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Abstract: To meet the requirements of the crab growth environment regarding aquatic plant density
and improve the efficiency of aquatic plant clearing, this paper shows the development process of
a fully automatic aquatic plant combing machine for crab farming. It proposed the use of torsion
spring hooks to replace traditional cutting blades to break tangled aquatic plants, reducing the length
of aquatic plants in dense areas and thus controlling the density of aquatic plants in crab ponds.
Through theoretical analysis and calculation of the torsion spring hooks, it was ensured that they
could meet the design requirements, and transient dynamic simulation tests were conducted based
on ANSYS. Finally, experimental verification was carried out. The performance test results of the
torsion spring hooks showed that the torsion force generated within a certain torsion angle range
could break the aquatic plant, and obstacles could be avoided through self-deformation. The water
performance test results showed that the average clearing efficiency of the whole machine for aquatic
plants was 4.92 mu/h, the missed clearing rate of aquatic plants was 0.44%, and the crab injury rate
was 0.028%. The design of this machine can provide a reference for the development of aquatic plant
harvesters for crab farming.

Keywords: crab farming; aquatic plant harvesting; torsion spring hooks; dynamic simulation

1. Introduction

As a typical product of freshwater aquaculture, river crab is deeply loved by foodies
due to its delicate meat texture and high nutritional value. In recent years, the aquaculture
scale has been expanding year by year, making it the largest single-product industry in
freshwater fisheries in terms of output value [1-3]. As the saying goes, ‘the size of the
crab depends on the aquatic plant’. The quality of aquatic plant maintenance in river crab
ponds is directly related to the success or failure of river crab aquaculture throughout the
year [4,5]. River crab aquaculture has certain requirements for the density of aquatic plants.
If the density of aquatic plants is too low, river crabs may not find hiding places during
molting, increasing their mortality rate. If the density is too high, it can easily create an
oxygen-deficient environment in the pond, leading to root rot in the aquatic plants, bacterial
growth, and crabs ‘climbing uphill” due to oxygen deficiency. Therefore, it is necessary
to screen out excessive and dense aquatic plant growth in time during the rapid growth
period of aquatic plants [6-8]. Currently, due to a lack of effective small-scale harvesting
equipment for aquatic plants in river crab pond aquaculture [9], most ponds still adopt
manual harvesting methods [10], which are labor-intensive and inefficient. Mechanized
aquatic plant harvesting is of great significance to river crab aquaculture [11]. In response
to this, scholars and enterprises from China and abroad have developed a variety of aquatic
plant harvesting equipment. For example, Aquamarine, a company based in the United
States [12], primarily produces large-scale, high-powered, hydraulically controlled aquatic
plant harvesters, which are suitable for aquatic plant removal in large water areas. Kaizu
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et al. [13] from Japan developed an unmanned aquatic plant harvesting boat that uses a
special structure propeller to prevent aquatic plant entanglement and achieve long-term
automatic navigation. RS-Planering, a Finnish company [14], designed and manufactured
the amphibious aquatic plant harvesting boat RS5000, shown in Figure 1, which mainly
collects floating plants and has a certain storage capacity. The German company Berky’s [14]
aquatic plant harvesting boat TYPE6400, shown in Figure 2, can cut aquatic plants 1.5 m
below the water surface and various weeds on the slopes of river banks, and the cutting
blade angle is fully adjustable. Zhang et al. [15] developed the SCSGJ-2.6 aquatic plant
harvester, which adopts a reciprocating blade, mesh conveyor belt, and paddle wheel
drive, and can walk on land. Wang [16] developed a detachable small aquatic plant
harvester, which can be installed on ordinary boats through a specially designed mounting
frame. It adopts a unique transmission mechanism to maximize transmission efficiency
while ensuring adjustable harvesting depth. Xu [12] developed an amphibious aquatic
plant harvesting boat that integrates aquatic plant cutting, conveying, and bundling. It
can effectively harvest submerged aquatic plants and conveniently achieve fast shore
unloading. Chen [17] developed an automatic aquatic plant harvesting equipment for river
crab aquaculture, which has functions such as aquatic plant cutting, water depth sensing,
cutting speed adjustment, and detachability. It can improve the efficiency of aquatic plant
clearing for farmers and reduce labor intensity. Qi [18] designed a kind of lawnmower
boat system with self-navigation functionality for shrimp and crab breeding waters, which
can realize efficient operation and safe turning of the lawnmower boat, and reduce the
harvest omission rate. Although the above-mentioned research equipment has improved
the efficiency of aquatic plant harvesting, most of them are suitable for large water areas,
and they cannot fully utilize bunkers for automatic collection of aquatic plants, nor can
they control the density of the cut aquatic plants well.

Figure 2. Mowing Boat TYPE6400.
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The cutter, a key component of aquatic plant harvesting equipment, currently mainly
adopts two types: rotary and reciprocating [19]. The rotary cutter has a fast cutting speed,
but when the aquatic plant is in rapid growth, intertwined stems and leaves can easily
cause issues such as the aquatic plant wrapping around the blade. The reciprocating cutter
has a simple structure but suffers from problems like repeated cutting and missed cutting.
Additionally, it can only cut aquatic plants at a certain height, and is unable to adjust the
density of aquatic plants.

This research presents a solution to the aforementioned challenges by proposing the
development of a fully automatic aquatic plant combing machine for crab farming. Based
on the requirements of the river crab’s growth environment for aquatic plant density, a
method is introduced that utilizes the torsional force of torsion spring hooks to separate
and harvest tangled aquatic plants in dense areas. In contrast, aquatic plants in less dense
areas, due to their shorter lengths and lack of entanglement, will not be cleared by the
torsion spring hooks as they pass through, thereby achieving the goal of controlling aquatic
plant density in crab ponds. This innovative aquatic plant clearing approach results in the
development of a device that can automatically adjust its water entry depth for aquatic
plant removal. Additionally, the study explores methods for spreading aquatic plants,
leading to the creation of a structurally simple mechanism capable of evenly distributing
aquatic plants and enabling fully automated aquatic plant management. This equipment
aims to address issues such as poor aquatic plant clearing quality and low automation levels
in river crab aquaculture, which is of great significance in advancing the mechanization
and automation of the entire process of river crab farming in China.

2. Materials and Methods

2.1. Overall Structure and Working Principles of Fully Automatic Aquatic Plant
Combing Machine

2.1.1. Overall Structure

The fully automatic aquatic plant combing and clearing machine for river crab farming
developed in this paper consists of two main parts: an aquatic plant combing and clearing
device and a fully automatic aquatic plant paving mechanism. The aquatic plant combing
and clearing device includes an aquatic plant combing mechanism and a water depth ad-
justment mechanism, while the fully automatic aquatic plant paving mechanism comprises
a drawer-style silo, silo support, damping mechanism, guide rail, hull, transmission system,
etc. The overall structure is shown in Figure 3. In the aquatic plant combing mechanism,
multiple torsion spring hooks are installed on the same support rod. The compression
spring parts of adjacent torsion spring hooks touch each other to restrict axial movement.
The upper limit ring of the fixed part is inserted into the previous support rod, and the
limit ring is located between the adjacent left and right compression springs, restricting
the movement of the fixed part and thus limiting the radial rotation of the torsion spring
hook. Aquatic plant matter cleared by the combing mechanism in the drawer-style silo will
accumulate in one area of the silo. Once it reaches a certain height, it moves backward a
certain distance. The damping mechanism ensures that the silo can expand as envisioned
and avoid multiple silos moving together due to external factors.

2.1.2. Working Principles

During the working process, the water depth adjustment mechanism drives the aquatic
plant combing mechanism to automatically adjust the depth of water entry. The torsion
spring hooks break off entangled aquatic plants in the water or directly salvage floating
weeds on the water surface. Cleared aquatic plant matter, after being transported to the end
by a chain drive, falls into the multi-section drawer-style silo due to its own weight. Once
it reaches a certain height, the detection sensor sends a signal, and the motor starts, driving
the topmost silo of the multi-section drawer-style silo to move a certain distance through
chain transmission before stopping. The motor adopts delay control. Since the aquatic plant
dropping position remains basically unchanged, the multi-section drawer-style silo only
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needs to move the fully loaded aquatic plant area. As the aquatic plant loading capacity
continues to accumulate and increase, the multi-section drawer-style silo continuously
moves until the silo’s terminal travel switch sends a signal indicating that the multi-section
drawer-style silo is almost fully expanded. The aquatic plant area is fully loaded at 320 kg
and returned to the shore for unloading. After unloading is complete, it returns to continue
working until aquatic plant clearing in the crab pond is finished. The workflow is shown in
Figure 4.

Figure 3. Overall structure of the fully automatic aquatic plant combing machine for crab farming.
1. Liquid Sensor. 2. Torsion Spring Hook. 3. Support Rod. 4. Travel Switch. 5. Motor. 6. Multi-section
Drawer-style Silo. 7. Damping. 8. Hull. 9. Silo Guide Rail. 10. Transmission System.

Aquatic Plants Removal
and Transportation

Material Storage

Aquatic Plant Height
Detection

Return to Working Point Signal Emission

Motor Activation

Delayed Stop

Terminal Stroke Limit
Switch

Record Working Point Aquatic Plant Full Load

Return for Discharging

Aquatic Plant Cleaning
Completed

Figure 4. Workflow diagram of the whole machine.

2.2. Design of Key Components and Parameters Determination
2.2.1. Design of Torsion Spring Hooks

A torsion spring hook is a non-standard component designed based on the require-
ments of aquatic plant clearing and installation convenience, referencing the design of a
cylindrical torsion spring, as shown in Figure 5. Cylindrical torsion springs mainly bear
torsional loads and are used for compression, energy storage, and as elastic components
in transmission systems [20]. Considering that the torsion spring hooks are in long-term
contact with water during operation, SUS304 stainless steel is used as the material.
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Figure 5. Analogous design of torsion spring hooks. 1. Limit Ring. 2. Fixed Part. 3. Movable Part.
4. Left Compression Spring. 5. Right Compression Spring. 6. Torsion Spring Part.

As shown in Figure 6, multiple torsion spring hooks are installed on the same support
rod. The inner diameter of the limit ring should be slightly smaller than the outer diameter
of the pressure spring, so as to ensure that the limit ring of the previous torsion spring
hook does not overlap with the pressure springs on both sides, and avoid the problems of
disordered spacing between adjacent support rods and adjacent hooks.

suppoit rod
Figure 6. Torsion spring hook piece installation.

Based on the conditions of aquatic plant clearing, the design of torsion spring hooks
should meet the following requirements: (1) When the movable end of the torsion spring
hook encounters an entangled aquatic plant, it should be able to generate sufficient torsion
force to break the aquatic plant with a small torsion angle, preventing the broken aquatic
plant from detaching from the torsion spring hook due to the rebound state of the torsion
spring after breaking. (2) Since obstacles such as cables, ropes, and aeration pipelines
often exist in crab farming ponds, it is necessary to avoid them through deformation of the
torsion spring hooks themselves.

To meet requirement (1), as measured through experiments, when the torsion angle
¢ generated by the torsion spring hook is less than or equal to 20°, the rebound force
generated by the torsion spring is not large and is directed towards the fixed end of the
torsion spring hook. The operating characteristics of the torsion spring hook are similar
to those of common springs. When the external torque does not exceed the allowable
stress of the spring, the torque T and the torsion angle ¢ are linearly related. Therefore,
the operating characteristic curve of the torsion spring hook is a straight line, as shown in
Figure 7.

The main aquatic plants used in crab farming in China are Elodea, bitter grass, and
Hydprilla verticillata, all of which are submerged aquatic plants [21]. Through mathematical
statistical methods and water plant breaking force tests, it was measured that the maximum
diameter of Elodea is 1.86 mm, with a corresponding breaking force of 2.45 N; the maximum
diameter of Hydrilla verticillata is 2.66 mm, with a corresponding breaking force of 5.05 N;
and the maximum cross-sectional width of bitter grass is 6.48 mm, with a corresponding
breaking force of 5.47 N. Combined with the size of the torsion spring hook itself, it
is assumed that the torsion spring hook can simultaneously break three aquatic plants
at one time. Considering the practicality of the installation space, the torsion arm L is
tentatively set to 38 mm, that is, the maximum breaking force F = 547 x 3 = 16.41 N.
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Therefore, applying a force F to the movable part of the torsion spring hook, we can obtain
the torque at this time as:
T =FR (1)

In the formula: R is the length of the force arm at the breaking position.

T

$1 2 Piim 7]

Figure 7. Operating characteristic curve of the torsion spring hook. ¢ represents the maximum
torsion angle when the torsion spring hook breaks the aquatic plant, and Tj is the corresponding
torque; ¢, represents the maximum torsion angle when the torsion spring hook encounters obstacles
such as aeration pipelines, and T; is the corresponding torque; ¢y;,,, represents the limit torsion angle
generated by the torsion spring hook, and Tj;, is the corresponding torque.

During the process of clearing aquatic plants with torsion spring hooks, the breaking
point is located at the junction of the movable part and the torsion spring part of the
torsion spring hook, which indicates that the breaking position arm is half of the radius or
cross-sectional width of the aquatic plant. Among the three types of aquatic plant, bitter
grass has the largest cross-sectional area at 6.48 mm, so the maximum arm R is taken as
3.24 mm. Substituting the maximum breaking force of aquatic plant F = 16.41 N, we can
obtain Tj = 53.17 N-mm. Then, the torsion angle ¢, at this time is:

T
9= )

In the Formula: T’ is the torsional stiffness of the spring.

With ¢ <20°, it can be obtained that when the spring torsional stiffness T' > 2.65 N-mm/(°),
requirement (1) can be met.

Meeting requirement (2) places a demand on the stiffness of the torsion spring hook.
Taking a cable as research object, by searching relevant literature [22], it can be found that
the cross-sectional area is 50 mm; that is, the diameter is about 4 mm for insulated cable,
the fixation method at both ends is the fitting crimping method, and the tensile rate is
100 mm/min. The average measured cable breaking force is 9.89 KN. Substituting this into
Formula (1), we can obtain T = 19,780 N-mm at this time, and the stiffness T’ of the torsion
spring hook is:

T T

= @ (3)

In the Formula: K is the safety factor; ¢ is the torsion angle.

Looking up the mechanical design manual [23], we can obtain K = 3. To find the
minimum value of the torsion spring hook, the torsion angle ¢ > 180°. Substituting this
into the formula, we can obtain T" < 36.63 N-mm/(°).

As shown in Figure 8, the torsion angle generated by the torsion spring hook plays
a decisive role in whether the obstacle can slide down. At this point, it is necessary to
determine the torsion angle ¢, at the critical state where the obstacle can overcome friction
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and slide freely. To simplify the calculation process, the torsion spring hook is set to move
in a straight line at a uniform speed in the direction of the arrow.

obstacle

Figure 8. Schematic diagram of force analysis of the torsion spring hook, where ¢ is the fixed angle
of the torsion spring hook, ¢ is the initial angle, ¢, is the maximum torsion angle, 0 is the angle
between the direction of gravity of the obstacle and the Y-axis, F; is the rebound force of the torsion
spring hook on the obstacle, X is the distance from the obstacle to the center of the torsion spring
hook. The dashed line represents the state of the movable part of the torsion spring hook after
encountering an obstacle, and the arrow indicates the movement direction of the torsion spring hook.
The cross-section of the obstacle is simplified as circular for subsequent calculations. The annotation
“fixed” in the figure refers to the movement restriction of the torsion spring hook by the support rod.

To find the maximum torsion angle ¢, a force analysis is performed on the obstacle.
The angle 6 between the direction of gravity of the obstacle and the Y-axis is:

0=¢'+po+er—7 (4)

The component force in the Y direction is:

Fn = Foy — F2 = Gopstacle - €08 — F, = mgcosf — B )
T - T’
B=2=%0 ©)
X X

The component force in the X direction is:
f =uFn = ymgcost — uk, (7)

Fox = Gopstacle - SInO = mgsin6 (8)

Based on life experience, we can know that:
0<x<L 9)

In the formula: m represents the mass of the obstacle, Fy is the supporting force in the
vertical direction on an inclined plane, Fgx is the component force of the obstacle’s gravity
along the X-axis, Fgy is the component force of the obstacle’s gravity along the Y-axis, f is
the friction force of the obstacle, u is the friction coefficient, T’ is the torsional stiffness of
the torsion spring hook, and L is the length of the movable end of the torsion spring hook.

Looking up the mechanical design manual [23], it can be found that the friction
coefficient 1 of SUS304 stainless steel under sliding friction without lubrication is 0.3 to
0.4, and u = 0.35 is taken. According to the above formula, it can be arranged along the X
direction to obtain:
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f<Fex ,
umgcost — - % < mgsinf (10)
0=¢ +po+pr—7

Combining requirements (1) and (2), the torsion spring component needs to satisfy:

ymgcos@—w(’%r < mgsin 6

9:¢/+(P0+(P2_7T (11)
0<x<L

265 < Tr<36.63

In some extreme cases, to ensure that the torsion spring hook can still avoid obstacles
without exceeding the allowable stress, it is necessary to ensure that the torsion spring
hook can bend to 180°. In this way, as the torsion spring hook continues to move with the
chain drive, it can still make the obstacle detach from the torsion spring hook, as shown in
Figure 9. It can be obtained that:

Pot P27 (12)

Figure 9. Movement diagram of torsion spring hook, where ¢’ is the fixed angle of the torsion spring
hook, ¢y is the initial angle, and ¢, is the maximum torsion angle.

Under this condition, combined with requirement (1), the torsion spring hook needs
to satisfy the following conditions:
o+ 2> T
{ 2.65< Tr<36.63 (13

In summary, if the basic parameters of the torsion spring component satisfy
Formulas (11) or (13), then the design requirements can be met.

2.2.2. Theoretical Analysis and Calculation

The main working part of the torsion spring hook is basically similar to a cylindrical
torsion spring, so its design and calculation can be referenced accordingly. The main
parameters are shown in Figure 10. Taking into account the two requirements for using the
torsion spring hook and the installation space, the initial free angle of the torsion spring
hook is set at ¢g = 45°, L = 30 mm, minimum torque T; = 56.12 N-mm, maximum working
torque T = 170 N-mm, and working torsion angle ¢ = 37°.



Machines 2024, 12, 639 90of 19

t
H

Figure 10. Basic parameters of torsion spring hook. L: torsion arm. ¢@q: initial angle. D: pitch
diameter. Dy: inner diameter. D,: outer diameter. t: Pitch. H: effective length. d: wire diameter.

As mentioned above, the torsion spring hook is made of SUS304 stainless steel. Refer-
encing the Mechanical Design Handbook [23], the physical properties of SUS304 stainless
steel are listed in Table 1.

Table 1. SUS304 stainless steel physical performance parameters.

Density Yield Strength Tensile Strength Modulus of Shear Modulus Poisson’s
(o/kg/cm?3) (cs/Mpa) (c+/Mpa) Elasticity (E/Gpa) (G/Gpa) Ratio (v)
7930 255 515 193 82.3 0.285

Based on the preliminary assumption of a diameter range of 4 = 0.8 to 1.3 mm,
according to the GB/T 1239.6-2009 technical conditions for cold-coiled cylindrical helical
springs part 2: compression springs, the tensile strength limit is found to be 03, = 1471 to
1863 Mpa [23]. Taking ¢, = 1800 MPa, the tensile strength limit at this point is 03, = 2157 MPa.
As shown in Table 2, the allowable stress values for torsion spring materials are:

Opp = 0.75(Tb (14)

Table 2. Permissible stress values for torsion spring materials.

Wire Type Stainless Steel Wire for Springs
Test bending stress 0.750y
Torsion sprin Static load allowable bending stress 0.6807,
pring Finite fatigue life (0.55-0.65) 07

Dynamic load allowable bending stress Infinite fatigue life (0.45-0.55) o,

Substituting the data, we can obtain opp = 1350 MPa.
To achieve a compact design, the initial winding ratio C is set to 5. The curvature
coefficient Ky can then be determined.

_4C-1

K
L Yo

(15)
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Substitute the data to obtain K; = 1.19, and referring to the Mechanical Design Hand-
book [23], the diameter d of the torsion spring hook is:

2THK
d= /224 (16)
TTOBp

By substituting the data, we obtain 4 = 1.15 mm. According to the preferred num-
ber series for the diameter of cylindrical torsion springs, we take the standard value of
d = 1.2 mm. At this point, the tensile strength limit ¢y, is 2157 MPa, which is not lower than
the original assumed value, thus it is safe. Therefore, the spring’s pitch diameter D is:

D=C-d (17)

By substituting the data, we can obtain D = 6 mm, and at this time, the number of
spring coils 7 is:
___Edlg
"= 3667D( - 1)
In the formula, E represents the elastic modulus of SUS304 stainless steel.
By referring to Table 1, we know that E = 193 GPa. Substituting this, we obtain n = 5.91.
According to standardization, we round it up to n = 6. The spring stiffness T’ is:

(18)

Ed*
T = 1
3667Dn (19)

Substituting the data, we obtain T’ = 3.03 N-mm/(°). The torsion angles ¢, at the
maximum working torque and ¢; at the minimum working torque of the torsion spring

hook are: .
2
Q2= 7 (20)

PL=92-¢ (21)
Substituting data, we can obtain ¢, = 56.11°, ¢1 = 18.89°, and the actual minimum
working torque T;:
T =T (22)
Substituting the data, we obtain: T; = 57.23 N-mm. The working limit torsion angle ¢;
of the torsion spring and the spring pitch ¢ are:

nd3ay,
1= 20K, T (23)
t=d+0 (24)

In the formula, § represents the torsion spring pitch, which is generally set to 0.5
outside special circumstances.

Substituting the data, we obtain: ¢; =135.4°, t = 1.7 mm. By referring to the Mechanical
Design Handbook [23], the free length Hy and helix angle a of the torsion spring hook are:

Hy=n-t+d (25)

t
= arctan— 26
« = arctan D (26)

Substituting the data, we obtain: Hy = 11.4 mm, a = 5.14°. Substituting the above data
into Formula (13) verifies its validity, indicating that the designed torsion spring meets the
usage requirements.
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2.3. Transient Dynamics Simulation

Based on the structural design of the torsion spring hook completed according to
the required specifications in the previous text, and the basic parameters obtained for the
torsion spring hook, this paper explores whether the torsion spring hook can meet the
usage requirements under two working conditions through transient dynamics simulation:
(® We apply the breaking force F of the aquatic plant to the torsion spring hook, and
check if the torsion angle is less than the set value. 2) Due to the complexity of obstacles
encountered by the torsion spring hook and the large number of unknown parameters,
we now consider an extreme situation where the torsion spring hook is bent to 180°. We
analyze its transient characteristics to obtain the maximum stress value and determine if it
is less than the yield strength of SUS304 stainless steel.

Transient dynamics is essentially a time-history analysis primarily used to analyze
the dynamic response of mechanical structures under dynamic external loads [24,25]. This
paper mainly studies mechanical changes in the torsion spring hook during operation,
while the other components only serve the purposes of installation, fixation, and load
transfer. Therefore, the torsion spring hook is set as a flexible body element, and the
support rod is set as a rigid body, which does not participate in dynamic calculations [26].
This simplified model is shown in Figure 11.

0.00 35.00 70. 00 (mm)
I ]

17.50 52.50

Figure 11. Finite element simulation model of torsion spring hook.

We assign SUS304 stainless steel as the material for the torsion spring hook. Mesh
division of the torsion spring hook is carried out by the sweeping method. Src/Trg manually
selects a source and target, which correspond to the initial circular section and the terminal
circular section of the torsion spring hook, respectively. The mesh element size is 0.2 mm.
After the virtual model is meshed, the number of elements is 492,309 and the number
of nodes is 788,190. The mesh provides various functions to detect its quality, including
four evaluation indicators: element quality, orthogonal quality, aspect ratio, and skewness.
This paper selects element quality to evaluate the quality of the mesh. The evaluation
criterion for element quality is that the closer the average value of the element quality of
the mesh division is to 1, the better the quality; the closer it is to 0, the worse the quality of
the mesh. As shown in Figure 12, the average value is 0.82074. According to the evaluation
criteria, the quality of the mesh is good and can fully meet the simulation requirements.

As mentioned in Section 2.2.1, the torsion spring hook needs to meet two operating
conditions: O Apply the maximum breaking force of the aquatic plant to the moving end
of the torsion spring hook, ensuring that the torsion angle is less than 20°. Use the split
command to separate the part of the torsion spring hook where force needs to be applied,
and input 16.41 N for the X-component. @ To allow the torsion spring hook to avoid
obstacles in the crab pond, it needs to be able to bend to 180°. As stated in Section 2.2.2, the
initial angle of the torsion spring hook is 45°. Therefore, apply a remote rotational force to
the moving end of the torsion spring hook so that it can rotate to 135° within 4 s.



Machines 2024, 12, 639 12 of 19
7319.00
Min 4.5956x10-2 5000.-00
Max 1 4000.00
3000.00
Average 0.82074
2000.00
Standard Deviation (16636
1000.00 .
0.00 — - ||
0.05 0.13 0.25 0.38 0.50 0.63 0.75 0.88 1.00

X

Element Metrics Y —— Element Count

Figure 12. Element quality of mesh.

2.4. Performance Testing of Torsion Spring Hooks

To test whether the torsion force corresponding to a torsion angle of 20° for the torsion
spring hook can exceed the maximum breaking force of aquatic plants, we conducted the
following experiment. As shown in Figure 13, we used an industrial-grade universal angle
meter and a push-pull force measuring instrument for the test. The measuring probe was
replaced with a specialized one for measuring compressive forces. Since the initial free
angle of the torsion spring hook is 45°, to achieve a torsion angle of 20°, the other end
should be adjusted to the 65° position. Holding the push—pull force measuring instrument,
we pressed down in the tangential direction until the moving end of the torsion spring hook
aligned with the 65° measuring end of the universal angle meter. This alignment indicated
that the torsion angle of the torsion spring hook was 20°. At this point, we noted the reading
on the push—pull force measuring instrument and compared it to the maximum breaking
force of an aquatic plant. This experimental setup allowed us to accurately measure the
torsion force required to achieve a 20° torsion angle and determine whether it exceeds the
maximum breaking force of an aquatic plant.

Figure 13. Performance testing of torsion spring hooks.

In addition, we tested whether the torsion spring hook can avoid obstacles such as
cables, ropes, and aeration pipes through its own deformation. Under the condition that the
torsion spring hook does not exceed its ultimate yield stress, the angle between the fixed
end and the movable end of the torsion angle should be no less than 180°. Since the initial
free angle of the torsion spring hook is 45°, it can be inferred that the torsion angle should
be no less than 135°. We used a universal angle meter to measure, and each time made the
torsion spring hook rotate at an angle of 135°. After repeated experiments, we measured
whether there was any change in the initial free angle of the torsion spring structure.

2.5. Comprehensive Performance Test in Water

To verify whether the prototype’s various performances, such as aquatic plant har-
vesting rate, missed harvesting rate, and crab injury rate, meet the design requirements,
the prototype was processed and assembled according to the structural design scheme for
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the fully automatic aquatic plant combing and clearing machine for crab farming. In its
non-working state, the fully automatic aquatic plant combing and clearing machine has a
length of 5.13 m, a width of 1.78 m, and a height of 1.16 m. In the working state, because
the aquatic plant combing and clearing machine can automatically adjust to the depth of
water entry, the overall length and height changes. Actual measurements show that the
length ranges from 5.13 m to 4.79 m, the height ranges from 1.78 m to 1.97 m, and the width
remains unchanged at 1.78 m. The experimental prototype after processing and assembly
is shown in Figure 14 below.

Figure 14. Experimental prototype.

The experimental site was in Gaoyou City, Jiangsu Province, China, where the water
quality, PH value, dissolved oxygen content, and mineralization value of the aquaculture
waters are all within the range suitable for the normal growth of crabs. Three different
ponds were selected for the experiment to test the aquatic plant clearing efficiency, missed
grass cutting rate, and crab injury rate of the prototype in different environments. This
allowed us to analyze the stability and reliability of the fully automatic aquatic plant
combing and clearing machine. The main measurement contents include the following
three aspects:

(1) Basic tests of the prototype

During normal operation of the fully automatic aquatic plant combing and clearing
machine, various measurements and observations are made. These include checking for
abnormal vibrations and noise from the aquatic plant combing motor, the depth adjustment
motor for the aquatic plant combing mechanism, the aquatic plant even spreading motor,
and the paddle wheel motor during a 30-min run at rated speed. Additionally, it involves
assessing whether there is any loosening of connecting fasteners, the stability and leveling
of the boat’s movement in the water, the normality of the depth adjustment process of the
aquatic plant combing and clearing machine, the operating speed of the machine under full
and empty loads, and the normal sustainable working time with a fully charged battery.

(2) Aquatic plant harvesting efficiency

To measure aquatic plant harvesting efficiency, specific areas with similar aquatic
plant density were selected in three ponds. The fully automatic aquatic plant combing and
clearing machine was placed in these areas to start operation, and the area and operation
duration were recorded to calculate the harvesting efficiency. The formula for calculating
harvesting efficiency is as follows:

E=2 (27)

E—clearing efficiency. A—clearing area. T—clearing time.
(3) Missed clearing rate of aquatic plants and injury rate of river crabs

In the three experimental areas where the aquatic plant clearing work has been com-
pleted, one mu (a unit of area in China, equivalent to about 667 square meters) of land
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was randomly selected from each area for experimentation. Using a combination of im-
age acquisition technology and manual calculation, the number of aquatic plant stems
and the number of uncleared aquatic plant stems in each experimental plot were mea-
sured separately. The formula for calculating the missed clearing rate of aquatic plants is

as follows:
M = E (28)
N

M-—missed clearing rate of aquatic plants. U—number of uncleared aquatic plant
stems. N—total number of aquatic plant stems.

In the experiment to determine the injury rate of river crabs, study was conducted in
the three previously selected experimental areas, each covering an area of one mu. Crab
traps were used to capture the crabs, and these traps were evenly distributed across the
experimental areas. Once the traps were almost full, the crabs were collected, and the
number of injured crabs was inspected and recorded. The formula for calculating the injury

rate of river crabs is: |

R =
AxP
R—injury rate of river crabs. [—number of injured river crabs. A—cleared area.
P—the number of river crabs released per unit area.

(29)

3. Results and Discussions
3.1. Analysis of Transient Dynamics Simulation

A Stress nephogram of the torsion spring hook under the maximum breaking force
F of aquatic plant is shown in Figure 15. As can be seen from the figure, the maximum
stress reaches 25.16 MPa, which is far less than the yield strength of SUS304 stainless steel.
Therefore, the torsion spring hook is safe under this operating condition. By inserting
a flexible rotation angle probe during the solution process, the torsion angle is found to
be 18.23°. After calculation and verification using Formula (20), the error between the
simulated torsion angle and the calculated torsion angle is within 3.5%, which to some
extent indicates the accuracy of this simulation.

90.00 (mm)

22.50 67.50

Figure 15. Stress nephogram of the torsion spring hook.

A strain nephogram and stress nephogram of the torsion spring hook rotated to 135°
are shown in Figures 16 and 17, respectively. As can be seen from the figures, the maximum
strain is 0.11 mm and the minimum strain is 5.68 x 108 mm, while the maximum stress
reaches 119.8 MPa. However, this value is still less than the yield strength of SUS304
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stainless steel, indicating that the torsion spring hook is safe under this operating condition.
The location of the maximum stress point is basically the same as the location of the
maximum stress point when the torsion spring hook is subjected to the breaking force
of an aquatic plant, suggesting that a torsion spring hook rotated to 135° is within its
normal operating range. After verification using the calculation formula for the torsion
spring hook described in Section 2.2.2, the error between the calculated stress value and
the simulated stress result is within 4%, which to some extent demonstrates the accuracy of
this simulation.

D: transient structure 180
Equivalent Elastic Strain
Type: Equivalent Elastic Strain

Unit:mm/mm
Time:4s

2024/3/25 19:02

.0095222
.0089719
.0084215
.0078711
.0073207
.0067708
.00622

.0056696
.0051192

N O OO O OO oo o o

.110073 Max

.6837x10-8 Min

00.00 100.00 200.00 (mm)
I I ]
50.00 150.00

Figure 16. Strain nephogram of torsion spring hook at 135°.

D: transient structure 180
Equivalent Stress
Type: Equivalent (Von-Mises) Stress

Unit:Mpa
Time:4s

2024/3/25 19:09

119.8 Max
105.0
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39.89
25.54
12.71

4.1673x10-18 Min

00.00 100.00 200.00 (mm)
] .| ]
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Figure 17. Stress nephogram of the torsion spring hook at 135.

3.2. Performance Testing Results of Torsion Spring Hooks

The experimental results are shown in Table 3. The torsion forces are all greater than
the maximum breaking force of an aquatic plant. The average difference compared to the
maximum breaking force of an aquatic plant is 2.556 N, indicating that the torsion spring
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hook can meet the design requirement of being able to break an aquatic plant when the
torsion angle is less than 20°.

Table 3. Experiment on torsion spring hook at a 20° torsion angle.

Serial

N Torsional Force/N Maximum Breaking Force of Aquatic Plant/N Difference/N

umber
1 18.94 2.53
2 18.88 2.47
3 19.04 2.63
4 18.99 2.58
5 18.91 2.5
6 1893 1641 252
7 19.06 2.65
8 18.94 2.53
9 19.01 2.6
10 18.96 2.55

In addition, the experimental results on whether the torsion spring hook can avoid
obstacles are shown in Table 4. In the first 50 repeated experiments, there was no change
in the initial free angle of the torsion spring hook. By the 60th and 70th experiments, the
initial free angle changed after testing, with a difference of 0.02° from the initial value. By
the 80th and 90th experiments, the initial free angle differed by 0.04° from the initial value.
After 100 experiments, the initial free angle differed by 0.08° from the initial value, with a
variation of 0.18%. This meets the requirements for use, indicating that the torsion spring
hook can avoid obstacles through its own deformation.

Table 4. Experiment on torsion spring hook at a 180° torsion angle.

Number of Tests Free Angle after Test/(°) Initial Free Angle/(°)  Difference/(°)
5 45 0
10 45 0
20 45 0
30 45 0
50 45 0
60 45.02 ° 0.02
70 45.02 0.02
80 45.04 0.04
90 45.04 0.04

100 45.08 0.08

3.3. Comprehensive Performance Test Results in Water
(1) Basic tests of the prototype

The measurement results are shown in Table 5. The fully automatic aquatic plant
combing and clearing machine demonstrates good operational stability and stability when
adjusting the depth of water entry. The no-load speed is 1.32 m/s, and the full-load speed

is 1.05 m/s. The continuous working time when the battery is fully charged is 7.6 h, which
meets the requirements for use.

Table 5. Performance test of prototype.

Operational Stability =~ Water Depth Adjustment
(30 min) Stability (30 min)

good good 1.32 1.05 7.6

Full Load Speed

No-Load Speed (m/s) (x/s)

Battery Worktime/h
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(2) Aquatic plant harvesting efficiency

The experimental results are shown in Table 6, indicating that the average clearing
efficiency of the fully automatic aquatic plant combing and clearing machine is 4.92 mu/h.

Table 6. Prototype aquatic plant clearing efficiency.

Test Pond Area (mu) Clearing Time/h Clearing Efficiency/h
Pond 1 6 1.23 4.88
Pond 2 6.5 131 4.96
Pond 3 7 1.42 4.93
Average / / 492

(3) Missed clearing rate of aquatic plant and injury rate of river crabs

The experimental results are shown in Table 7. Based on a calculation assuming
1200 crabs per mu are released, the average missed clearing rate of aquatic plants is 0.44%,
and the injury rate of crabs is 0.028%. Both of these rates meet the design requirements.

Table 7. Missed clearing rate of aquatic plants and injury rate of river crabs.

Number of Uncleared

Number of Injured Missed Clearing Rate Injury Rate of River

Test Pond Aquatic Plant Stems/m? River Crabs/Crab/mu of Aquatic Plants (%) Crabs (%)
Pond 1 1 0 1.33% 0%
Pond 2 0 1 0 0.083%
Pond 3 0 0 0.44% 0%

This chapter conducts a transient dynamic simulation study on the torsion spring
hook component using ANSYS, analyzing its deformation and stress distribution under
two working conditions. By comparing the theoretical calculation values with the simu-
lation values, it further demonstrates that the simulation results have a certain degree of
accuracy. Basic performance tests and comprehensive performance tests in water were
conducted on the prototype. The basic performance tests verified that the torsion spring
hook component can meet the design requirements; the comprehensive performance tests
in water verified that the prototype runs smoothly and adjusts the depth of water entry
with good stability. Compared with a reciprocating aquatic plant harvesting boat with
a cutter [17], the average aquatic plant clearing efficiency is increased by 0.9 mu/h, the
aquatic plant missed clearing rate is reduced by 1.21%, and the crab injury rate is reduced
by 0.072%, resulting in considerable economic benefits. Therefore, the fully automatic
aquatic plant clearing machine developed in this paper significantly improves clearing
efficiency, reduces labor intensity for farmers, and has high reliability and practicality.

4. Conclusions

(1) A fully automated aquatic plant combing and clearing machine for river crab farming
is developed, which consists of two main parts: an aquatic plant combing and clearing
device and a fully automated aquatic plant spreading mechanism. The aquatic plant
combing and clearing device comprises a combing mechanism and a water depth
adjustment mechanism. The fully automated aquatic plant spreading mechanism
includes a drawer-type material warehouse, a material warehouse support, a damping
mechanism, a guide rail, a hull, a transmission system, and other components.

(2) A method for aquatic plant clearing using torsion spring hooks instead of traditional
cutting blades is proposed. This method causes minimal damage to the aquatic plant,
does not harm the river crabs, and allows for better control of aquatic plant density.
The torsion spring hooks were theoretically analyzed and calculated based on the
maximum breaking force of the aquatic plant to ensure that they meet the design
requirements. Transient dynamics simulations were performed using ANSYS to verify
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the theoretical calculations. Finally, experimental verification was conducted, and
the results showed that the torsion force generated within a certain range of torsion
angles can break the aquatic plant, and the torsion spring hooks can avoid obstacles
through their own deformation.

(3) Prototype and Experimental Research: The processing and assembly of the prototype
were completed, and basic performance tests as well as comprehensive performance
tests in water were conducted. The basic performance test verified that the torsion
spring hook can meet the design requirement of breaking off aquatic plants when the
torsion angle is less than 20°, and can avoid obstacles through its own deformation.
The comprehensive performance tests in water confirmed that the prototype operates
smoothly and the stability of water depth adjustment is good. The average clearing
efficiency of aquatic plant is 4.92 mu/h, the missed clearing rate of aquatic plants is
0.44%, and the injury rate of river crabs is 0.028%, all meeting the design requirements.

In the future, we can further analyze optimal basic parameters for the torsion spring
hook. Orthogonal experiments can be designed for parameters such as the length and initial
angle of the torsion spring hook to obtain the best combination of parameters. Machine
vision can be incorporated to judge the growth of aquatic plants, thereby automatically
adjusting the depth of the clearing mechanism in the water.
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