the mechanism to the ground is 100 cm.

The data is brought into the formula (13) to calculate and sort out the value range of the inclination angle
of the divider is about 12.4° ~ 20.7°. The smaller the inclination angle of the divider, the better the effect of the
divider and the passing ability. Considering that the picking machine needs to adapt to different heights of
tobacco leaves, in order to ensure the picking effect, the inclination angle of the divider should be smaller on
the basis of calculation. In summary, the inclination angle of the divider is 10°.

Fig. 8 - Schematic diagram of the staged righting process for lodged tobacco plants
(1) plucking device; (2) division mechanism; (3) uprighted tobacco; (4) lodged tobacco

Tobacco Harvest Simulation
Model Establishment

Based on field measurements of tobacco plant dimensions, the stalk height is set to 1700 mm, the stalk
diameter to 4 mm, and the overall leaf dimensions to 600 x 350 mm. A thin-shell structure is created based on
the leaf shape. As shown in Figure 9(a), a tobacco plant model is established using SolidWorks software. To
clearly illustrate the harvesting process, the plant model is simplified, as shown in Figure 9(b). The simplified
model consists of two components: the stalk and the leaf. The leaf is positioned 1000 mm above the ground,
and the angle between the leaf stalk and the plant stalk is 50°.

-

ya

(b)

(a) Tobacco plant model (b) Simplified tobacco plant model

Fig. 9 - Whole tobacco and simplified model

Analysis of Tobacco Leaf Dropping Conditions
By applying an external force to the tobacco leaf, the change of the flexible connection force between the
tobacco leaf and the tobacco stem under different forces is analyzed, so as to determine the condition of the

1002



Vol. 75, No. 1 / 2025 INMATEH - Agricultural Engineering

tobacco leaf falling from the tobacco plant, and lay the foundation for the simulation of the next tobacco leaf
picking process.
Simulation Parameter Settings

The simplified tobacco plant model built in SolidWorks is imported into ADAMS. The file format is
“Parasolid” format, which is relatively stable after conversion and is not easy to lose graphic information.
Because the materials provided by the system do not meet the actual needs, the actual tobacco plant materials
are created by inputting parameters such as tobacco plant density, tensile modulus and Poisson 's ratio.
Combined with relevant literature (Zhang T. et al., 2018; Han M. et al., 2024; Zhang L., 2015) and data collected
in the field, the model parameters of tobacco plants were selected in Table 1.

Table 1
Tobacco plant material parameters
Density (Kg-mm-3) Tensile modulus (N-mm-?) Poisson's ratio
4.5E-0.7 1.1E+0.4 0.33

In order to accurately reflect the change rule of the flexible connection force between tobacco stems and
tobacco leaves, it is necessary to add a fixed connection between tobacco stems and the earth to make it unable
to move in any direction when analyzing the falling conditions of tobacco leaves in tobacco.

The connection between tobacco stems and leaves is modeled using a bushing force. Due to the
numerous and complex parameters involved in flexible sleeve connections, there is currently limited literature
and few relevant case studies available. Therefore, based on previously measured physical and chemical
properties, as well as the shedding force of tobacco plants in the early stage (Qu Z. et al., 2024; Zhang H. et al.,
2022), the parameters for the flexible sleeve force were defined as shown in Table 2. The central point at the
junction between the tobacco stem and leaf was selected as the connection point for applying the flexible
bushing force, labeled Bushingl.

Table 2
Flexible connection sleeve force parameters
Translation characteristics (X,

Rotation characteristics (X,y,z)

Connection - y.2) - -
stiffness damping stiffness . . remark
force - . - damping coefficient
coefficient coefficient coefficient (N-mm-s/deg)
(N-mm) (N-s-mm) (N-mm/deg) 9
Bushing 1 18 10 30 100 Connection between

tobacco stem and leaf

Step function was used to apply increasing external load to tobacco leaves in ADAMS software, and the
separation conditions of tobacco stems and leaves were analyzed. By referring to the relevant literature (Wen,
B., 2010) and combining with the fracture force of tobacco petiole measured above, the external load range was
set to 5-50 N, and the direction of external load was set along the negative direction of Y axis. The initial external
load was set to 5 N, and then 10 N was added every 1 second. The functional equation is written as: + 5 + STEP
(time, 1, 0, 1.01, 5) + STEP (time, 2, 0, 2.01, 10) + STEP (time, 3, 0, 3.01, 10) + STEP (time, 4, 4, 0, 4.01, 10)
+ STEP (time, 5, 0, 5.01, 10). The simulation time is set to simulate the falling process of tobacco leaf.

RESULTS AND DISCUSSIONS

Simulation Results Analysis

Figure 10 shows the velocity and acceleration curves of tobacco leaves in the X direction when subjected
to external forces. As shown in the figure, since the tobacco leaves are only subjected to external loads in the
negative Y direction, there is almost no velocity in the X direction, and the acceleration is also zero between 0s
and 2 s. This indicates that when the external load is between 5 N and 15 N, the connection force (Bushing1)
between the tobacco leaves and the tobacco stalk has not reached the breaking point. After 2 s, when the
external load suddenly increases to 25 N, there is a significant change in velocity in the X direction, and the
acceleration is no longer zero. This is because when the connection force reaches the breaking limit and the
external load continues to increase, Bushingl needs to transfer the received energy through lateral vibration.
This shows that when the external force reaches 25 N, it has met the breaking condition of Bushing1.
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(a) X axis speed change curve of leaf
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(b) X axis acceleration curve of leaf
Fig. 10 - Curves of X-axis velocity and acceleration of tobacco leaf

The flexible connecting sleeve force Bushingl between tobacco leaf and stem exceeded the bearing limit
when the external force reached 25 N at the end of the second. Figure 11 illustrates the displacement curve of
the flexible sleeve force. At the end of 2 seconds, the displacement of the Y axis reached 1.2981 mm. This
indicates that the shedding condition for the tobacco leaf occurs when the Y-axis displacement of the flexible
connection (Bushingl) reaches 1.2981 mm.

BUSHING_1_MEA_1

15.0
T 10.0
E
L=
=)
c
[5)
- 50

0.0

0.0 1.0 2.0 3.0 4.0 5.0 6.0
Time (sec)

Fig. 11 - Flexible connection force displacement curve

Harvesting Process Simulation

The virtual prototype simulation analysis of the tobacco leaf picking process is to study the force change
of the tobacco leaf during the picking process of the picking device, and to compare the force of the flexible
picking mechanism and the rigid picking mechanism on the tobacco leaf. In this paper, the tobacco leaf picking
device is taken as the research object. Because the picking process of a tobacco leaf is only affected by a
picking rod, the number of picking rods is simplified to 1.
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Import the model and set the material properties

The three-dimensional model of tobacco and picking rod is saved as “Parasoild” (*.x _ t) format, and then
imported into ADAMS to construct the simulation picking system of tobacco plant-picking rod. The relative
position of picking rod and tobacco stem is adjusted. The axis direction of tobacco stem coincides with the Y
axis, the vein of tobacco leaf is parallel to the X-Y plane, and the picking rod is parallel to the Z axis and placed
above the tobacco leaf. The materials of picking rod are steel and rubber respectively. The relevant performance
parameters of steel and rubber (Hou J. et al., 2022) are shown in Table 3.

Table 3
Physical performance parameters of picking rod
. Elastic modulus Density . , .
Material type (N-mm?) (Kg-mm-) Poisson's ratio
Steel 2.06 E+05 7.85 E-06 0.3
Rubber 7.84 1.5 E-06 0.47

Adding Constraints, Drivers, and Sensors
Add constraints

The flexible connection between the two parts of the tobacco is still based on the data listed in Table 2.
The picking rod is added with a negative moving pair relative to the earth along the Y axis, and the tobacco
stem and the earth are fixed by a fixed pair.

Add driver

According to the previous calculation, when the rotation speed of the picking rod is 1.73 km/h ~ 5.08 km/h,
the vertical downward combined speed is 0.865 km/h ~ 2.54 km/h, and the slip drive is added to the negative
slip pair of the shaft to be 0.24 m/s, 0.4 m/s, 0.55 m/s and 0.71 m/s.
Define contact

The research on the contact parameters between tobacco and other materials in the literature is limited.
Referring to the wood which is close to the physical and chemical properties of tobacco, combined with the
relevant data measured above, and consulting the relevant references (Jin C. et al., 2023), the specific contact
parameters are shown in Table 4.

Table 4
Contact parameters of different materials
. Stlffhgss . Dam.pl'ng Static friction Dy-na_mlc
Material type coefficient Force index coefficient factor friction
(N-mm-1) (N-s-mm-?) coefficient
Steel-Wood 2855 15 0.57 0.3 0.25
Rubber-Wood 2855 11 0.57 0.5 0.36

Define the sensor

Based on the previous analysis, Sensorl is configured to monitor the displacement of the flexible
connection bushing force (Bushingl) along the Y-axis. When the displacement exceeds 1.2981 mm, it is
determined that the connection between the tobacco stem and leaf has fractured. At this point, both Sensorl
and Bushingl are considered to have failed, indicating that the tobacco leaf has detached and fallen, completing
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Fig.12 - Simulation of tobacco picking process
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Simulation Results Analysis

The speed of the picking rod along the negative direction of the Y axis is 0.24 m/s, 0.4 m/s, 0.55 m/s,
0.71 m/s, respectively. As shown in Figures 13 ~ 16, the left side is the contact force change curve when the

rigid picking rod collides with the tobacco leaf, and the right side is the contact force change curve when the
flexible picking rod collides with the tobacco leaf.
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Fig. 13 - The collision force of tobacco leaves when the speed of picking rod is 0.24 m/s
(a) Rigid picking rod contact force; (b) Contact force of flexible picking rod
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Fig. 14 - The collision force of tobacco leaves when the speed of picking rod is 0.4/s
(a) Rigid picking rod contact force; (b) Contact force of flexible picking rod
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Figure .15 - Impact force on tobacco leaves when the speed of picking rod is 0.55 m/s
(@) Rigid picking rod contact force; (b) Contact force of flexible picking rod
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Fig. 16 - Impact force on tobacco leaves when the speed of picking rod is 0.71 m/s
(a) Rigid picking rod contact force; (b) Contact force of flexible picking rod
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The comparative analysis of test data shows that:

By comparing the simulation test data on the left and right sides, it is found that the change rule of the
overall curve of the two is similar, but it is relative to the rigidity. For the picking rod, the action time of the flexible
rubber picking rod on the tobacco leaves is prolonged, and the effect of reducing the collision force is obvious.

Comparing the four groups of different picking rod speeds, it is found that when the picking rod speed is
0.4 m/s, the corresponding flexible picking rod collision force in Figure 16(b) is the smallest.

In summary, combined with the comprehensive consideration of tobacco picking efficiency and collision
damage, when the vertical speed of the picking rod is 0.4 m/s, the picking effect of the flexible rubber picking
rod is the best.

Field Trials
Test Conditions and Equipment

The field experiment was conducted in a tobacco field located in Xuchang, Henan Province, focusing on
the harvesting of middle-position tobacco leaves. The experimental setup is illustrated in Figure 17. The
instruments and equipment used included the custom-built tobacco leaf bionic picking machine, a computer,
and a high-speed camera system. This experiment was performed outdoors. During the trials, trained operators
operated the bionic picking machine, adjusting its forward operating speed to perform straight-line picking
operations under varying conditions.

Fig. 17 - Field experiment plot

Experimental Design

The test materials and contents are shown in Table 5. According to the working principle analysis and
pre-experimental analysis of the tobacco simulation picking device, it is concluded that the rotation speed of the
picking rod, the inclination angle of the picking plane, the spacing of the picking rod, and the material of the
picking rod have a great influence on the efficiency and harvesting quality of the picking device. The damage
rate and operating efficiency of tobacco leaves are selected as test indicators. Each test sample group consisted
of two rows of tobacco plants, with a total length of approximately 150 m.

After each test group, the harvested tobacco leaves in the collection box were gathered for evaluation.
Each leaf was examined to determine whether the main stem was broken and whether the area of leaf loss
exceeded the predefined damage threshold. The classification criteria for harvested tobacco leaves are
illustrated in Figure 18. The number of damaged and intact tobacco leaves was recorded separately, and the
damage rate was calculated using the following formula.

Table 5
Tobacco plant material parameters
Project Test equipment Test site Experiment variables Test metrics
The processed tobacco leaf bionit Xu chang The picking rod, the inclinatior The damage rate
elements  picking machine, computer and Henan Provi;m angle of the picking table and and operation
high-speed camera system. the picking rod spacing efficiency
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= L =x100% (14)
W, +W,

i S

S

where: Zs s the leaf damage rate, %; Ws is number of damaged tobacco leaves; Wj is number of intact tobacco leaves.

According to the ADAMS simulation results, the picking effect of the picking rod with flexible rubber
material is better than that of the steel picking rod. The test factors were determined to be the rotation speed of
the picking rod, the inclination angle of the picking table and the picking rod spacing, which were expressed by
A, B and C respectively. The damage rate and operation efficiency of the test index tobacco leaves were
expressed by W1 and W2. The quadratic orthogonal rotation combination analysis method with three factors and
three levels was used in the experiment. The factor coding was shown in Table 6, and a total of 17 groups were
carried out. Design-Expert software was used to analyze the test results. The test results are shown in Table 7.

Table 6
Coding table of test factors
Factors
Codes Picking rod speed Picking table inclination Picking pole spacing
A (m/s) B (°) C (mm)

-1 0.6 25 80

0 0.8 30 90

1 1 35 100

Table 7
Test scheme and results
Factors
No - __ - W1 Tobacco leaf W2 Operational
: A Pickingrod B Picking table  CPicking pole  preakage rate (%)  efficiency (km/h)
speed (m/s) inclination (°) spacing (mm)

1 0 1 1 25.94 2.360
2 0 -1 1 25.31 2.640
3 1 1 0 24.33 2.950
4 0 1 -1 25.11 2.380
5 -1 1 0 21.98 1.230
6 -1 0 0 23.34 1.562
7 1 0 0 24.54 3.130
8 0 0 0 18.34 2.505
9 -1 -1 0 21.64 1.638
10 1 0 -1 22.34 3.134
11 0 0 18.25 2.508
12 -1 0 -1 21.14 1.566
13 1 -1 0 22.84 3.280
14 0 -1 -1 24.74 2.620
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Factors
N . T . Wi Tobacco leaf W2 Operational
0. A Pickingrod B Picking table  CPicking pole  preakage rate (%)  efficiency (km/h)
speed (m/s) inclination (°) spacing (mm)
15 0 0 0 18.31 2.507
16 0 0 0 18.21 2511
17 0 0 0 18.18 2.502

Experimental Results Analysis
The regression model of tobacco leaf breakage rate was established

The regression mathematical model of tobacco leaf damage rate W1 was obtained by regression fitting of
the test results:

W, =18.26+0.74A+0.35B +0.73C + 0.29AB + 0.00AC +0.065BC +1.00A* + 3.44B* +3.58C* (15)

The determination coefficient of the regression equation is R2 = 0.9892, and the fitting degree is high.
The regression model was analyzed by variance analysis, and the results are shown in Table 8.

Available: P < 0.0001 of the model, indicating that the regression equation is significant; a, C, A2, B2, C2
P < 0.01, the results were significantly affected; other factors and interaction terms P > 0.05, had no significant
effect on the test index.

The significance of the influence of each factor on the damage rate of tobacco leaves is the rotation speed
of the picking rod > the picking rod spacing > the inclination angle of the picking table. The interaction of each
factor is shown in Figure 19.

Table 8
Test scheme and results Analysis of variance of tobacco leaf breakage rate
Source Sum of Squares df Mean Squares F Value P Value
Model 127.65 9 14.18 71.20 <0.0001
A 4.43 1 4.43 22.22 0.0022
B 1.00 1 1.00 5.03 0.0599
C 4.20 1 4.20 21.11 0.0025
AB 0.33 1 0.33 1.66 0.2386
AC 0.000 1 0.000 0.000 1.0000
BC 0.017 1 0.017 0.085 0.7793
A? 4.23 1 4.23 21.23 0.0025
B2 49.75 1 49.75 249.75 <0.0001
C? 53.96 1 53.96 270.88 <0.0001
Residual 1.39 7 0.20
Lack of Fit 1.38 3 0.46 102.64 0.0003
Pure Error 0.018 4 4.470E-003
Cor Total 129.04 16

Note: P<0.01 (extremely significant, **); p < 0.05 (significant, *)

(@) (b) (©
Fig. 19 - Effect of interaction of 21 factors on damage rate of tobacco leaf
(a) The interaction between the picking rod spacing and the inclination angle of the picking table;
(b) The interaction between the rotation speed of the picking rod and the picking rod spacing;
(c) The interaction between the rotation speed of the picking rod and the inclination angle of the picking table.
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When the rotation speed of the picking rod is fixed, the effect of the interaction between the picking rod
spacing and the inclination angle of the picking table on the damage rate of tobacco leaves is shown in figure
19(a). When the interval of the picking table is fixed, the inclination angle of the picking table is too large or too
small, it will lead to the increase of the damage rate of tobacco leaves. When the inclination angle of the picking
table is constant, the damage rate of tobacco leaves increases with the increase of the picking rod spacing.

When the inclination angle of the picking rod is fixed, the influence of the interaction between the picking
rod spacing and the rotation speed of the picking table on the damage rate of the tobacco leaf is shown in Figure
18(b). When the picking rod spacing is constant, the damage rate of tobacco leaves increases with the increase
of the rotation speed of the picking rod. When the picking rod speed is constant, the damage rate increases
slowly with the increase of the picking rod spacing.

When the picking rod spacing has a fixed value, the effect of the interaction between the inclination of the
picking table and the rotation speed of the picking rod on the damage rate of tobacco leaves is shown in figure
18(c). When the rotation speed of the picking rod is constant, the inclination angle of the picking table is too
large or too small, which leads to the increase of the damage rate of tobacco leaves. When the inclination angle
of the picking table is constant, the damage rate of tobacco leaves increases slowly with the increase of the
rotation speed of the picking rod.

Establishment of a regression model for working efficiency
The regression mathematical model of working efficiency W2 is obtained by regression fitting of the test
results:

W, =2.51+0.81A—0.16B —0.001C +0.019AB +0.0001AC —0.01BC —0.19A%* —0.04B* +0.033C? (16)

The coefficient of determination for the regression equation was R2 = 0.9978, indicating an excellent
degree of fit. The regression model was evaluated using analysis of variance, with the results presented in Table
9. The model's P-value was less than 0.0001, confirming its statistical significance. The quadratic terms of
variables A, B and A2 had P-values less than 0.01, indicating a significant influence on the results. Additionally,
B2 had a P-value less than 0.05, suggesting it also had a significant effect on the response variable. Other
factors and interaction terms had P-values greater than 0.05, indicating no significant effect on the test indices.
The ranking of the factors based on their influence on operational efficiency was as follows: picking rod speed >
picking table inclination > picking rod spacing. The interaction effects among these factors are illustrated in
Figure 20.

Table 9
Analysis of variance of operation efficiency
Source Sum of Squares df Mean Squares F Value P Value
Model 5.65 9 0.63 354.73 <0.0001
A 5.28 1 5.28 2984.76 <0.0001
B 0.20 1 0.20 111.87 <0.0001
C 8.000E-006 1 8.000E-006 4.524E-003 0.9483
AB 1.521E-003 1 1.521E-003 0.86 0.3846
AC 0.000 1 0.000 0.000 1.000
BC 4.000E-004 1 4.000E-004 0.23 0.6488
A2 0.16 1 0.16 87.82 <0.0001
B2 6.754E-003 1 6.754E-003 3.82 0.0916
C2 4.711E-003 1 4.711E-003 2.66 0.1466
Residual 0.012 7 1.768E-003
Lack of Fit 0.012 3 4.111E-003 363.81 <0.0001
Pure Error 4.520E-005 4 1.130E-005
Cor Total 5.66 16

Note: P<0.01 (extremely significant, **); p < 0.05 (significant, *)
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(@) (b) (©)
Fig. 20 - The effect of factor interaction on work efficiency
(a) The interaction between the rotation speed of the picking rod and the inclination angle of the picking platform;
(b) The interaction between the rotation speed of the picking rod and the picking rod spacing;
(c) The interaction between the inclination angle of the picking platform and the picking rod spacing.

When the picking rod spacing is a fixed value, the effect of the interaction between the picking rod speed
and the inclination angle of the picking table on the operating efficiency is shown in Figure 20(a). When the
inclination angle of the picking table is constant, with the increase of the rotation speed of the picking rod, the
working efficiency gradually increases, and the change is more obvious. When the rotation speed of the picking
rod is constant, the working efficiency increases with the decrease of the inclination angle of the picking table.

When the inclination angle of the picking table is fixed, the influence of the interaction between the picking
rod speed and the picking rod spacing on the working efficiency is shown in Figure 20(b). When the picking rod
speed is constant, the operating efficiency increases slightly with the decrease of the picking rod spacing, and
the change is not obvious. When the picking rod spacing is constant, the working efficiency gradually increases
with the increase of the rotation speed of the picking rod.

When the picking rod speed is constant, the influence of the interaction between the inclination angle of
the picking table and the picking rod spacing on the working efficiency is shown in Figure 20(c). When the
picking rod spacing is constant, the working efficiency gradually increases with the decrease of the inclination
angle of the picking table. When the inclination angle of the picking platform is constant, the working efficiency
increases slightly with the decrease of the picking rod spacing, and the change is not obvious.

In order to achieve better picking effect, the optimization module is used to optimize the regression model.
By analyzing the constraints, the optimal parameter combination is obtained in the optimal combination of
multiple parameters: picking rod speed 0.8 m/s, picking table angle 30°, picking rod spacing 90 mm, the tobacco
leaf damage rate is 18.35%, the operation efficiency is 2.51 km/h, and the test index effect is the best.

The optimized parameter combination was tested and verified. The rotation speed of the picking rod was
set to be 0.8 m/s, the inclination angle of the picking table was 30°, and the picking rod spacing was 90 mm.
The average value of multiple tests was obtained. The damage rate of tobacco leaves was 18.32%, and the
operating efficiency was 2.483 km/h, which verified the reliability of the model.

CONCLUSIONS

(1) To address the issues of low efficiency and high damage rates in the current tobacco harvesting
process, the rotation speed of the picking rod, the dimensions of the picking frame, and the angle of the holding
device were theoretically calculated and analyzed. Based on this analysis, a bionic tobacco leaf harvesting
device was designed. The proposed device significantly enhances harvesting efficiency while effectively
reducing the damage rate associated with mechanical picking.

(2) The tobacco leaf picking process was simulated using ADAMS software, focusing on analyzing the
contact forces between rigid and flexible picking rods at different speeds. The optimal combination was identified
as a vertical speed of 0.4 m/s using a flexible picking rod.

(3) Preliminary processing of the bionic harvester was completed, followed by field experiments to evaluate
its performance. Design-Expert software was used to optimize and analyze the experimental data. The optimal
combination of parameters for each experimental factor was determined as follows: the rotation speed of the
picking rod was 0.8 m/s, the inclination angle of the picking table was 30°, and the picking rod spacing was 90
mm. Under these conditions, the tobacco leaf damage rate was 18.35%, and the operational efficiency reached
2.51 km/h.

(4) Using the optimized parameter combination, a follow-up harvesting test was conducted. The tobacco
leaf breakage rate was 18.32%, with a relative error of only 0.1% compared to the predicted value. The
operational efficiency reached 2.483 km/h, with a prediction error of 0.11%. These results confirm the reliability
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of the optimized model. This study successfully achieved low-damage mechanized harvesting of tobacco leaves
and provides a valuable reference for the development of bionic tobacco leaf harvesters designed to minimize
leaf damage.

(5) The current harvesting equipment and experimental program are still in the preliminary stages of
development, and the cost of the designed harvesting device remains relatively high. Future research will focus
on investigating the effects of tobacco leaf surface properties on harvesting efficiency, with the aim of further
optimizing the structural design to improve cost-effectiveness. Additionally, integration of a harvesting quality
inspection system is planned to ensure consistent and reliable performance in real-world applications.
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