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ABSTRACT

In China’s algae farming, ropes are widely used for seedling cultivation and suspension, requiring fast and
reliable uncoupling during harvest. However, current kelp harvesting faces issues like complex rope
connections, low unlocking efficiency, and poor reusability. To address this, a PLC-controlled rapid
disengagement system was developed. The proposed system employs a button with self-locking functionality,
coupled with a magnetically controlled disengagement device, to achieve automated unfastening of seedling
ropes without damaging the suspension rope. The paper presents the components and operating principle of
the locking device. To address the force characteristics of the seedling rope during the disengagement process,
a dual-fingered pusher configuration was designed. The use of an involute trajectory enabled stable extraction
of the rope from the locking groove. A Delta PLC was employed as the central controller, and an execution
system comprising of an electric push rod, proximity sensors, magnetic adsorption module, and rope-pulling
motor was developed to achieve automated control of lock correction, magnetic positioning, unlocking, and
rope disengagement. Experimental results indicated that the system achieved the highest disengagement
success rate of 96.67% when the guiding slot clearance was 14 mm, the haulage rope speed was 40 mm/s,
and the pusher length was 45 mm, demonstrating stable and reliable device performance.
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INTRODUCTION

Kelp is a type of large brown seaweed that primarily grows in cold marine environments and represents
one of the most important economic algal resources (Branch et al. 2023; Forbes et al. 2022; Grebe et al. 2019).
In recent years, with the rapid development of the kelp industry, the scale of aquaculture has expanded
annually, positioning China as the global leader in kelp production (Hewei et al., 2020; Zimin et al., 2021).
According to statistics, China’s total kelp output reached 1.6 million tonnes in 2022, accounting for 89.4% of
the global production, which presents significant technical challenges for kelp cultivation and harvesting (Zimin
et al. 2023). Currently, kelp harvesting largely depends on manual labor or semi-mechanized equipment (Mac
Monagail et al., 2017; Tullberg et al., 2022). Particularly, the connection and disconnection between seedling
ropes and haulage or suspension ropes are commonly performed through manual knotting and unfastening.
This process is not only labor-intensive, time-consuming, and inefficient, but also poses safety risks (Mac
Monagail et al., 2017; Yongming et al., 2020), making it inadequate for meeting the development needs of the
modern kelp industry (Bak et al., 2018). Therefore, the development of a rapid disengagement system for
seedling ropes from haulage and suspension ropes is crucial to addressing these challenges.
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Extensive research has been conducted by both domestic and international scholars to address the
technical challenges associated with mechanizing kelp harvesting. For instance, in Norway was developed an
articulated crane system for the efficient harvesting of wild kelp (Peteiro et al., 2016; Vea and Ask, 2010), which
is suitable only for naturally grown kelp without seedling ropes and thus is ineffective for China’s flat-raft kelp
cultivation model (Zongyu et al., 2018). In China, various kelp harvesting machines have also been developed,
such as rope-hook integrated harvesters, yet the separation of seedling ropes from haulage ropes still relies
entirely on manual operation. Jiang Tao’s team developed an automatic towing-type kelp harvesting vessel
and a kelp harvest and transfer device (Tao et al., 2020; Tao et al., 2022; Yongming et al., 2018), but it is poorly
compatible with standard flat-raft cultivation systems. Liu Hewei and colleagues designed a bionic kelp
harvester based on the motion analysis of manual harvesting (Hewei and Bin, 2020). These devices enable
large-scale kelp harvesting, but still face issues in practice, such as difficulties in separating seedling or
suspension ropes from haulage ropes and unstable operational performance. Clearly, with the rapid
advancement of automation and intelligent technologies, developing an integrated automated and mechanized
rapid unlocking system is crucial for the efficient separation of seedling and haulage ropes.

In light of these challenges, this study aims to develop a rapid disengagement system for seedling ropes
to improve the efficiency, automation, and reliability of kelp harvesting. The proposed solution focuses on
enabling automated separation between seedling and haulage ropes under complex working conditions,
ensuring operational stability while reducing labor intensity and time consumption. By addressing the
bottleneck of manual disengagement, the research provides a practical foundation for the mechanization and
intelligent transformation of kelp harvesting processes.

MATERIALS AND METHODS
Overall structure and working principle

As shown in Figure 1, the test platform for the rapid disengagement of kelp seedling ropes mainly
consists of a motor, flared guiding slot, electric push rod, magnet, proximity sensor, and control unit.

Fig. 1 - Schematic diagram of the complete machine structure
1 - Haulage rope; 2 - Suspension rope; 3 - Locking device; 4 - Seedling rope knot; 5 - Seedling rope; 6 - Flared guiding
slot; 7 - Blocking plate; 8 - Magnet; 9 - Electric push rod; 10 - Supporting plate; 11 - Stepper motor; 12 - Lead screw;
13 - Proximity sensor; 14 - Metal sensing switch; 15 - Pusher

During the simulation operation, the winch system drives the haulage rope forward, the lead screw
moves the blocking plate to the initial position, and the locking device connected to the haulage rope enters
the flared guiding slot. It is then guided into a slot of equal width to the quick-locking device under the constraint
of the flared slot. Since both ends of the seedling rope are connected to the suspension rope via locking
devices, its posture can only be maintained with the contact point oriented forward. This ensures that the
locking device enters the disengagement region on the blocking plate with the same posture. When the locking
device enters the effective magnetic range, it is attracted to the blocking plate aligned with the electric push
rod. The electric push rod then drives the locking device toward the blocking plate, and upon contact, the
blocking plate applies pressure to the button on the locking device, triggering the release of the internal locking
device and completing the unlocking operation. Once the locking device engages the proximity sensor, the
motor drives the pusher to rotate, dislodging the knotted seedling rope from the unlocked locking device. After
disengagement, the lead screw retracts the blocking plate, releasing the locking device from the magnetic holding
area and restoring its freedom of movement. Then, the haulage rope moves diagonally upward, carrying the
disengaged locking device away from the device, thus preparing space for the next disengagement operation.
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Fig. 2 - Control unit of the disengagement device

Study of key components and mechanisms
Determination of the locking device

To achieve rapid disengagement of the seedling rope from the haulage rope, a quick-release structure,
as illustrated in Figure 3, was developed. It mainly consists of a housing, button, torsion spring, latch, and iron
block. The locking device functions through a button-triggered quick-release mechanism. When external
pressure is applied to the button, its internal protrusion disengages from the limit groove in the housing. This
disengagement removes the mechanical constraint on the latch, allowing it to rotate under the restoring force
of the torsion spring. As the latch opens, the seedling rope locking channel is released, enabling the pusher to
separate the rope from the haulage system. It can significantly improve the efficiency of separating the seedling
rope from the haulage rope.

!
50—
6
(a) Schematic diagram of the planar structure (b) Schematic diagram of the 3D structure

Fig. 3 - Structural diagram of the locking device for kelp seedling ropes
1 - Suspension rope connection hole; 2 - Torsion spring; 3 - Button; 4 - Housing; 5 - Latch; 6 - Seedling rope locking
groove; 7 - Haulage rope; 8 - Suspension rope; 9 - Seedling rope; 10 - Iron block; 11 - Housing mounting hole

Analysis of torsion spring torque and button loading

From the above structure, the torsion spring is the key to the instantaneous opening of the latch, as
shown in Figure 4 and Figure 5. During operation, when the locking structure moves to the position of the
magnet-equipped blocking plate, it is firmly attracted to the plate by magnetic force. The plate then depresses
the button on the locking structure, driving the internal protrusion out of the button limiting slot in the housing.
The latch thereby loses the constraint of the protrusion and, under the torque of the torsion spring, instantly
rotates by an angle, thus opening the seedling-rope engagement channel.
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(a) Pre-rotational installation of torsion spring (b) Simplified force diagram of the latch

Fig. 4 - Diagram of torsion spring installation and latch force analysis

Evidently, the torsional moment of the torsion spring is critical to reliably opening the seedling-rope
engagement channel. To ensure the spring has sufficient capacity to actuate the latch, a torque analysis of the
latch is conducted:

M. =Gl (1)
g

M, =k0

M, =M +M,

where: M, is the gravitational torque caused by its own weight, Nm; G is the weight of the latch, N; / is the
distance from the latch centroid to the rotation center, m; A4 is the torsion spring moment, Nm; £ is the torsional
stiffness of the torsion spring, N-m/(°); ¢ is the torsional angle of the spring, (°); M;is the frictional moment at
the latch ends, Nm.

During rotation, only the two end faces of the latch seat contact the housing, so friction and a
corresponding frictional torque act at these faces. To ensure that the latch opens stably and holds its position—
and to avoid re-closure even in the event of a sudden torsion-spring failure—the minimum frictional torque
between the latch and the housing should equal the gravitational torque of the latch; thus, we have:

M,=M, (2)

To compute the minimum torsion-spring torque, substituting Equation (2) into Equation (1) yields the
spring torque as:

M, =M, +M, =2M, ©)

Considering system reliability and the influence of the operating environment, we set:

M, =nM,+M,)=2nM, (4)
where: n is the safety factor for system operation, and in this study, considering both the load magnitude and
the working environment, » is set to 2.5. Thus, we have:

M, =kO=5M, ®)
According to the torque calculation formula of the torsion spring, it results:
5G1 6)

k
0

For simplicity, it is assumed that once the latch-locking button is released, the latch can rotate by 90°.
Clearly, the longer the latch, the greater its weight and the larger the required torsion-spring stiffness coefficient
k; conversely, a shorter latch requires a smaller stiffness «.

The detailed structure of the button is shown in Figure 5(a). The button is the key component for
unlocking the locking structure. Its core function is to apply pressure to the button, causing the protrusion on it
to disengage from the button limiting slot inside the locking structure housing, allowing the torsion spring to
release its rotational force, transferring the force to the button. The button then drives the latch to rotate,
opening the locking structure. As shown in Figure 5(b), the button is mainly influenced by the pressure from
the blocking plate, its own weight, and the torsion spring moment.
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Fig. 5 - Schematic diagram of the button structure and unlocking process

As shown in Figure 5(c), when the button contacts the blocking plate, it is subjected to a compressive
load determined by the contact force between the button and the plate. Thus:

F =k Ax (7)
where: F, is the compressive force applied by the blocking plate to the button, N; ks is the contact stiffness
coefficient, N/m; Ax is the displacement of the button under the applied load, m.

The contact stiffness is:
_ G(,d4
8D’n

(8)

5

where:
G, is the shear modulus of the material, MPa; d is the spring wire diameter, m; D is the mean coil diameter,
m; and 5 is the number of active turns.

Since the button’s position within the button limiting slot is influenced by external forces, the vertical
force on the button can be estimated as:
_ Gyd*
8D

K, Ar+G, )

where:
Fy is the force exerted by the button in the vertical direction, N; G, is the self-gravity of the button, N.

Study on the Rapid Disengagement Device

Study on the Flared Guiding Slot

During the kelp harvesting process, the seedling rope is kept under tension with the locking device due
to the weight of the kelp, which causes the locking device to assume a tilted angle. To ensure a smooth
transition of the locking device from its inclined initial posture to the vertical constrained disengagement
position, the flared guiding slot must have continuous posture adjustment capability. Therefore, the inner
surface of the flared guiding slot is designed as a helical surface with spatially varying geometry, incorporating
a bivariate design that controls both angular orientation and radial offset, to enhance the stability of lock
insertion and the precision of disengagement.
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Fig. 7 - Comparison of the locking device before and after posture adjustment in the guiding slot

Having L as the length of the guiding slot, and defining a parametric surface over u that belongs
to [0, L], then a helical surface with simultaneous variation in radial distance and angular orientation is obtained.

x(u,v)=u
y(u,v)=r(u)cos(O(u))+v-cos(6(u)) (10)
z(u,v) = r(u)sin(@(u))+v-sin(H(u))

where: u is the advancement coordinate of the locking device along the guiding slot, v belongs to [—w/2, w/2]
is the variable along the width direction of the guiding slot wall surface, r(u) is the radial offset function between
the guiding slot wall and the central axis, 6(u) is the angular orientation function of the posture, w is the
maximum lateral dimension of the locking device.

To achieve a smooth transition of the angle from ao to a; (see fig.7), a fifth-order Bezier function is
introduced.

H(u):iBiys(t)-Hi,t:% (11)

where: 6; are the six control angle points of the fifth-order Bezier curve, The variable ¢ ranges from [0, 1] and
controls the distribution of points along the curve between the given control points, B;,s(t) is the Bernstein basis
function, defined as:
5 i
Bl.)S(t):(_J(l—t)S ¢ (12)
1
Similarly, to achieve a gradually narrowing design of the guiding slot width, the radial offset function
r(u) is expressed using a second-order Bezier curve.

r(u)z(l—t)zr(,+2(l—t)trm+t2r1,t=% (13)
where: ry is the radius at the entrance of the guiding slot, 7, is the radius at the middle section of the guiding
slot, 71 is the radius at the end of the guiding slot.

Study on the Pusher Configuration and Motor Selection

The pusher configuration is one of the key components of the entire disengagement device, and its
function is to ensure that the seedling rope can be smoothly disengaged from the locking device, thereby
enabling the automated unlocking process (Min et al., 2023; Yiren et al., 2021). To ensure the operational
stability of the pusher configuration, a dual-pusher design was adopted.

To ensure that the motion trajectory of the pusher matches the trajectory of the locking groove on the
locking device, the design of the pusher configuration must incorporate the involute curve equation. The
involute equation can be expressed as:
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x=r(0—-sind
(14)

y=r(1-cos®
where: r is the radius of the pusher, 9 is the rotation angle of the pusher.

By optimizing the involute curve, the trajectory of the pusher can be made consistent with that of the
locking groove on the locking device, effectively avoiding rope jamming caused by trajectory mismatch.
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Fig. 8 - Schematic diagram of the pusher configuration and force analysis

After the locking device is unlocked, the pusher, driven by the motor, performs the rope disengagement
operation. For successful disengagement, the pushing force applied by the pusher must be greater than the
sum of the tensile force in the rope and the frictional force between the rope and the locking groove:

F,>F+f (15)

where: F), is the pushing force applied by the pusher, N; F; is the tensile force in the rope, N; f'is the frictional
force between the rope and the locking groove, N.

During the unlocking process, the pusher must overcome the combined weight of the seedling rope
and kelp, as well as the frictional force between the seedling rope and the locking groove, to ensure successful
disengagement of the seedling rope. During harvesting, the kelp is first lifted onto the hauling platform before
rope disengagement is performed, thus, the platform provides partial support to the kelp, and the rope
disengagement is carried out simultaneously by rapid disengagement devices on both sides, so the load
should be considered as equally distributed. When the kelp contacts the hauling platform, it is saturated with
water and tends to adhere to the surface, and the effect of friction is neglected in this analysis. The conveyor
belt exerts a supporting force on the kelp, which is related to the installation inclination angle « of the conveyor
belt, thus:

F, =G, cosa (16)

where:
F is the supporting force, N; G, is the weight of the kelp and rope, N;
o is the inclination angle of the hauling platform, (°).
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Since the rope is a flexible body, the point of force application is assumed to be at its midpoint. When
the included angle between the seedling rope ends is S, the normal force acting on a single side locking device
is:

F, :2Fs~c0s§ 17)

where: F, is the normal force acting on a single side locking device, N; g is the included angle of the seedling
rope, (°).

Since the pusher must overcome the friction between the seedling rope and the arc-shaped groove of
the locking device to disengage the rope, and there is an inclination angle between the seedling rope and the
locking device, then the frictional force that the pusher needs to overcome is:

S =uF, -cosp (18)
where: u is the coefficient of friction between the seedling rope and the locking device, taken as 0.3, ¢ is the
angle between the seedling rope and the locking device, (°).

Since the pusher mechanism is designed based on the involute curve of the locking device, the
distance from the pusher’s rotation axis to the point of force application is considered the moment arm, and
the required torque can be calculated accordingly:

M=F, -r, (19)
where:
M is the required rotational torque, Nm;

rm is the moment arm length from the pusher’s rotation axis to the point of force application, m.

Control System Design
Hardware Design of the Control System

The control system is centered on the Delta DVP-ES2 series PLC (Programmable Logic Controller),
and its hardware configuration is shown in Figure 9, mainly consisting of a Delta PLC controller, a 24V switching
power supply, a Pufeide driver, a ball screw, a stepper motor, a stepper electric push rod, a metal sensing
switch, and a proximity sensor.
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Fig. 9 - Hardware configuration diagram of the control system

The power supply required by each component in the control system is provided by a switching power
supply, and a proximity sensor is used to determine whether the locking device is correctly positioned, with its
feedback signal sent to the PLC controller for logical evaluation (Xin et al., 2018). A metal sensing switch is
used to detect whether the quick-release blocking device has reached the designated position, and the sensing
signal triggers subsequent actions of the disengagement device. The ball screw assembly, driven by the motor,
enables the forward and backward reciprocating movement of the quick-release blocking plate, thereby
controlling the engagement and release of the quick-release structure. The stepper electric push rod is used
to apply a pushing force, creating the necessary compressive force between the quick-release locking device
and the blocking plate, thereby enabling automatic unlocking. All actuators are current-regulated and pulse-
controlled by the Pufeide stepper motor driver, achieving precise control of displacement and speed. The PLC
controller is programmed with predefined logic, which makes real-time decisions based on sensor input signals,
and controls the timing of motor and push rod operations. The control panel provides parameter setting and
operation status monitoring via a human-machine interface (HMI), facilitating on-site commissioning and
operation.
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Program Design of the Control System

Based on the operation process of rapid disengagement of kelp seedling ropes, a complete automatic
control program was developed for the control system. The overall control flow of the system is illustrated in
Figure 10. The program is coordinated by a PLC controller to manage the operation of all modules, in
conjunction with hardware components including the electric push rod, motor, proximity sensor, metal sensing
switch, and magnetic attraction module, to achieve precise unlocking of the locking device and the
disengagement of the seedling rope. After initialization, the system automatically resets all components and
awaits operation commands via the user interface to begin the process.

The locking device moves with the haulage rope into the flared guiding slot, where the magnetic
module is activated to strongly attract the locking device and stabilize its posture. Subsequently, the electric
push rod drives the locking device toward the blocking plate, until the proximity sensor detects contact between
the locking device and the blocking plate, indicating that the unlocking has been completed. The PLC then
drives the pusher configuration to rotate. After the rope is disengaged, the control system reverses the
movement of the lead screw, moving the disengagement zone backward. Throughout the entire control
process, the PLC continuously monitors the status of all sensors, and the execution completion signals,
enabling precise and coordinated control, improving the efficiency and success rate of the disengagement

operation.

Device reset

!

Operation initiated via
touchscreen

Locking structure enters
flared guiding slot

y
| Magnet attracts the locking |
structure

’—P{ Sensor sends signal to PLC

Cycle

Pusher dlslodges seedling
rope knot from the locking
groove

Disengaged locking structure
exits the device

Fig. 10 - Control system flowchart.

EXPERIMENT AND ANALYSIS
Experimental Method

Fig. 11 - Bench test diagram
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To verify the reliability of the PLC-controlled rapid disengagement device for kelp seedling ropes under
various operating conditions, key components were fabricated using 3D printing, and a bench-scale testing
system was constructed. The disengagement success rate was used as the evaluation index, and an
orthogonal experiment was conducted using three variables—guiding slot clearance, haulage rope speed, and
pusher length to optimize structural parameters and enhance operational stability. Guiding slot clearance
directly affects posture constraints and frictional behavior of the locking device; therefore, its lower limit was
set slightly greater than the suspension rope diameter, and the upper limit was defined by effective posture
restriction. Based on structural considerations, clearance levels were set from 8 to 24 mm.

Haulage rope speed determines the effectiveness of positioning and rope disengagement. According
to the coordination between vessel speed and disengagement speed during harvesting, the range was set to
20-100 mm/s. Pusher length, which affects disengagement effectiveness, was set between 40 and 50 mm.

Orthogonal Experiment and Verification

Given that the performance of the rapid disengagement device is the result of multiple interacting
factors and based on the results of the previously conducted single-factor experiments, an orthogonal
optimization experiment was conducted with guiding slot clearance, haulage rope speed, and pusher length
as experimental factors, and the factor level coding table is presented in Table 1.

Table 1
Coding table of test factors
Factor
Level Guide slot gap Speed of rope Length of dial finger
movement
a/mm - c/mm
b/ mm-s

-1 10 20 40

0 14 40 45

1 18 60 50

The disengagement success rate was used as the evaluation index for assessing the performance of
the disengagement device, and the experimental design and results are shown in Table 2.

For each test condition, 30 repeated trials were conducted, recording whether the seedling rope could
be smoothly disengaged from the locking groove after unlocking, and the number of successful cases was
counted to calculate the success rate of disengagement.

P=".100% (20)
ny

Where: P is the disengagement success rate, n is the number of successful disengagements, ny is the
total number of trials.

Table 2
Design and results of simulation test
Gui Speed of rope Length of dial Success rate of
Test number uide slot gap movement finger disengagement
a/mm

b/ mm-s-' c/mm R1/%
1 14 60 40 70
2 10 40 50 66.67
3 14 40 45 96.67
4 14 60 50 50
5 18 40 40 66.67
6 14 40 45 93.33
7 10 40 40 73.33
8 18 20 45 83.33
9 14 20 40 86.67
10 18 40 50 53.33
11 10 60 45 70
12 14 40 45 96.67
13 14 40 45 86.67
14 14 40 45 96.67
15 18 60 45 50
16 10 20 45 80
17 14 20 50 83.33
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Analysis of Experimental Results

Based on the experimental results in Table 2, an analysis of variance (ANOVA) was conducted on the
disengagement success rate, and the results are shown in Table 3. The regression equation for the
disengagement success rate is expressed as follows:

R =94—4.58a—11.67h—5.42c —5.83ab—1.67ac —4.16bc —15.33a” —7.83b° —13.67c> (21)

Table 3
Analysis of variance for the regression model
Index Source ssquulgrzfs [:fg;(eigl:f sl\thlﬁ:pe F-value P-value
Model 3960.92 9 440.10 36.72 < 0.0001**
a 168.09 1 168.09 14.02 0.0072**
b 1088.81 1 1088.81 90.84 <0.0001**
c 234.79 1 234.79 19.59 0.0031**
ab 136.07 1 136.07 11.35 0.0119*
ac 11.16 1 11.16 0.9307 0.3668
Success rate of bc 69.39 1 69.39 5.79 0.0470*
disengagement a? 990.12 1 990.12 82.60 <0.0001**
b2 258.46 1 258.46 21.56 0.0024**
c? 786.50 1 786.50 65.61 <0.0001**
Residual 83.91 7 11.99
Lack of Fit 8.34 3 2.78 0.1472 0.9263
Pure Error 75.56 4 18.89
Cor Total 4044.82 16

Note :**indicates P<0.01 (highly significant), *indicates P<0.05 (significant).

As shown in Table 3, the P-value for the disengagement success rate model is less than 0.01, indicating
that the regression model is highly significant. The coefficient of determination (R?) is 0.9793, indicating that
model R1 explains most of the variability in the response value. The lack of fit P-value is 0.9263, which is
greater than 0.05, suggesting that the experimental error is small and the model is reasonable, and that model
R1 can be used to predict the trend of disengagement success rate. The influence of operating parameters on
disengagement success rate can be assessed based on the F-values, the influence of operating parameters
on disengagement success rate can be assessed based on the F-values, and the order of significance of the
factors is as follows: haulage rope speed > pusher length > guiding slot clearance.

100

(@) (b) (c)

Fig. 12 - Response surface analysis of significant interaction terms on disengagement success rate

Parameter Optimization

To determine the optimal operating parameter combination for the rapid disengagement device, the
Optimization module built into the Design-Expert software was used, to optimize the regression model.
Considering both operating efficiency and effectiveness, the disengagement success rate was set as the
objective to be maximized, with constraints applied to the objective function as shown in Equation (22).

1331



Vol. 76, No. 2 / 2025 INMATEH - Agricultural Engineering

max R, (a,b,c)
10mm < g <14mm

s.t.4 20mm/s < b < 60mm/s
40mm < ¢ < 50mm

(22)

Based on the defined constraints, the objective function was optimized, resulting in the optimal
parameter combination for the rapid disengagement device: guiding slot clearance of 14 mm, haulage rope
speed of 40 mm/s, and pusher length of 45 mm, with a predicted disengagement success rate of 96.67% under
the optimal parameters.

To verify the predictive accuracy of the response models and the overall performance of the prototype
under the optimal parameter combination, a validation test was conducted, to confirm the accuracy of the
regression model and the reliability of the optimization results derived from the orthogonal experiment. The
operating parameters were: guiding slot clearance of 14 mm, haulage rope speed of 40 mm/s, and pusher
length of 45 mm, with five repeated trials conducted under these conditions and the results averaged, the test
results are shown in Table 7.

Table 7
Effect of haulage rope speed on disengagement success rate

Items Experimental values Predicted values
96.67
93.33

90 96.67
96.67
96.67

Success rate of disengagement

abh wnNn =

CONCLUSIONS

Based on the posture variation and force characteristics of the locking device during the
disengagement of kelp seedling ropes, a rapid disengagement device was developed, consisting of a flared
guiding slot for constraint, a magnet for positioning, an electric push rod for unlocking, and a pusher for rope
disengagement. Three key structural parameters were identified: guiding slot clearance, haulage rope speed,
and pusher length. The structural design was used to ensure both stable operation of the locking device and
smooth release of the seedling rope, offering good operability and adaptability.

A response surface model was established, an orthogonal experiment was conducted, and a second-
order polynomial regression model was developed using Design-Expert software. The analysis revealed that
the influence of the three factors on disengagement success rate followed the order: haulage rope speed >
pusher length > guiding slot clearance, resulting in the optimal parameter combination: guiding slot clearance
of 14 mm, haulage rope speed of 40 mm/s, and pusher length of 45 mm. Under these parameters, the quick-
release device operated stably with a high unlocking success rate, and the predicted disengagement success
rate was 96.67%.

The research results provide a theoretical basis and data support for the structural optimization and
parameter selection of the rapid disengagement mechanism, laying a foundation for the subsequent realization
of automatic separation, intelligent control, and efficient harvesting of kelp seedling ropes.
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