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ABSTRACT

To enhance the efficiency and quality of whole-stalk reed harvesting and baling while addressing the issues
of low efficiency, reed damage, and high fragmentation rate in manual baling, existing mechanical research
primarily focuses on harvesting improvements and straw baling equipment optimization. However, it has not
yet resolved the coordination problem of achieving both low damage and high efficiency during whole-stalk
reed baling. This paper concentrates on a key aspect of reed baling devices by designing and optimizing a
trigger rope-feeding mechanism. This mechanism comprises a triggering mechanism and a rope-feeding
mechanism. The triggering mechanism employs a combination of a rocker-slider mechanism and springs to
achieve reliable triggering and resetting of the baling action. The rope-feeding mechanism utilizes a crank-
rocker mechanism to drive the rope-feeding needle, completing tasks such as rope delivery, knotting initiation,
and reed compression to enhance bale compactness. A 3D model of the mechanism was established using
SolidWorks, and kinematic simulation and parameter optimization were performed using ADAMS. The key
parameter combinations for the trigger mechanism rocker length of 100 mm, connecting rod length of 30 mm,
offset distance of 90 mm, and the rope feeding mechanism crank length of 160 mm, rocker length of 175 mm,
and connecting rod length of 630 mm were determined. Based on the optimization results, orthogonal
experiments were conducted with rope type, operating speed, and pre-tightening force as factors. The results
indicate that the optimal parameter combination is nylon rope, operating speed of 90 r/min, and pre-tightening
force of 123 N. Experimental analysis revealed that operating speed has the most significant impact on
productivity, pre-tightening force is the dominant factor influencing the damage rate, and rope type primarily
affects the bale forming rate. Bench tests verified that this trigger rope-feeding mechanism effectively enables
low-damage, high-efficiency reed baling, significantly improving bale density and operational efficiency,
providing new technical insights for the development of reed baling devices.
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INTRODUCTION

Reed, as a high-quality biological resource, has extensive applications in ecology, landscaping, animal
husbandry, and other fields (Zhao et al., 2021). Large-scale reed cultivation presents challenges not only in
harvesting but also in post-harvest baling. Harvesting whole, intact reed stalks maximizes the strength, fiber
integrity, and appearance of the raw material for uses such as weaving and papermaking, while also facilitating
efficient storage, transportation, and processing, thereby optimizing resource utilization and economic benefits
(Wang et al., 2023). Current reed baling devices are far from meeting baling demands, with manual baling
being predominant. Manual baling is not only inefficient but also prone to causing injuries.

Progress has been made in reed harvesting technology through innovative designs. Du et al. (2024)
developed a reed clamping and conveying device, conducted modal analysis on its frame structure to identify
natural frequencies and comprehensively assess external excitation impacts, ultimately validating the design
effectiveness through comparative analysis. Li et al. (2020) addressed the practical problem of entanglement
between reeds and weeds during harvesting by designing a reed harvesting device that links spatial and planar
linkage mechanisms. This device achieves synchronous horizontal and vertical cutting within one rotation of
the crank shaft, completing coordinated cutting through trajectory analysis of reciprocating vertical and
horizontal blades. Their concept of separating transverse reed cutting from longitudinal weed cutting offers
insights for aquatic weed cleaning machinery design. Li et al. (2021) further studied the conveying tines and
motion mechanism post-cutting in reed harvesters, planning a crank-link mechanism with quick-return
characteristics to achieve an arcuate trajectory for the tines and validating frame stability through simulation.
Considering the characteristics of reeds in southern China, designed a crawler self-propelled reed harvester
with a dedicated clamping and conveying device. They analyzed key components, enabling the transport of
cut reeds from the front header to the rear, and determined the optimal working parameter combination for the
conveying device (Yin et al., 2023). Based on reed compression characteristic experiments, Chen et al. (2020)
determined the theoretical optimal compression density and corresponding pressure, conducted parametric
design of a compression baling device, verified mechanism strength, and identified potential resonance
frequencies.

Research on the bundling, compression, and twine feeding stage of reeds, both domestically and
internationally, remains relatively scarce, necessitating reference to the structural optimization of bundling
mechanisms in other equipment (Zhong Chengyi et al., 2023, Flick et al., 2019, Nalobina et al., 2024).
Regarding the load issue of the knotter's key component, the knotter jaw, twine tension data and application
points were obtained through straw baling tests combined with comprehensive measurement methods. A load
conversion model was constructed, revealing that the upper jaw bears the maximum load reaching... Based
on this, finite element analysis was conducted, identifying high stress concentrations at the roller shaft
mounting point and the corner of the upper jaw (Chen et al., 2015). Zhang et al. (2022) addressed vibration
issues caused by large inertial forces in the reciprocating compression mechanism of large square balers using
model optimization, achieving a bale density of 230 kg/m3. Wang et al. (2021) utilized MATLAB for kinematic
simulation analysis of the feeding mechanism in a 4YF-1300 large square baler, improving the filling capacity
of the pre-compression and compression chambers to enhance efficiency. Based on the working principle of
the square baler's compression mechanism, combined with motion simulation analysis of the constructed
model using ADAMS, the bale density and operational efficiency of the baler were enhanced conducted static
and modal simulation analysis on the feeding mechanism and validated the results through field tests (Zhang
et al., 2024; Wang et al. 2025). The results indicated stable operation of the feeding mechanism, with no
resonance phenomena, faults, and the formation of straw bales with regular shape and high density after
operation.

Unlike fragmented forage baling, whole-stalk reed baling requires consideration of baling success rate
and fragmentation. More importantly, effectively achieving low-damage, whole-stalk reed harvesting in practice
still poses significant technical challenges. This paper addresses the reed baling problem by developing a
trigger rope-feeding mechanism for a reed baling device. The trajectory was validated through simulation, and
the mechanism was optimized based on reed physical properties. Parameters were optimized, and the baling
process was verified through orthogonal experiments considering three factors: rope type, operating speed,
and pre-tightening force. This approach aims to improve reed baling efficiency, reduce labor intensity, minimize
reed damage during baling, enhance baling efficiency and quality, and validate the mechanism through bench
tests, providing new ideas for reed baling device design.
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MATERIALS AND METHODS
Design of the Trigger Rope-Feeding Mechanism for Reed Baling Device

The trigger rope-feeding mechanism is a critical component of the reed baling device, and its rationality
directly affects baling success. It mainly consists of a triggering mechanism and a rope-feeding mechanism.
The triggering mechanism includes a transmission part and springs, while the rope-feeding mechanism
comprises a transmission part and a rope-feeding needle. Its primary function is to ensure intermittent motion
of the rope-feeding mechanism. This study focuses on kinematic simulation and parameter optimization of the
transmission mechanism within the triggering mechanism.

For the triggering mechanism, considering the structural characteristics of the four-bar linkage, the
design requirements of the reed baling device, and the design intent requiring the trigger crank to rotate no
more than 40°, a combination of a rocker-slider mechanism and springs was adopted. The 3D model and
physical diagram of the triggering mechanism are shown in Fig. 1.

(a) SolidWorks 3D model (b) Physical prototype
Fig. 1 — Trigger mechanism assembly
1. Blocking bracket;2. Blocking rod; 3. Spring; 4. Spring stop block; 5. Connecting plate; 6. Shaft; 7. Trigger crank

The rope-feeding mechanism primarily consists of a crank-rocker mechanism, a rope-feeding needle
connecting shaft, and the rope-feeding needle itself. Its 3D assembly is shown in Fig. 2. This mechanism is
mainly used to deliver one end of the binding rope into the knotter to complete knotting and simultaneously
compress the reed stalks during knotting to enhance bale compactness. The rope-feeding needle is fixed to a
rotating shaft. When baling is triggered, the shaft, driven by the crank-rocker mechanism, causes the rope-
feeding needle to rotate 90°, delivering the rope into the D-type knotter while simultaneously driving the gear
disc (Cen et al., 2020). After knotting is completed, the rope-feeding needle returns to its original position. An
additional function of the rope-feeding needle is that its tip blocks reeds fed by the tine, preventing them from
being pulled back.

(5%}

Fig. 2 — Rope-feeding mechanism assembly
1. Crank; 2. Rocker; 3. Connecting rod; 4. Shaft; 5. Rope-feeding needle
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The crank of the rope-feeding mechanism is a key component controlling its operation; its shape and
size critically affect the successful operation of baling. When the reed reaches the baling weight, the spring on
the blocking rod is compressed to its working length, causing the blocking rod in the trigger mechanism to lose
its blocking effect on the crank, thus triggering baling. The dimensions of the crank, rocker, and connecting
rod were designed based on crank-rocker mechanism calculation formulas, resulting in a crank length of 160
mm, connecting rod length of 630 mm, and rocker length of 175 mm. The rope-feeding needle was designed
according to the knotter position. Its main functions are to deliver the rope into the knotter and compress the
reeds during baling to make the bale tighter and denser. Therefore, it requires a reasonable curvature and a
hollow center for threading the rope (He et al., 2017). Based on the designed 3D model, the working process
of the trigger rope-feeding mechanism is shown in Fig. 3.

\J

(a) Trigger mechanism blocking crank (b) Trigger mechanism triggering (c) Rope feeding needle feeding rope
Fig. 3 — Triggering the working process of the rope feeding mechanism

Simulation Analysis of Trigger Rope-Feeding Mechanism

The primary function of the triggering mechanism is to pull down the stop block when the trigger crank
rotates, initiating the baling action, and then return to the initial position. A combination of an offset rocker-
slider mechanism and springs was selected for this purpose. When the force on the trigger crank is transmitted
to the rocker, it pulls down the blocking block via the connecting rod, triggering the baling mechanism.
Subsequently, the elastic deformation of the spring returns the blocking block to its original position. Since the
mechanism includes a spring, it must be mounted vertically with one end fixed during operation to prevent
spring offset affecting the experiment. A Cartesian coordinate system for the rocker-slider mechanism was
established, as shown in Fig. 4. The geometric relationships of the parameters are according to relation (1).

(x5 =xc) +(vy =) =0’ (1)

4 | So
Fig. 4 — Motion diagram of trigger mechanism
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In the figure, a is the length between AB, b is the length between BC, a is the initial rotation angle of
the rocker, 6 is the angle of rotation of the rocker. The coordinate of point B is: (xz = a cos6; yg = asinf),
point C'is (e, So), and point D is (e, H) as shown in Table 1.

Substituting the coordinate values into Eq. (1) yields the relationship between the parameters to be
determined and the given parameters. To determine the five unknown parameters a, b, ¢, @ and Sy, the solving
process is simplified by setting @ = 0, Sy =0, reducing the unknowns to three. The simplified equation is
according to relation (2).

2chosH—2aesin€—(a2+ez—b2):H2 (2)
Table 1
Design point constraint condition
Design point X/Imm Y/mm Z
A 0 0 0
B acos@ asin @ 0
C e So 0
D e H 0

The design variable H = 200 mm. Initial values and variation ranges of each design variable are listed
in Table 2. The optimized link lengths must fall within the specified ranges.

Table 2
Initial value of design variable and its constraint conditions
Design point X/mm Constraint conditions
a/mm 100 -20.0; 20.0
b/mm 50 -20.0; 20.0
e/mm 100 -20.0; 20.0
er 20.0 0, 40.0

The tension on the blocking block during operation originates from the torque transmitted from the
trigger crank to the rocker. The design lengths of a, b, and e affect the force exerted by the transmission
mechanism on the spring. Therefore, ADAMS software was used to simulate the mechanism, with the link
lengths of the transmission mechanism as optimization targets, to investigate the influence of design variables
on trigger mechanism performance. Using Fig. 4 and Tables 1 & 2, a virtual prototype of the trigger mechanism
was built. After adding constraints and setting the rocker as the driving part, simulation was performed. Fig.5(a)
shows the initial working position of the transmission mechanism; (b) shows the rocker at the working position,
where the blocking block is pulled down 15 mm.

(a) Initial position of joystick (b) Working position of joystick
Fig. 5 — Working position of transmission mechanism

Based on force calculations for the feeding mechanism tines, the torque on the trigger crank during
triggering was approximately 14.6 N-m. Pre-calculation indicated that the resistance force on the blocking
block was about 150 N, originating from the spring force. An external load opposing the motion direction was
applied to the blocking block.
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The simulation observes variations in mechanism performance under different parameters by altering
the values of design variables. By comparing the sensitivity of design variables, it identifies the primary
variables influencing mechanism performance. The design variables are listed in Table 2. In ADAMS, the
measurement variable is set as MOTION_1_MEN_1.

With the simulation step size set to Steps=200, establish the measured torque value T as the
optimization objective in the "Simulation/Design Evaluation" command to optimize the lengths of a, b, and e.
During simulation, variables were changed individually to study the variation of driving torque T with the lengths
of a, b, and e. Fifty sets of experiments were conducted within the variable ranges. Nine representative sets
showing the change of driving torque T with variable a were selected, as shown in Table 3. The average
sensitivity of driving torque T to the three variables is shown in Table 4.

Table 3
Change of the value of driving force distance T with a
Test No. T (N-m) a (mm) Sensitivity
1 16.152 80 -21107
2 15.702 85 -2.1511
3 15.453 90 -2.2278
4 14.996 95 -2.2974
5 14.610 100 -2.3623
6 14.122 105 -2.4328
7 13.548 110 -2.4538
8 13.014 115 -2.4576
9 12.675 120 -2.4593
Table 4
Sensitivity of design variables
Design Variable Sensitivity to Driving Torque
a -2.28956
b 120.532
e -104.77

Based on the data from Tables 3 and 4, among the three design variables, a has the lowest sensitivity
to driving torque T, indicating it has a smaller influence on the driving torque. Variables b and e have a
significant influence, making them the main factors affecting the change in driving torque.

Through ADAMS simulation analysis, with the torque on the trigger crank being 14.6 N-m, simulation
of the trigger mechanism showed that when a = 100 mm, b = 30 mm, and e = 90 mm (integer values), and the
force on the slider is 150 N, the output torque on the driving rocker is closest to 14.6 N-m. The design of the
rotating crank connected to the shaft needs to be reasonable; it can be connected to the blocking rod via a
connecting plate. Through design calculations and motion analysis, the rocker length was set to 100 mm. To
prevent interference with the rocker of the rope-feeding mechanism, the rotating crank was approximated as
a semicircle with a diameter of 100 mm.

Spring Dynamic Analysis and Selection

Calculated based on the minimum torque of the tines, the force the trigger mechanism can withstand
at this moment reaches its maximum. The friction coefficient u for straw-like materials is 0.4—0.47 (Wang et al.,
2017). According to the friction formula Fr = uN, where N is the weight of the reeds, the friction force F; =

15N generated by a full bin of reeds, which is small and negligible. The minimum force exerted by the tine on
the reeds is F=915 N. The trigger crank is 8 cm above the base plate, so the force exerted by the tine on the
reeds acting on the trigger crank is F3=2F/5=366 N. Assuming uniform force distribution on the trigger crank,
the force from the reeds acts at the centroid of the crank. The torque at this point, calculated using the torque
formula, is M3=14.64 N-m. Since the simplified crank 3 rotates simultaneously with the trigger crank, the torque
magnitude is the same. The trigger crank is connected to the trigger mechanism via a shaft. The simplified
force model of the trigger mechanism is shown in Fig. 6. With the rocker length L = 100 mm, F = 146.4 N is
obtained. Therefore, calculated based on minimizing reed damage, the maximum force F required to pull the
spring to the trigger position is 146.4 N.
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Fig. 6 — Trigger simplified model
1. Trigger crank 2. Shaft connection 3. Simplified crank 4. Connecting block 5. Blocking rod 6. Spring 7. Stop block bracket

11

The triggering mechanism requires a matching compression spring. The spring is crucial for
determining whether triggering occurs. A spring with too low stiffness may cause premature triggering,
reducing bale density, while excessive stiffness may lead to reed accumulation in the bin, potentially causing
reed damage or failure to trigger. Therefore, spring selection must meet the following requirements: the
distance between the blocking bracket and spring stop block is 100 mm, requiring a spring compression stroke
h>15 mm. To ensure that the spring meets operational and installation requirements, its free length Hy should
be 100 < Hp < 140 mm. The blocking rod diameter is 15 mm, requiring the spring inner diameter D-d > 15 mm.
The spring stop block size is 50 mm x 50 mm, requiring the spring outer diameter D+d < 50 mm. The force F
=146.4 N. To minimize reed damage, the spring's maximum working load should be 110 N < F <146.4 N. For
comparative tests, a maximum working load F < 170 N was selected, i.e., the spring working load range is 110
N < F <170 N. At this point, the spring compression equals the initial length H of 85 mm.

The spring's working load is the tension it experiences when pulled down to the trigger position.
Different spring working loads result in different bale densities, affecting the net hourly productivity of the entire
device. Subsequent experiments used different pre-tightening forces caused by the spring as a factor to verify
the bale forming rate, bale density, and net hourly productivity of the baling device.

Single-Factor Experiment and Analysis of Pre-tightening Force

Reeds collected in November from the Zhuo River in Weifang City were used for this experiment.
Collected reeds were trimmed according to the feeding port size of the test device, retaining the middle section
of the reed stalks (1.2 m—2.6 m). The measured average moisture content was 20.7%, consistent with material
test results. After multiple measurements using an electronic scale, the average weight of a single trimmed
reed was approximately 13 g. Fig. 7 shows the prepared test materials.

/7

Fig. 7 — Experimental materials Fig. 8 — Binder test stand

The pre-tightening force is controlled by the spring in the triggering mechanism. The spring is the key
component determining when baling is triggered. A higher spring stiffness (greater force) makes triggering
harder, resulting in a higher weight per bale. Five springs with relatively evenly spaced maximum working
loads were selected for the single-factor experiment. The experiment fixed the operating speed at 90 r/min and
used nylon rope. Damage rate, bale forming rate, and single bale weight were evaluation indicators. Reeds
were fed manually and uniformly during the test. The experiment was conducted synchronously with the single-
factor speed test. After testing each spring, it was replaced before proceeding. The results for damage rate,
bale forming rate, and single bale weight are shown in Table 5.
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Table 5
Pre-tightening test results
Pre-tightening Force (N) 123 136.5 145.5 156 165
Damage Rate (%) 3.29 3.59 3.88 4.98 5.22
Single Bale Weight (kg) 4.14 4.31 4.44 4.51 4.55
Bale Forming Rate (%) 100 98 96 92 90

The test data shows that, under different spring conditions, a higher pre-tightening force results in
higher bale density. This is because the reeds are compressed during baling and expand due to stress
relaxation afterward. A higher pre-tightening force delays triggering, allowing more reeds to accumulate in the
bin. Since the volume of the formed bale is similar, reeds expand more after baling with higher pre-tightening
forces, leading to higher density. Net hourly productivity also increases with higher pre-tightening force. The
pre-tightening force has a limited effect on bale density and forming rate. However, experiments showed that
increased pre-tightening force caused more reed damage, with a higher number of surface creases in the
formed bales compared to lower pre-tightening forces. Therefore, to ensure reed quality while meeting net
hourly productivity and bale density requirements, springs resulting in higher productivity and density were
selected. However, when the pre-tightening force increased from 145.5 N to 156 N, the damage rate increased
sharply. Considering factors like damage rate, the pre-tightening force range was set at 123 N, 136.5 N, and
145.5 N.

Orthogonal Experiment for Reed Baling

Preliminary experiments indicated that the bale forming rate, bale density, damage rate, and other test
results are related to rope type, motor operating speed, and spring pre-tightening force. Therefore, these three
factors were used to establish an orthogonal experiment factor-level table, detailed in Table 6.

Table 6
Test factors and levels
Level
Factor
1 2 3

A Rope Type (Diameter 1.5mm) Hemp rope Nylon rope Cotton rope

B Operating Speed (r/min) 80 90 100

C Pre-tightening Force (N) 123 136.5 145.5

RESULTS
The results of the orthogonal experiment are shown in Table 7.
Table 7
Testing results and analysis
Factor Level Indicator Values
No. I:op: Oger:;:;\g Pre-tl;gI:;:nlng Net Hourly Damage Rate Bale Forming
Yf '°B G Productivity (t/h) (%) Rate (%)

1 1 1 1 0.548 3.38 99

2 1 2 2 0.561 3.68 96

3 1 3 3 0.573 3.97 93

4 2 1 1 0.547 3.28 100

5 2 2 2 0.56 3.59 98

6 2 3 3 0.574 3.86 96

7 3 1 2 0.55 3.62 97

8 3 2 3 0.563 3.9 95

9 3 3 1 0.571 3.34 100

10 1 1 3 0.549 3.98 93

11 1 2 1 0.559 3.39 100
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Factor Level Indicator Values
No. I;ope Ogerating Pre-tightening Net Hourly Damage Rate Bale Forming
ype peed Fotce Productivity (t/h) (%) Rate (%)
12 1 3 2 0.574 3.66 97
13 2 1 2 0.549 3.55 98
14 2 2 3 0.564 3.88 96
15 2 3 1 0.573 3.29 100
16 3 1 3 0.548 3.92 95
17 3 2 1 0.562 3.36 100
18 3 3 2 0.575 3.63 98

Variance analysis was performed on the experimental data, and the results are presented in Table 8.
Analysis of Table 8 reveals that since the P-values for rope type, operating speed, and pre-tightening force
are all less than 0.05, these factors exhibit statistically significant effects on the target metrics. Further
comparison of the F-values in the ANOVA indicates the following primary-secondary order of influencing
factors: For net hourly productivity: B (Operating Speed) > C (Pre-tightening Force) > A (Rope Type). For
damage rate: C (Pre-tightening Force) > A (Rope Type) > B (Operating Speed). For bale forming rate: A (Rope
Type) > C (Pre-tightening Force) > B (Operating Speed).

Table 8
ANOVA Results
Source Dependent Variable Typse lll Sum of df Mean Square F Sig.
quares
productivity 5.667 1 5.667 3319852.071 0.000
Intercept Damage rate 236.749 1 236.749 1370650.947 0.000
Bundling rate 170333.389 1 170333.389 475014.239 0.000
productivity 2.111x10% 2 1.056x10° .618 0.047
A Damage rate 0.031 2 0.016 89.833 0.000
8.778 2 4.389 12.239 0.002
productivity 0.002 2 0.001 542.287 0.000
B Damage rate 0.000 2 0.000 1.254 0.033
Bundling rate 0.778 2 0.389 1.085 0.032
productivity 1.144x10° 2 5.722x10° 3.352 0.043
C Damage rate 1.004 2 0.502 2905.254 0.000
Bundling rate 80.111 2 40.056 11.704 0.000
productivity 1.878x10° 11 1.707x10
Error Damage rate 0.002 11 0.000
Bundling rate 3.944 11 0.359
productivity 5.669 18
Total Damage rate 237.786 18
Bundling rate 170427.000 18
productivity 0.002 17
Corrected Damage rate 1.037 17
Total
Bundling rate 93.611 17

For Rope Type (A), level 2 (Nylon rope) yields the lowest damage rate (3.575%) and highest bale
forming rate (98.0%). Thus the Nylon rope is optimal. For Operating Speed (B), damage rate (3.622-3.633%)
and bale forming rate (97.0-97.5%) show minimal variation across levels. Level 3 (100 r/min) achieves the
highest net hourly productivity (0.573 t/h). Thus 100 r/min is optimal. For Pre-tightening Force (C), level 1 (123
N) delivers the lowest damage rate (3.340%) and highest bale forming rate (99.833%). Thus 123 N is optimal.
The optimal parameter combination is Nylon rope, 100 r/min operating speed, and 123 N pre-tightening force.
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CONCLUSIONS

(1) This study developed a triggering rope-feeding mechanism for a reed bundling device. Its core
innovation lies in employing a rocker-slider mechanism combined with springs to achieve automatic triggering,
while utilizing a crank-rocker mechanism to drive the hollow rope-feeding needle. The mechanism initiates the
bundling process by sensing accumulated reed weight. During operation, the rope-feeding needle
simultaneously performs three critical functions: routing the rope into the knotter, compressing reeds to
enhance bundle tightness, and blocking subsequent reed retraction. This provides a foundational mechanical
solution for efficient and low-damage whole-stalk reed bundling.

(2) Based on ADAMS, parameterized simulation optimization of the triggering mechanism is carried
out, and the key influencing factors of the rod length parameters b and e are determined through sensitivity
analysis of the driving torque to obtain the optimal rod length combination. Based on the analysis of spring
dynamics, the critical value of spring working load of 146.4 N and selection parameters were established,
providing a design basis for reducing the driving torque of the mechanism and mitigating reed damage.

(3) The influence of rope type, working speed, and pre tension on bundling performance was verified
through orthogonal experiments: working speed has the most significant impact on pure working hour
productivity, pre tension dominates damage rate, and rope type determines bundling rate. The optimal
combination is nylon rope, working speed of 100 r/min, and pre tension force of 123 N, achieving low damage
and efficient bundling of reed whole poles.
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