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Design and testing of a
mechanized brush-screen
cooperative vibration harvester
for mudflat-buried shellfish
based on the discrete
element method

Hangqi Li1†, Gang Mu2†, Hanbing Zhang2, Hao Wu1, Fawei Liu2,
Zhenyin Sun2, Qian Zhang2, Yizhou Wang2, Yurui Wang2,
Xiuchen Li2* and Guochen Zhang1,2*

1College of Engineering, Shenyang Agricultural University, Shenyang, China, 2College of Mechanical
and Power Engineering, Dalian Ocean University, Dalian, China
Introduction: To enhance the application of mechanized harvesting and

supplement research on harvesting theory in mudflat-buried shellfish

harvesting in China, a brush-screen cooperative mudflat-buried shellfish

vibration harvester was designed.

Methods: The harvester is primarily composed of a crank rocker double-layer

vibrating screen, two stage rolling brush, and a conveyor chain. White clams

(Mactra veneriformis) cultured inmudflats were used as the research objects in this

paper, and themechanics andmotion states of the shellfish on the vibrating screen

were analyzed. The shellfish harvesting simulation response surface experiments

based on the discrete element method (DEM) were conducted to analyze the

influence of the main operating parameters on the quantity of shellfish harvested.

Results: The results revealed that the number of shellfish harvested was significantly

influenced (p< 0.01) by vibrating screen amplitude, first-stage spiral rolling stainless

steel brush rotation rate, and harvester travel speed. The optimal combination of key

parameters was 1.4 mm, 40 rpm, and 10 m/min, respectively. With these values, the

projected shellfish crushing rate was 2.82% and the shellfish harvesting efficiency

was 125 pieces/m2. The equipment was then manufactured and the shellfish

harvesting verification test was performed under the same operating parameters

as the simulation. Test results indicated that the harvesting efficiency of the

equipment was 114 pieces/m2 and the shellfish crushing rate was 6.97%.

Discussion: The shellfish harvesting work could be completed by the equipment

effectively and with low loss. The results of this study provide a theoretical

reference for a novel mechanized method of harvesting mudflat-buried shellfish.

KEYWORDS

mudflat-buried shellfish, vibratory screening, discrete element simulation,
Mechanization harvester, response surface experiments
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1 Introduction

Shellfish aquaculture is a key sector in the fisheries industry of

China, with a production of 15 million tons in 2021 (Fisheries

Administration Bureau of Ministry of Agriculture China, 2022). It

accounts for 28.7% of total fishery aquaculture production

nationwide and has significantly advanced the economic

development of fishery aquaculture in China. Mudflats serve as

the principal habitat for shellfish, and the area of mudflat shellfish

culture in China was 562 thousand hectares in 2021 (Fisheries

Administration Bureau of Ministry of Agriculture China, 2022).

Shellfish production is directly influenced by harvesting efficiency,

which is a crucial factor in shellfish culture. Traditional mudflat-

buried shellfish (shellfish) harvesting is mostly performed manually

and is ineffective, labor intensive, and involves high labor costs,

among other drawbacks. This makes manual harvesting unsuitable

for the large-scale aquaculture of shellfish.

Through years of development, commercial dredge (Miguel B.

Gaspar et al., 2002; Yamasaki et al., 2002) and hydraulic dredge has

become widely employed (Mu et al., 2020). It utilizes high-pressure

water jets on the seafloor to spread the sediment and then catch

shellfish using nets with rake teeth. Hydraulic dredge can be

classified into several types, such as the hydraulic clam rake

dredge (Glude et al., 1952), hydraulic escalator dredge (Kyte and

Chew, 1975; Coen, 1995), hydraulic suction dredge (Meyer et al.,

1981; Smolowitz, 1982; Morello et al., 2005; Fahy and Carroll,

2007), or tractor dredge (Hall et al., 1990; Beukema, 1995; Hall and

Harding, 1997; Robinson and Richardson, 1998), depending on the

depth of the marine environment. Despite the high efficiency of

hydraulic dredge, it has been banned in China due to its negative

impact on sustainable shellfish production (China, M. O. A, 2013),

including the choking and death of shellfish, poor selectivity, and

loss of mudflat sediment. Rotary tooth dredging and hydraulic

vibratory dredging are the two basic categories of mechanized

dredging method. The rotary tooth mechanized dredge is a type

of bottom equipment towed by a fishing boat that is mainly used to

catch buried shellfish and convey them to netting gear. Three main

types of tooth harvesters include spring-loaded teeth (Haven et al.,

1973; Haven et al., 1979), rotating conveyors (Collier and

McLaughlin, 1983), and rotating drum teeth (Badino et al., 2004),

depending on the rake tooth arrangement. Rotary tooth

mechanized dredge offer low dragging resistance, high

production, and adequate selectivity. However, their structure is

more complex, they consume more energy, and they disturb the

natural habitat of the seafloor. The development of vibratory

harvesters has attracted much attention as shellfish production

has grown in scope. Vibratory harvesting softens the mudflat

sediment by using mechanized stimulation, and then the

vibration of the mesh screen encourages the separation of

shellfish and sediment as well as the subsequent collection of

shellfish in the meshing gear. Vibratory harvesting offers several

advantages such as high production, good selectivity, low ecological

impact, etc. The hydraulic vibratory dredge manufactured in

Netherlands, and the mixture of shellfish and sediment was
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rinsed with seawater by nozzles, and the shellfish was screened

with a vibrating device in harvesting progress. (Rambaldi et al.,

2001). The crank-rocker mechanism caused high-frequency

vibration of the fixed rake teeth, which loosened the sediment

and allowed the shellfish to be harvested and conveyed to the deck.

The ebb tide bare mudflat clam vibratory harvester, designed by

Dewey, lowered the cost of harvesting manila clams (Ruditapes

philippinarum) by 3-5% (Pacific Shellfish Institute, 2014). The scale

of manila clam farming on the west coast of the United States has

increased by a considerable 40% in recent years due to the

application of the vibratory harvester (Saurel et al., 2014). The

British Columbia Shellfish Growers Association of Canada assessed

the effects of the shellfish vibratory harvester manufactured by

Taylor Shellfish Ltd. on mudflat ecology and found no appreciable

difference between the environmental effects of manual harvesting

and vibratory harvesting. The impact of vibratory harvesting was

even less severe than that of natural factors such as wind and waves

(Hoyseth, 2009; Stirling, 2013; Landry, 2017). The Nantong

Agricultural Mechanization Technology Promotion Center in

Jiangsu Province, China, manufactured a self-propelled hard clam

(Meretrix meretrix) harvester that was towed by a crawler (Lu et al.,

2021). The hard clams were first shoveled up along with sediment

by the shovel plate teeth. Then, the hard clams were cleaned,

screened, and conveyed with the aid of three cleaning roller

brushes and a conveyor chain. Finally, the hard clams that met

the harvesting specifications were conveyed into a collection basket.

In summary, several researches from various countries worldwide

have investigated shellfish harvesters and the mechanization of

shellfish harvesting. There are now excellent evaluation systems

for mudflat sediment damage, biological behavior, and water quality

changes. However, the study of mechanized shellfish harvesting in

China is rudimentary and still in the early stages of empirical design

and testing. Several issues still require addressing, including the

insufficient application of mechanized shellfish harvesting, paucity

of research on harvesting theory, absence of design and

manufacturing experience, and weak ecological evaluation system

for mudflats. Consequently, shellfish harvesters and methods have

become one of the fundamental factors limiting the healthy and

sustainable development of the shellfish aquaculture industry in

China (Mu et al., 2020).

To address the above issues, a brush-screen cooperative shellfish

vibratory harvester was designed, and white clams (Mactra

veneriformis) cultured in mudflats were used as the research

objects. Besides, mechanics and kinematic models of shellfish on

the vibrating screen were established through theoretical analysis.

Mechanized shellfish harvesting was simulated using a combination

of the discrete element method (DEM) and the response surface

method, thereby achieving the design of the main harvesting

mechanism and determining the operating parameters. After the

simulations were completed, a shellfish vibratory harvester was

manufactured and shellfish harvesting verification tests were

conducted on shellfish farming mudflats. This project serves as a

reference for the design and development of mechanized

shellfish harvesters.
frontiersin.org

https://doi.org/10.3389/fmars.2023.1134888
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Li et al. 10.3389/fmars.2023.1134888
2 Harvesting structure and
working principles

An illustration of the shellfish vibratory harvester is shown in

Figure 1. The harvester is mainly composed of a first-stage spiral

rolling stainless steel brush (first-stage brush), crank rocker double-

layer vibrating screen, second-stage rolling plastic brush (second-

stage brush), conveying chain, shellfish collection basket, power

system, steering device, and other components. When the harvester

is working, the harvesting depth of the vibrating screen can be

manually adjusted using a handle according to the depth of the

buried shellfish. Because mudflat sediment has high water content

and easily clumps together, it can be efficiently screened and

conveyed with the combined use of a first-stage brush, second-

stage brush, and crank rocker type double-layer vibrating screen.

The first layer vibrating screen works in tandem with the first-stage

brush to excavate, loosen, and shovel the mudflat sediment and

shellfish mixture into the first layer vibrating screen to realize the

excavation and preliminary screening. The second-stage brush is

placed at the connecting point of the first and second layers of the

vibrating screen to crush the unbroken large pieces of sediment from

the first layer vibrating screen and sweep the shellfish into the second

layer vibrating screen. The mudflat sediment and juvenile shellfish

are mostly screened out in the second layer vibrating screen, while the

shellfish of the required size are retained for harvesting by being

transferred to the conveyor chain at the end of the second layer

vibrating screen. The screened shellfish are then transported along

the conveying chain to the collection basket, thereby completing the

harvesting process. To avoid mechanical interference between the

screens during the reciprocating screening process of the double-layer

vibrating screen and according to the design demand of each

vibrating screen layer, the structure of each layer vibrating screen is

designed with two inclination angles. Thus, the inclination angles of

the tail ends of the first and second layers are equal.
Frontiers in Marine Science 03
3 Motion analysis of shellfish on the
vibrating screen

The crank rocker double-layer vibrating screen, an essential

component of the vibratory shellfish harvester, mainly consists of a

cylinder strip swing separating screen, an eccentric mechanism

(eccentric bearing, bearing seat), a swing rod, and connecting rod,

among other parts. The screening effect on the sediment and

shellfish is directly influenced by the structural parameters and

operating parameters of the crank rocker double-layer vibration

screen. The screen is simplified into a planar six-rod mechanism,

which comprises a crank rocker mechanism combined with a

parallelogram mechanism, as shown in Figure 2. The cylinder

strip swing separating screen (BC) is hinged on the frame

through the front and rear pendulum (BE and CD), the crank

(OA) performs a uniform circular motion with angular velocity w,
and the connecting rod AB pushes the cylinder strip swing

separating screen (BC) to perform a reciprocating motion.

The force and relative motion state of a single shellfish mass on

the vibrating screen were analyzed, ignoring the tumbling of the

shellfish and their contact with one another. As Figure 3 shows, the

principal forces acting on the shellfish on the vibrating screen

are the screen surface support force Fn, gravity G, screen surface

friction force Ff, and inertia force P. The movement of the shellfish

is determined by the direction of the combined force on the

shellfish. Due to uncertainty in the motion state of the shellfish

on the vibrating screen, a motion analysis was carried out to obtain

the displacement, velocity, and acceleration equations of the

vibrating screen.

Displacement of the vibrating screen (x):

x = rcoswt : (1)

The velocity of the vibrating screen (v):

v = −wrsinwt : (2)

Acceleration of the vibrating screen (a):

a = −w2rcoswt : (3)

where a is the screen inclination angle (°), r represents the crank

length (m), w denotes the crank angular velocity (rad/s), and t is the

time (s).

In the shellfish harvesting process, the motion state of the

shellfish on the vibrating screen can be divided into backward

sliding (sliding toward the tail point B of the vibrating screen),

forward sliding (sliding toward the front point C), and jumping

states. Force analysis of the shellfish under the backward and

forward sliding limit conditions is displayed in Figure 3.

According to the results of the shellfish force analysis, the

following conditions should be satisfied when the material slides

forward, slides backward, or jumps on the vibrating screen.

When the shellfish slides forward, as shown in Figure 3A, the

direction of inertia force is downward along the direction of

vibration, and the acceleration is positive.

Pcos(ϵ − a) + Gsina − Ff > 0, (4)
FIGURE 1

Structural diagram of the shellfish vibrating harvester. 1. First-stage
brush; 2. Second-stage brush; 3. Crank rocker double-layer vibrating
screen; 4. Conveying chain; 5. Shellfish collection basket; 6. Power
system; 7. Steering device; 8. Catch depth adjustment handle; 9.
First-stage brush adjustment device.
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Gsina + Psin(ϵ − a) − Fn = 0, (5)

Ff = mFn, (6)

m = tanj , (7)

P = mw2rcoswt : (8)

Combining Equations 4-8 yields Equation 9:

w2rcoswtcos(ϵ − a + j) > gsin(j − a), (9)

where m denotes the shellfish mass (kg), ϵ represents the

horizontal swing direction angle (°), a is the inclination angle of

the vibrating screen with a value range of 5-14°, m signifies the static

friction coefficient between the vibrating screen and the shellfish, j
represents the static friction angle between the vibrating screen and

the shellfish (°), and g is the acceleration due to gravity (m/s2).

When the shellfish slides backward, as shown in Figure 3B, the

inertia force direction is upward along the direction of vibration.

Pcos(ϵ − a) − Gcosa − Ff > 0, (10)
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Psin(ϵ − a) + Fn = Gcosa , (11)

Ff = mFn : (12)

Equation 13 is generated by combining Equations 10-12:

w2rcoswtcos(ϵ − a − j) > gsin(j + a) : (13)

When the shellfish jumps, the conditions required for the

shellfish to leave the vibrating screen are expressed using

Equation 14:

Fn = Gcosa − Psin(ϵ − a) < 0, (14)

which can be simplified as:

gcosa < w2rcoswtsin(ϵ − a) : (15)

The motion index D characterizes the motion state of the

shellfish and makes it easier to analyze the impact of each

structural parameter on the shellfish motion state.

Shellfish forward motion index Df:

Df = K cos(ϵ−a+j)
sin(j−a) : (16)
FIGURE 2

Vibrating screen mechanism diagram.
A B

FIGURE 3

Force analysis of the shellfish motion state on the vibrating screen: (A) shellfish slides forward, (B) shellfish slides backward. The horizontal direction
of the vibrating screen is set as the X-axis positive direction, while upward on the vertical screen surface is set as the Y-axis positive direction.
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Shellfish backward motion index Db:

Db = K cos(ϵ−a−j)
sin(j+a) : (17)

Shellfish jumping motion index Dj:

Dj = K sin(ϵ−a)
cosa , (18)

K = w2r
g , (19)

where K denotes vibration intensity.

From Equations 17-19, it can be observed that the motion index

D of the shellfish on the vibration screen is related to a, ϵ, r, w, and
j. Due to the high-water content of mudflat sediment, it is difficult

to separate shellfish and sediment. Thus, to improve screening

efficiency, the shellfish and sediment mixture must undergo double

movement on the vibration screen to increase the screening time,

and ensure that Db is greater than Df. To improve the efficiency of

shellfish conveying, the difference between Db and Df should be

maximized. This leads to an increase in Dj, shortens the shellfish

harvesting time, and improves shellfish conveying efficiency.

The average static friction angle (j) between the shellfish and

the vibrating screen surface (stainless steel) was measured using the

inclined plate method (j = 25°) (González-Montellano et al., 2012;

Ramıŕez-Gómez et al., 2014). According to the empirical value of

the picker design and the size of the harvester structure, the

structural parameters were chosen as r = 0.01 m, w = 30 rad/s,

and ϵ1 = 30° for the first layer, ϵ2 = 35° for the second layer of the

vibrating screen. The range of values for a is 5-14°. Figure 4

illustrates the change curve of the shellfish motion index (D) on

the vibrating screen under various screen inclination angles (a).
As Figure 4 reveals, the Db value of the shellfish on the vibrating

screen gradually decreases with increasing a, while Df steadily

increases as a rises. Additionally, Dj falls slightly with an increase

in a, but the change is insignificant. To improve the shellfish

harvesting efficiency in the first layer of the vibrating screen and
Frontiers in Marine Science 05
reduce harvesting energy consumption, it is necessary to reduce the

length of the front section of the vibrating screen that receives the

excavated mudflat sediment and increase the inclination of the front

section in the first layer of the vibrating screen. Thus, we set the

inclination of the front section in the first layer of the vibrating

screen as a1-1 = 11° and the inclination of the screen at the tail end

to a1-2 = 8°. To improve the efficiency of shellfish screening and

conveying in the second layer of the vibrating screen, the inclination

of the front section in the second layer of the vibrating screen was

set as a2-1 = 8°, while the inclination of the screen at the tail end was

selected as a2-2 = 5°.
4 Shellfish harvesting DEM simulation

4.1 DEM modeling of shellfish harvesting

In this study, the mudflat sediments and white clams in the shellfish

culture area of Panjin City, Liaoning Province, China (40°42′4″N, 121°8′
56″E) were used as the research objects. The mudflat DEM models

(white clam DEM model (Mu, 2019; Liu et al., 2020; Li et al., 2021) and

mudflat sediment DEM model (Asaf et al., 2007; Bahrami et al., 2020)

were established accurately using EDEM software (EDEM, 2018, DEM

Solutions Ltd., Edinburgh, UK), as Table 1 shows. According to shellfish

harvesting requirements, stainless steel (Cabiscol et al., 2018; Bahrami

et al., 2020) and plastic were selected as the contact material. Besides, the

simulation contact parameters are shown in Table 2.

To improve simulation efficiency, the diameter of the mudflat

sediment DEM model ( x1 = 0.14mm) was proportionally enlarged

by five times to reduce the total number of particles in the soil box.

In EDEM software, a virtual plane (length, width: 980mm, 190mm)

was added 200mm above the soil box (length, width, and height:

1000 mm, 200 mm, and 200 mm) and two particle factories (30

pieces of shellfish particles and 60,000 pieces of mudflat sediment

particles) were added to the virtual plane. The shellfish and mudflat
A B

FIGURE 4

The shellfish motion index change curve under different horizontal swing direction angles: (A) ϵ1 =30°, (B) ϵ2 =35°.
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sediment particles were evenly distributed in the soil box at the

same time with an initial velocity of 5m/s, and the mudflat DEM

model was established, as shown in Figure 5.

The three-dimensional structure of the shellfish vibratory

harvester was simplified. Ultimately, only the essential

components were retained, including the double-layer vibrating

screen, first-stage brush, second-stage brush, conveying chain, and

collection basket. The width of the vibrating screen was also

reduced to 200 mm (reduction ratio 5:1).

The simplified three-dimensional structures of the harvester

were imported into EDEM software, then the inclination angles of

the first and second vibrating screens were set according to the

results obtained in Section 2. The axle centers of the first-stage

brush and second-stage brush were subsequently added with the

clockwise rotation motions respectively, the second-stage brush’s

rotation rate was same as the first-stage brush’s rotation rate
Frontiers in Marine Science 06
(Table 3). And two linear reciprocating motions (frequency:

15 Hz, Reciprocal motion displacement: 20 mm, amplitude in

Table 3) were added to the double-layer vibrating screen, the

conveyor speed was 0.2m/s. Further, a linear motion (parallel to

the conveyor surface toward the oblique rear) was added to the

conveying chain, and the linear motion in X- direction was added to

all simplified key structures, respectively, and set the travel

speed (Table 3).

To reduce the simulation time, the shellfish was defined to have

been harvested upon reaching the end of the second layer vibrating

screen. To count the quantity of shellfish harvested, a grin bin group

was added to the tail of the equipment, as shown in Figure 5.

Electronic universal testing equipment was used to determine

that the least force required to break a shellfish was 86 N and that a

shellfish was damaged when it was subjected to a force greater than

80 N during the harvesting simulation process. To measure the
TABLE 2 Simulation contact parameters of different DEM models.

Parameters MS-MS MS-SS MS-CL CL-SS CL-CL PA-CL PA-MS

Coefficient of restitution (e) 0.30 0.50 0.10 0.38 0.32 0.38 0.50

Coefficient of static
friction (ms)

0.50 0.83 0.10 0.23 1.25 0.23 0.83

Coefficient of rolling friction (mr) 0.30 0.15 0.30 0.34 0.33 0.34 0.15

JKR surface energy (J·m-2) 8.11 0.00 0.00 0.00 0.00 0.00 0.00
front
JKR surface energy is often applied to simulate cohesion between fine and moist particles (Johnson et al., 1971).
TABLE 1 Characteristic material parameters for white clams (CL), stainless steel (SS), plastic (PA), and mudflat sediment (MS).

Property Symbol Value

CL SS PL MS CL SS PA MS

Poisson’s ratio mP mSS mPL mMS 0.33 0.31 0.34 0.30

Elasticity modulus (GPa) EP ESS EPL EMS 0.15 190.00 2.32 83.00

Density (g·mm−3) rP rSS rPL rMS 1.58 7.86 1.13 2.05
ier
FIGURE 5

DEM simulation of shellfish vibratory harvesting.
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maximum force of shellfish during the harvesting process, a grin bin

group was added to the whole soil box. According to the shellfish

force value, the number of shellfish forces greater than 80 N was

counted, and the shellfish crushing rate was calculated. A reference

legend representing the force applied to the shellfish was inserted on

the left side of Figure 5 and run throughout the simulation. The

force applied during the harvesting process was judged by where

and how the shellfish were crushed by observing the change in color

of the shellfish surface.
4.2 Shellfish harvesting single factor
simulation test

4.2.1 Materials and methods
The yield of shellfish, screening effectiveness, and harvesting

area was affected directly by the structure and operating paraments

of the harvester. The parameters included the first-stage brush

rotation rate, harvester travel speed, vibrating screen amplitude

(vibration along the y-axis direction), etc.

The design of the single-component simulation for shellfish

harvesting is presented in Table 3. The factor rotation method was

used to determine the optimal range of values for each factor and

the test indexes were the quantity of shellfish harvested and the

shellfish crushing rate fc (Equation 18). The optimal range of values

for each factor was obtained using the factor rotation method.
Frontiers in Marine Science 07
∅c =
Nc
Nt
� 100%, (20)

where Nc represents the number of crushed shellfish and Ntis the

quantity of total shellfish harvested, according to the EDEM software.
4.2.2 Results and analysis
4.2.2.1 Influence of first-stage brush rotation rate

The quantity of shellfish harvested first increased and then

decreased when the rotational rate of the first-stage brush increased

and all other conditions remained constant. The maximum number

of shellfish harvested was 14 pieces when the rotation rate of the

first-stage brush was 27 rpm, as Figure 6 indicates. Additionally, the

shellfish crushing rate initially declined and then grew as the first-

stage brush rotational rate increased. When the first-stage brush

rotational rate was 36 rpm, the shellfish crushing rate was 0%.

Under the same conditions, the volume of mudflat sediment cut per

unit of time was higher at a slow first-stage brush rotational rate.

This made it more difficult to screen the shellfish and sediment

effectively, thereby reducing the harvesting efficiency. Conversely,

when the first-stage brush rotational rate was faster, the volume of

sediment cut decreased and the efficiency of the vibrating screen

increased. However, the shellfish were more easily broken by the

brush, thus increasing the shellfish crushing rate. By considering the

number of shellfish harvested and the shellfish crushing rate,

the ideal first-stage brush rotational rate range was 27-45 rpm.
TABLE 3 Single-factor test for clam harvesting simulation.

Level First-stage brush rotation rate (rpm) Amplitude (mm) Travel speed (m/min)

1 18 0.8 7

2 27 1.2 8

3 36 1.6 9

4 45 2.0 10
FIGURE 6

Influence of first-stage brush rotation rate on shellfish harvesting.
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4.2.2.2 Influence of screen vibration amplitude

The effect of amplitude on shellfish harvesting simulation is

shown in Figure 7. The quantity of shellfish harvested gradually rose

as the amplitude increased, but the difference in the quantity of

shellfish harvested between different amplitudes was negligible.

Under constant conditions, higher vibration amplitudes led to

greater heights from which the sediment and shellfish fell onto

the vibrating screen. Also, they fell more quickly onto the screen

surface, making them easier to sift and boosting shellfish harvesting

efficiency. When the vibration amplitude was 1.2 mm, 1.6 mm, or

2.0 mm, the quantity of shellfish harvested was similar and the

shellfish crushing rate was 0. However, larger amplitudes resulted in

higher energy consumption and greater structural strength

requirements for the machine . After comprehensive

consideration, the amplitude range of the vibrating screen was

established in the range of 0.8-1.6 mm.
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4.2.2.3 Effect of harvester travel speed

The results for shellfish harvesting under various travel speeds

are presented in Figure 8. When the travel speed of the harvester

increased, the quantity of harvested shellfish gradually decreased,

while the shellfish crushing rate remained constant at 0. The front

end of the vibrating screen moved along an inclined sinusoidal

vibration curve (Awuah et al., 2022), and as the harvesting

equipment traveled faster, the sinusoidal curve cycle displacement

became longer and the wave crests grew farther apart from one

another. This resulted in shellfish leakage and reduced the quantity

of shellfish harvested. However, as the harvester’s travel speed grew,

the area it could harvest in a given amount of time and the

harvesting efficiency also rose. Given the quantity of shellfish

being harvested and the harvesting efficiency, the travel speed of

the harvester was chosen in the range of 8-10 m/min.
4.3 Response surface
simulation experiment

To obtain the optimal operating and structural parameters of

the vibratory shellfish harvester, the Box-Behnken experimental

design method was chosen in the design of the harvesting

simulation response surface experiment with Design-Expert

software (Design-Expert v8.0.6.1, Stat-Ease, Minneapolis, MN,

USA). Besides, the response surface experiment factors were

coded according to those listed in Table 4. Both the quantity of

shellfish harvested (Nt) and the shellfish crushing rate (fc1) were
employed as response variables.

The results of the shellfish harvesting response surface

simulation experiments are displayed in Table 5. The maximum

and minimum number of shellfish harvested under various

parameters were 25 pieces and 21 pieces, respectively, while the

shellfish crushing rate varied from 0% to 8.7%.
4.3.1 Influence on shellfish harvesting quantity
A multivariate fitted regression equation (Eq. 21) between the

quantity of shellfish harvested and each factor was created using

Design-Expert software by removing insignificant factors from the

analysis results of the shellfish harvesting simulation tests (Table 6).

Ns = 22:00 + 0:88A + 0:38B + 0:75C − 0:50AB − 0:25AC − 0:25BC + 0:75A2 + 1:25B2 :

(21)

According to the results of the ANOVA model on the factors

determining the quantity of shellfish harvested (Table 6), A, B, C,

AB, A2, and B2 had significant effects on the quantity of shellfish

harvested. Besides, AC and BC had insignificant effects on the

quantity of shellfish harvested. Specifically, the three factors of

B2, C, and A had the largest impact on the quantity of harvested

shellfish. The fitted model for the quantity of harvested shellfish

was highly significant (P< 0.0001), indicating that the

significance level of the model was high. The results of the last

five sets of replicate tests in Table 5 were the same because the

shellfish vibration harvesting simulation test conditions

remained constant. Moreover, the P values for lack of fit and
FIGURE 7

Influence of amplitude on shellfish harvesting.
FIGURE 8

Influence of travel speed on shellfish harvesting.
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pure errors of the misfit term for the shellfish harvesting quantity

were all 0. The model coefficient of determination R2 = 0.9891

indicated a good fit between the actual and predicted values

established by the regression equation. The determination

correction coefficient Radj
2 = 0.9751 also indicated that the

equation was reliable. The Adeq Precision was 28.460,

suggesting excellent equation accuracy. The coefficient of

variation (CV) of the multivariate fitted equation was 0.82%,

indicating high experiment reliability.

The influence of test factors on the quantity of shellfish

harvested is presented in Figure 9A. When the screen vibration

amplitude was fixed, the quantity of harvested shellfish initially

decreased and then increased as the rotational rate of the first-

stage brush increased. The quantity of shellfish harvested rose

with an increase in vibration amplitude, and the influence of

amplitude was more pronounced. The bounce height and the

falling speed of the shellfish and sediment both grew as the
Frontiers in Marine Science 09
amplitude of the vibrating screen increased, thereby enhancing

screening efficiency. The vibrating screen and the shellfish both

experienced relative displacement while the harvester moved

forward and the shellfish were bouncing up from the screen.

When the shellfish bounced off the screen surface, the harvester

advanced forward, and a relative displacement was generated

between the vibrating screen and the shellfish. The greater the

height at which the shellfish bounced and the further they were

displaced backward, the more efficiently the shellfish were

conveyed and harvested.

When the travel speed was fixed, as shown in Figure 9B, the

quantity of shellfish harvested grew as the vibration amplitude

increased. Additionally, the quantity of shellfish harvested increased

with a rise in harvester travel speed when the amplitude was fixed.

The quantity of shellfish harvested was optimal when both speed

and amplitude were at their maximums, and amplitude had a

greater influence on the quantity of shellfish harvested. When the

travel speed was fixed, the quantity of shellfish harvested initially

decreased and then increased with an increase in the rotational rate

of the first-stage brush, as shown in Figure 9C. When the rotational

rate of the rolling brush was fixed, the number of shellfish harvested

rose with an increase in travel speed. Furthermore, the harvester’s

travel speed had a more significant influence on the quantity of

shellfish harvested.
4.3.2 Influence on shellfish crushing rate
The results of the shellfish crushing rate simulation tests are

shown in Table 6. The shellfish crushing rate model is not

statistically significant (P > 0.05), the precision (Adeq Precision) is

7.933, the model variance CV = 50.52%, the equation coefficient of

determination R2 = 0.6665, and the correction coefficient of

determination Radj
2 = 0.4664. These figures indicate because the

reliability and precision of the shellfish crushing rate simulation test

were low, the response surface experiment reliability was poor. The

primary cause of shellfish crushing was that the shellfish were

crushed between the rolling brush and the vibrating screen, which

was not related to each test factor.

4.3.3 Simulation and optimization of key
harvester parameters

The objective and constraint functions were established according

to the requirements of shellfish harvesting. By combining the boundary

conditions of the key factors, the results of the shellfish vibration

harvesting simulation response surface experiments were optimally

solved using the optimization module in Design-Expert software.

Max  Ns(A,B,C)

Min  ∅c (A,B,C)
,

(
(22)

1:0mm ≤ A ≤ 1:4mm

28rpm ≤ B ≤ 32rpm

8m=min ≤ C ≤ 10m=min

:

8>><
>>: (23)

The optimal key factor combination of the shellfish vibration

harvesting simulation was obtained through statistical analysis. The
TABLE 5 Results of the shellfish harvesting response surface
simulation tests.

Number A B C Nt/piece fb1/%

1 1.0 32 9 22 0.0

2 1.4 32 9 25 8.0

3 1.0 40 9 24 4.2

4 1.4 40 9 25 0.0

5 1.0 36 8 21 0.0

6 1.4 36 8 23 8.7

7 1.0 36 10 23 4.3

8 1.4 36 10 24 8.3

9 1.2 32 8 22 4.0

10 1.2 40 8 23 4.3

11 1.2 32 10 24 0.0

12 1.2 40 10 24 4.2

13 1.2 36 9 22 4.2

14 1.2 36 9 22 4.2

15 1.2 36 9 22 4.2

16 1.2 36 9 22 4.2

17 1.2 36 9 22 4.2
TABLE 4 Response surface experiment factor codes.

Level A. Screen vibra-
tion

amplitude (mm)

B. First-stage
brush

rotation rate
(rpm)

C. Travel
speed
(m/min)

High 1 1.4 32 10

Mid 0 1.2 36 9

Low
-1

1.0 40 8
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ideal screen vibration amplitude was 1.4 mm, the first-stage brush

rotation rate was 40 rpm, and the harvester travel speed was 10 m/

min. Subsequently, the quantity of shellfish harvested was

calculated by unit area under simulation conditions as Nta = 125

pieces/m2, while the shellfish crushing rate fb1 = 2.90%.
5 Shellfish harvesting verification test

According to the results of the simulation, a brush-screen

cooperative shellfish vibratory harvester was manufactured

completely. Based on the optimized results of the response

surface experiment, the harvester was debugged. A verification

test of shellfish harvesting was carried out using the vibratory

shellfish harvester in the white clam growing area of Panjin City,

Liaoning Province, China, in September 2021, as depicted in

Figure 10. The site environment in the test was a sandy mudflat,

the moisture (Ws) was 45.55%, the average penetration force at

100mm depth was 3.8N, and the sediment average diameter x2 was

0.09mm. A rectangular test area of 15 m × 1 m was created on the

mudflat. The test area was divided into three equal parts lengthwise

and then marked. The quantity of shellfish harvested (Nr) and the

shellfish crushing rate (fb2) in the collection baskets were counted

every 5 m the harvester traveled. The quantity of shellfish harvested

and the quantity of shellfish crushed was obtained by manual

counting, and the shellfish crushing rate was calculated. Also, the

relative error (E) in the quantity of shellfish harvested, the quantity

of shellfish harvested per unit area (Nra), and the absolute value in

the crushing rate error (△fb) were calculated according to

Equations (24)-(26).
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E = Nh−Nsj j
Ns

� 100%, (24)

Nha =
Nh
5 , (25)

D∅b = ∅b1 −∅b2j j : (26)

Here, E denotes the relative error, Nhrepresents the number of

shellfish harvested in the harvesting verification test, Nha is the

quantity of shellfish harvested per unit area (piece/m2), and △fb
signifies the absolute value of the crushing rate error.

The results of the shellfish vibration harvesting verification test

reveal that the average quantity of shellfish harvested (Na) was 571

pieces. Besides, as Figure 11 shows, Nha = 114 pieces/m2 and E =

8.80%. And the shellfish crushing rate was fb2 = 6.97% and △fb
= 5.20%.
6 Discussion

6.1 Shellfish harvesting efficiency

The harvesting efficiency indicates the quantity (mass) of

commercial shellfish harvested by the equipment per unit time in

this paper. The quantity of shellfish harvested in the verification test

was less than that in the simulation test, according to comparing the

results of the simulation test and the verification test. The reason for

the decreased in the quantity of harvested shellfish was possible that

the shellfish density in the harvesting environments were smaller

than that in the mudflat DEMmodel. Moreover, the juvenile shellfish

were discarded onto the surface of the mudflat, leading to a decrease

in shellfish harvesting quantity. The simulation results showed that
TABLE 6 ANOVA results of factors influencing shellfish harvesting quantity and shellfish crushing rate.

Source Shellfish harvesting quantity Shellfish crushing rate

Sum of Squares df Mean Square F Value P value Sum of Squares df Mean Square F value P value

Model 22.69 9 2.52 70.59 <0.0001** 94.47 9 10.50 2.77 0.0964

A 6.13 1 6.13 171.50 <0.0001** 34.03 1 34.03 8.99 0.0200*

B 1.13 1 1.13 31.50 0.0008** 0.0612 1 0.0612 0.0162 0.9024

C 4.50 1 4.50 126.00 <0.0001** 0.0050 1 0.0050 0.0013 0.9720

AB 1.00 1 1.00 28.00 0.0011** 37.21 1 37.21 9.82 0.0165*

AC 0.25 1 0.25 7.00 0.0331* 5.52 1 5.52 1.46 0.2664

BC 0.25 1 0.25 7.00 0.0331* 3.80 1 3.80 1.00 0.3497

A2 2.37 1 2.37 66.32 <0.0001** 1.16 1 1.16 0.3064 0.5971

B2 6.58 1 6.58 184.21 <0.0001** 11.81 1 11.81 3.12 0.1207

C2 0.000 1 0.000 0.000 1.0000 1.52 1 1.52 0.4002 0.5471

Residual 0.25 7 0.036 26.51 7 3.79

Lack of Fit 0.25 3 0.083 26.51 3 8.84

Pure Error 0.000 4 0.000 0.0000 4 0.0000

Cor Total 22.94 16 120.98 16
fron
* indicates a significant effect (0.01< P< 0.05); ** indicates a highly significant effect (P< 0.01).
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the harvester’s travel speed and amplitude have significant effects on

the quantity of shellfish harvested. Compared with the travel speed of

other harvesters (Miguel B. Gaspar et al., 2002), the travel speed of the

vibratory harvester is low (10 m/min), the lower shellfish harvesting

efficiency. Themain reasonmay be that the operating environment of

vibratory harvester is “dry”mudflats, the adhesion force of sediments

is strong, and it is difficult to separate sediments and shellfish. If the

travel speed is too high, it is hard to effectively screen out sediment

and shellfish, and there will be an accumulation in the vibrating

screen. The operating environment of hydraulic dredge and

commercial dredge are the submarine mudflats, sediment and

shellfish are more easily to be separated in the action of seawater

(Miguel B. Gaspar et al., 2002), with the faster travel speed (2 knots)

and high harvesting efficiency. Vibration can speed up the screening

efficiency, realize the separation of sediment and shellfish and the

screening of juvenile shellfish back to the mudflats. Rambaldi et al.

(2001) mentioned that the hydraulic vibratory dredge’s shellfish

harvesting efficiency and commercial shellfish harvesting

proportion are 2 times and 3 times of commercial dredge

respectively. Vibration can improve the harvesting efficiency, and
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realize the sustainable harvesting of mudflat shellfish and low

ecological impact (Stirling, 2013).
6.2 Shellfish crushing rate

The higher shellfish crushing rate in the verification test than that

in the simulation test, which was probably caused by the more complex

environment and more influencing factors during the actual shellfish

harvesting operation. Comparing the shellfish crushing rate of different

type of harvesters, it was found that the shellfish crushing rate was the

highest under the hydraulic dredge (Miguel B. Kauwling and Bakus,

1979; Gaspar et al., 2002), which was about 3-4 times higher than that

of the vibratory harvester in this paper. The shellfish crushing rate of

the vibratory harvester was 5.13% lower than that of the hydraulic

vibratory dredge (Rambaldi et al., 2001). Such findings could be

attributed to the fact that the operating environment of the hydraulic

vibratory dredge was subwater, and the surface of the harvested

shellfish was cleaner and more directly affected by the mechanical

force. The surface of the harvested shellfish by the vibratory harvester
A B

C

FIGURE 9

Influence of test factors on the quantity of shellfish harvested: (A) effect of first-stage brush rotation rate and amplitude on the number of shellfish, (B)
effect of amplitude and travel speed on the number of shellfish, (C) effect of first-stage brush rotation rate and travel speed on the number of shellfish.
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was attached to the sediment, which was an important factor in

buffering the external force and protecting the shellfish. The lowest

shellfish crushing rate of about 5% was observed under the commercial

dredge(Miguel B. Gaspar et al., 2002). In addition, differences in

shellfish hardness of different shellfish species may lead to different

shellfish crushing results.

By observing the shellfish vibration harvesting process, it was

found that the crushed shellfish is not directly caused by a single
Frontiers in Marine Science 12
mechanism of the vibratory harvester, and the shellfish may be crushed

at different stages of the shellfish harvesting process. In the initial stage

of harvesting, when the first layer vibrating screen penetrates into the

mudflat sediment, the shellfish are subjected to compaction forces

exerted by the sediment and direct forces from the shovel of the first

layer vibrating screen, which may cause some shellfish to be crushed

(Vasconcelos et al., 2011). In the shellfish screening stage, the shellfish

damage could be mainly attributed to the small gap size between the

brush and the screen surface being small, the shellfish were subjected to

the pressure of the bristles of the rolling brush, which might cause the

shellfish to get crushed.Miguel B. Gaspar et al. (2002) indicated that the

tooth spacing has a significant effect on the percentage of damaged and

dead individuals (Yamasaki et al., 2002). In the shellfish vibratory

harvesting process, when the shellfish moves to the combination part

between the first layer vibrating screen and the second layer vibrating

screen, the shellfish at the front end of the second layer vibrating screen

was easily broken by the mechanical impact force, but the crushing is

not caused by vibration (Rambaldi et al., 2001). In the early stages of

harvesting, the large distance between the empty collection baskets and

the drop opening of the conveyor chain creates the potential for

crushing. As harvesting progresses and the drop height gradually

decreases, the crushing problem can be alleviated. The same damage

problem is also found in hydraulic dredging (Lambert and Goudreau,

2002). Through the analysis, it was found that the possibility of shellfish

crushing exists in each of the above-mentioned harvesting links. In

addition, the shellfish crushing may also be caused by the action of

several links in the above-mentioned harvesting process together,
FIGURE 11

Results of shellfish harvesting simulation and verification test.
FIGURE 10

Shellfish vibration harvesting test: (A) The equipment harvesting operation, (B) The shellfish vibrating screening, (C) First-stage brush sediments
cutting operation.
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leading to the accumulation of the crushing until the shellfish is

completely broken. In the subsequent upgrade, the structure of the

vibratory harvester should be further optimized that prioritizing the

reduction of shellfish crushing rate.

7 Conclusion

In this paper, the white clam was taken as the research object, and a

mechanized brush-screen cooperative shellfish vibration harvester was

designed. The mechanical and kinematic models of shellfish on the

vibrating screenwere established. Amudflat DEMmodel was established

and the single-factor and response surface experiments of shellfish

harvesting simulation were conducted in EDEM. The verification test

was conducted on the mudflat to determine the accuracy of the

simulation results. The conclusions of this paper are as follows.

(1) A crank rocker double-layer vibrating screen structure was

designed, and the structural and operating parameters of the crank

rocker double-layer vibrating screen were determined as a1-1 = 11°,

a1-2 = 8°, a2-1 = 8°, a2-2 = 5°, ϵ1 = 30°, ϵ2 = 35°, r = 0.01m, j = 25°,

and w = 30 rad/s. The results provided a theory reference for

shellfish harvesting simulation and harvester trial manufacturing.

(2) The quantity of shellfish harvesting was significantly

influenced (p< 0.01) by vibrating screen amplitude, first-stage

brush rotation rate, and harvester travel speed. The screen

vibration amplitude was 1.4 mm, the first-stage brush rotation

rate was 40 rpm, and the harvester travel speed was 10 m/min.

Using these parameters, the error between the verification test and

the simulation test is small and the shellfish harvesting work could

be completed by the harvester effectively. For actual harvesting, it is

recommended that the vibratory harvester be set to the above

parameters for shellfish harvesting.
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