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Abstract: The most important part of fruit cultivation is transplanting, which can be completed
efficiently by an automatic transplanter. In this study, an automatic solanum lycopersicum trans-
planter was developed. It is primarily composed of the following devices: a seedling tray fixator, a
mechanical transplanting arm, double horizontal driving modules, double vertical driving cylinders,
a seedling separation device, double-crank five-bar planting devices, a power distribution system,
and a PLC control system. An experimental test on an automatic transplanter was carried out on dry
land. The experimental results showed that when the planting frequency was 80 plants/(min-row),
the transplanting success rate was 93.89%, the missed planting rate was 1.58%, the replanting rate
was 0.65%, the lodging rate was 1.94%, and the exposed seedling rate was 1.94%. Each device of the
automatic transplanter was coordinated to complete the transplanting process. The automatic trans-
planter met the operation requirements, and it not only transplanted in dry land but also provided a
theoretical basis for fruit cultivation in solar greenhouses in the future.

Keywords: agricultural machinery; fruit transplanting; PLC control

1. Introduction

The technique of seedling transplant has been widely promoted due to its advantages,
such as avoiding natural disasters and improving the survival rate of seedlings. Seedling
transplant has become a crucial aspect of greenhouse agricultural production due to the
widespread adoption of seedling nurseries. However, in China, the predominant method
of transplanting seedlings is through the use of semi-automatic transplanters [1-3]. Picking
and throwing seedlings must be performed manually, which not only has high costs
regarding labor but also has the drawbacks of limited speed and easily fatigued manual
labor, which limit the improvement of transplanting efficiency. As a result, it is crucial to
develop an automatic transplanter that can increase transplanting efficiency, decrease labor
requirements, and promote the growth of the vegetable industry [4,5].

Research and development of transplanters in agriculture began in the 1980s. Dur-
ing this period, researchers developed some transplanters to transfer seedlings from high-
concentration to low-concentration trays in greenhouses to grow plants [6,7]. After that, many
other transplanters were designed, and they mainly focused on several aspects, especially
mechanical engineering, control engineering, and machine vision [8-10]. Some developed
countries, such as Japan, the United States and Italy, have begun to study dryland trans-
planting technology and developed an automatic transplanter suitable for the field. Europe
and the United States had the large multi-row automatic transplanter. Japan developed
the small transplanter [11-13]. Some transplanter achievements have been reported. Tong
etal. [14] applied RTK GPS and machine vision to an automatic transplanter, which improved

Horticulturae 2024, 10, 692. https:/ /doi.org/10.3390/horticulturae10070692

https:/ /www.mdpi.com/journal /horticulturae


https://doi.org/10.3390/horticulturae10070692
https://doi.org/10.3390/horticulturae10070692
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/horticulturae
https://www.mdpi.com
https://orcid.org/0000-0002-1673-1831
https://orcid.org/0000-0002-5630-2580
https://orcid.org/0009-0007-7461-9489
https://doi.org/10.3390/horticulturae10070692
https://www.mdpi.com/journal/horticulturae
https://www.mdpi.com/article/10.3390/horticulturae10070692?type=check_update&version=1

Horticulturae 2024, 10, 692

2 of 14

the intelligence of the automatic transplanter and saved labor. Liu et al. [15] developed an
automatic transplanter that comprises a seedling storage device, seedling-taking device,
seedling-ejecting device, pinch device, transplanting device, and monitor system. The experi-
ment was carried out, and the broccoli seedlings were the experimental object. The success
rate was 75% when the transplanting frequency was 95 plants/min, and the seedling leakage
rate was 5%. Li et al. [16] developed and optimized a seedling-taking device, which used
cylinders as the driving mode. The standard 72-hole seedling tray of cucumber seedlings
was the test object. The experimental result showed that the damage rate of seedlings was
1.6% and the success rate was 95.3%. Various commercial automatic transplanters with
distinct structures have been developed and widely adopted. The Visser Horti Systems
Company has been dedicated to conducting research on horticulture machinery since 1967.
The Pic-O-Mat Vision transplant machine has the ability to remove inadequate seedlings
using a vision system [17]. Most transplanters developed in Europe and the United States
tend to be large. To improve the efficiency of potted seedling transplanting, mechatronics
technology and a special seedling tray have been applied. It is costly and not suitable for the
current situation of tray seedling in China [18,19]. The majority of transplanters developed in
Japan and Korea are mechanical constructions, using a combination of different structures for
automatic transplanting. A more complex mechanical structure causes machine maintenance
difficulties, restricting its development in China [20,21].

In this study, an automatic transplanter was designed that used PLC control technology,
sensor technology, mechanical transmission, pneumatic technology, and stepper motor
drive technology according to China’s agronomic practices. A traction-type, double-row
high-speed automatic transplanter was developed, and a field transplanting experiment
was conducted to assess the overall performance. It not only transplanted in dry land but
also provided a theoretical basis for fruit cultivation in solar greenhouses in the future.

2. Materials and Methods

The automatic transplanter is composed of a mechanical transplanting arm (1), double
vertical driving cylinders (2), double horizontal driving modules (3), twelve transplanting
manipulators (4), a double seedling separation device (5), a seedling tray fixator (6), and
double-row planting devices (7). The overall structure is shown in Figure 1. The model
of the seedling tray for the automatic transplanter is shown in Figure 2. The tractor pulls
the automatic transplanter to move forward and drives the seedling separation device,
planting device, and air compressor. Other electric components are powered by a battery.
The size and working parameters of the automatic transplanter are shown in Table 1.

Figure 1. Overall structure schematic diagram of the automatic transplanter. 1. Mechanical trans-
planting arm; 2. vertical driving cylinder; 3. horizontal driving module; 4. transplanting manipulator;
5. seedling separation device; 6. seedling tray fixator; 7. double-row planting devices.
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Figure 2. Seedling tray (mm).
Table 1. The size and working parameters of the automatic transplanter.
Item Parameter Unit Item Parameter Unit
Boundary dimension Matching tractor
(length x width x heighty 220 X 1100 1550 mm model 304
Number of operators 2 Row spacing 300-500 mm
Driving pressure 0.5 MPa Total weight 423 Kg
Frequency 80 plants/min-row Battery voltage 24 \%

2.1. Working Principle of Automatic Transplanter

The mechanical transplanting arm drives the movement of the transplanting manipu-
lators to pick up and transport the seedlings to the seedling separation device, which is
mainly composed of double first-stage propulsion cylinders (1), a transplanting manipu-
lators guide rod (2), a frame (3), a guide rail (4), double lateral propulsion cylinders (5),
and double second-stage propulsion cylinders (6). When the automatic transplanter takes
seedlings, the mechanical transplanting arm is lifted by the vertical driving cylinder and, at
the same time, transported to the seedling tray placement frame by the horizontal driving
module. The transplanting manipulators are installed on the transplant arm. The lateral
propulsion cylinder resets and drives the transplanting manipulator to merge, which is
above the first row of the seedling tray. The cylinders of the transplanting manipulators
drive the needles, taking out the seedlings in the tray. The structure and seedling picking
process of the mechanical transplanting arm are shown in Figure 3.

Figure 3. Structure and seedling picking process of mechanical transplanting arm. 1. First-stage
propulsion cylinder; 2. Transplanting manipulators guide rod; 3. Frame; 4. Guide rail; 5. Lateral
propulsion cylinder; 6. Second-stage propulsion cylinder. The mechanical transplanting arm is
equipped with twelve transplanting manipulators, corresponding to the whole row of the seedling
tray. The stepper motor and all cylinders move in the direction indicated by the arrow to complete
the seedling picking process.
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In the process of seedling feeding, the horizontal driving module drives the mechanical
transplanting arm to transport the seedlings to the top of the seedling separation device.
Under the action of the first-stage propulsion cylinder and the second-stage propulsion
cylinder, the seedling claw is directly above the seedling separating device. The vertical
driving cylinders and the seedling manipulator cylinders are retracted, and the seedlings
are placed in the seedling separation device. The seedling feeding process of the mechanical
transplanting arm is shown in Figure 4. The seedling separation device rotates to take the
seedlings into the planting device. Finally, the seedlings are transplanted in the field by the
planting device.

cylinder

L

i /needles

Figure 4. Seedling feeding process of mechanical transplanting arm. The cylinder retracts, and drives
the needle to retract. The seedling falls into the cavity plate seedling separation device.

2.2. Transplanting Manipulator

When seedlings are transferred by the transplanting manipulator, the needles interact
with the soil substrate of the seedling. A mechanical model was built to represent the
interaction between the “seedling substrate-manipulator needle” during seedling taking. The
model is illustrated in Figure 5. In this context, d represents the distance between the insertion
point of the manipulator needle and the centerline of the seedling pipeline. / represents the
depth to which the transplanting manipulator needle is inserted into the soil. G represents
the weight of the seedling. K represents the adhesion force between the inner wall of the tray
and the substrate soil. Fy represents the normal force exerted by the manipulator needle.
o represents the angle at which the needle of the transplanting manipulator is inserted
into the seedling substrate. '; represents the frictional force between the seedling and the
transplanting manipulator. Fr represents the total longitudinal lifting force.

@) <~ Needle (b)

Seedling ¢

Figure 5. Force analysis of the seedling-taking process. (a) Force analysis on the seedling; (b) force
analysis of one needle.
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The adhesion force (K) is influenced by several parameters, including the moisture
level of the seedling, the composition of the tray material, and the dimensions of the tray’s
inner wall. The experimental subject of this study were solanum lycopersicum seedlings.
A method of experimentation was employed to assess the seedlings with water content
ranging from 25% to 40%. The adhesion force was tested by a tensile pressure tester. (HP-
50; Bino Instrument Company Ltd., Wenzhou, China), and water content was tested by a
moisture content (DHG-9013; Yiheng Instrument Company Ltd., Shanghai, China). The
value was shown in Table 2. The maximum value was 6.26 N. The maximum value was
6.26 N, chosen to ensure the seedling taking.

Table 2. Adhesion force experimental result.

Group One Group Two
Ord Adhesion Water Ord Adhesion Water
rder Force/N Content/% raer Force/N Content/%
1 5.86 33.2 6 5.02 26.9
2 5.63 31.5 7 5.68 33.1
3 5.72 33.1 8 5.07 27.6
4 5.15 28.2 9 6.17 37.5
5 6.26 37.4 10 5.42 31.2

The parameters were calculated as follows:

Fr = puFnn 1)
Frcosa + Fyisina = (K+G)/2 (2)
Fn1 = (K+ G) /2(pcosa + sina) 3)

As a seedling is successfully selected, the output clamping force is balanced with the
adhesion force (K). Therefore, the seedling-taking process can be modelled as follows:

Fy/cosa = (K + G)/2(pcosa + sinw) 4)
Fr=2 {sinoc(FNl + Fnp) + cosa (Pfl + Ffz)} (5)
Ffl = }lFNl (6)

Fpy = pFno 7)

Z <Fr (8)

The static friction coefficient () is equal to 0.7. The shear force (Fj) and the longitudinal
lifting force (Z) are related by the equation Z = K + G.

The formula above demonstrates that the seedling selection process must be counter-
acted by both the weight of the seedlings (G) and the frictional force (K) between the tray
inner wall and the seedling substrate. Nevertheless, an extremely substantial lifting effort
would result in shear damage to the horizontal orientation of the seedling. The force of the
seedling needles depends on the horizontal shear force (F;) that the seedling can withstand.
Therefore, the total longitudinal lifting force (Fr) is calculated as follows:

Fr = 4Fnq (sina + picosw) )

Fr = 4Fj(pcosa + sina) / cosa =4Fj(p + tana) (10)

An INSTRON 5944 testing machine was used to measure the seedling horizontal shear
force (Fj), as shown in Figure 6a. A deformation of 5 mm was chosen as the maximum
seedling shear force. Ten seedlings with water content ranging from 25% to 40% were
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chosen in the experiment, as shown in Figure 6b. The average shear force (Fj) measured
was 5.8 N.

Figure 6. Shear force experiment. (a) Shear force test platform; (b) experimental seedlings.

An experiment was conducted to determine the average gravity range of seedlings
and the penetration angle («). The results indicated that the average weight of the seedlings
was 0.23 N, and the optimal range for the penetration angle () was between 4° and 12°.
The adhesion force (K) was 6.26 N, and the shear force (Fj) was 5.8 N. The value of the
penetration angle («) was 8°. The drive force (Fj) and the cylinder internal diameter (D)
can be determined using the following formulas:

Z=K+G=023+626=649N (11)
Fr = 4F; (4 + tana) = 195N (12)
Fl 2 FT-Kl-Kz/T] (13)
Ky=1+4+a/g=2 (14)

F1 >195x11x2/09=~477N (15)

D = \/Fp/0.65-p = \/47.7/0.65-5-10° ~ 12.1 mm (16)

where 7 is the mechanical efficiency (0.90), K; is the safety factor (1.1), and Kj is the
operating condition coefficient. In the usual working state, the acceleration of the grasped
seedling (a) was that of gravity (g).

The CDJ2B10-35 cylinder was chosen based on its design specifications of a working
pressure (0.5 MPa) and output force (42.8 N). The cylinder had an internal diameter (15 mm)
and a stroke (35 mm), which were smaller than the height of the tray (40 mm). The seedlings
could be collected, and the tray could be preserved intact.

The transplanting manipulator includes a mounting rack (1), three cylinder mounting
plates (2), a cylinder (3), a needle guide block (4), and two manipulator needles (5), as
shown in Figure 7a. When the transplanting manipulator removes the seedlings from the
tray, its four needles are propelled by the cylinder, penetrating the soil substrate and then
closing. The seedlings are collected by the needles. When the seedlings are released by the
transplanting manipulator at the discharge point, the four needles open and retract through
the cylinder drive, completing the seedling-dropping process, as shown in Figure 7b,c.
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Figure 7. Transplanting manipulator and its working process. (a) Transplanting manipulator structure;
(b) seedling-taking process; (c) seedling-dropping process. 1. mounting rack; 2. cylinder mounting
plate; 3. cylinder; 4. needle guide block; 5. manipulator needle.

2.3. Seedling Tray Fixator

A seedling tray fixator was designed to fix the tray. The seedling tray fixator mainly
consists of a bottom support frame (1), a baseboard (2), two guide bars (3), and two side
plates (4), as shown in Figure 8. The two guide bars can fix the y-direction. The baseboard
and side plates can fix the x- and y-directions. The tray can be fixed tightly in the seedling
tray fixator.

Figure 8. Seedling tray fixator. 1. Bottom support frame; 2. Baseboard; 3. Guide bar; 4. Side plate.

2.4. Planting Device

The speed and trajectory of the planting device affect the planting quality. In the
planting process, the zero-speed planting method can improve the success rate of plant-
ing because seedlings are stationary relative to the ground. In the paper, the optimized
structural parameters can be found by analyzing the motion of the double-crank five-bar
mechanism, and the equations of each point are expressed using the rectangular coordinates
method, as shown in Figure 9.

xg = lpcosPq + lrcosPy (17)
yq = losinPy + lrsinfy

{xR = lycosp (18)

YR = llsil’lﬁz
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<— Working direction

Figure 9. Kinematics operation model of five-bar planting mechanism.
According to the following vector Equation:
Lop +Lpg + Lgs = Lop + Lpc (19)
The following Equation can be obtained:

locosB1 + lpcosBa + I3cosBs = lycosPa + lacosB3 (20)
losinBy + IrsinBy + [3sinPs = ly1sinBy + l4sinPs

Let a = lycosBy — locosP1 — lpcosPa, b = IysinPy — lpsinfy — lpsinBy. The above equa-
tion can be expressed as follows:

I3cosPs = a + lycosB3 (21)

I3sinfBs = b+ lsinPs (22)

Squaring the two sides of Equations (21) and (22), 5 can be eliminated. The equation
can be expressed as follows:

([32 —a?— 1% - bz) /21y = acosPz + bsinps (23)

Let, cosy = a/Va? + b?,siny = b/v/a* + b2, get B3:

132 —112 _ 142 _ b2

214 vV a2 + b2
Substituting B3 into Equations (4) and (5) yields Bs:

B3 = arccos

+B (24)

152 — a2 — 1,2 —p?

214\/ a2 + b2

The calculation of the displacement Equation for point S is as follows:

Bs = arccos lllCOSﬁz — lpcosB1 — IrcosPa + lycos(arccos +9)| /15 (25)

xg = l1cosBy + l4cosB3 (26)
ys = lysinPy + lysinf3

The calculation of the displacement Equation for point T is as follows:

xg = licosPa + (Is + Is)cosPs (27)
yE = hisinBy + (ly +Is)sinfs

where the structural parameters Iy and 1 are constants. The derivative of Equation (20)
obtains the subsequent Equation:
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{l2B4Sinﬁ4 + 13B5sinﬁ5 = llﬂzsinﬁz + 14[3'.351'7’[,33 (28)

1234605[34 + 13,35cos,85 = llﬂzcosﬁz + I4B3c0sB3

where Bz, 53, B4 and .BS are the derivatives of 53, B3, B4 and S5 with respect to time (t),
respectively. The input angular velocities of points o and P are denoted as (ﬂz) and (‘34),
respectively.

The calculation of the angular velocity of QS rod according to Equation (28) is as
follows:

/33 = [llﬂzsinﬁz — 12B4sin/34 + (lgﬂ4cosﬁ4 — llﬂzcosﬁ2> tﬂi’lﬁ:g} / (I3sinBs — IzcosPstanps) (29)

The velocity equation for point T is derived from the displacement equation:

{xE _ _llﬁzsinﬁz — (4 + l5)ﬁ3sinﬁ3 (30)
YE = l1B2cosBy + (Is + I5) BacosPs

Modify the transmission ratio of the chain drive mechanism to ensure that the duck-
bill’s tangential velocity at the lowest point matches the rate of motion of the transplanter.
In the opposite direction, this will cause zero-speed planting, which can improve the
success rate of the planting process. The planting device is shown in Figure 10.

Seedling
separation
device

Bottom
lid

Seedling
dropping
from the
separation
device

Figure 10. Planting device. 1. Chain drive device; 2. Crank III; 3. Long connecting bar; 4. Crank I;
5. Short connecting bar; 6. Duckbilled planter. The seedling separation device rotates, and when it
moves to the top of the duckbill planting device, the bottom lid is opened. The seedlings drop from
the separation device and fall into the duckbill.

The planting device is a double-crank five-bar mechanism. The chain drive device (1)
drives crank II (2) and crank I (4) to move, and the two cranks rotate in the same direction
at the same speed, driving the long connecting bar (3) and short connecting bar (5) to swing.
The long connecting bar (3) is connected to the duckbill planter, and the duckbilled device
moves in the established trajectory. When the duckbill planter reaches the top, the bottom
lid of the separation device is opened, and the seedlings fall into the duckbill. When the
duckbill planter reaches the lowest point, it is inserted into the soil, and the seedlings are
planted into the soil.

2.5. Power Distribution and PLC Control System

(1) Power distribution

The power distribution system mainly consists of a lithium battery, a start/stop button,
an emergency stop button, a contactor, circuit breakers, fuses, a voltage regulator, and a
voltage boost module, as shown in Figure 11. The power distribution system provides
electricity to the control systems and electrical components. The PLC, air pressure sensor,
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power shaft detection sensor, proximity switches and solenoid valves are powered by
24 VDC power supply. The horizontal drive module is driven by 48 V stepper motor, and
other components are driven by the tractor power shaft and cylinder. The voltage boost
module (Pin Shen, model: PDG300-24548) is used to convert 24 VDC to 48 VDC to provide
power for the stepper motor. According to the total power of the power consumption
components and the working frequence, in order to ensure the safety of manual operators
and power requirements, a 24 VDC, 40 AH lithium battery is selected as the power supply
for the system.

Lo =

. .

= | d T2

L i _
5231 akm \ [11] DRIVER

KM|| : | ‘qp

|
[pLc][TPc] [APS]Pd cs[sp[DTo[DTDTZD TS| o

Figure 11. Schematic diagram of the power distribution system. Note: KM is the contactor; Q1 and
Q2 are the breakers; FU are the fuses; T1 is the regulated switching power supply; T2 is the DC boost
module; M is the stepper —motor—driving horizontal —driving module; APS is an air pressure sensor;
PS are the proximity switches; CS is the counting sensor; and SD is a power shaft detection sensor.

(2) PLC control system

The PLC control system includes PLC, a stepper motor, cylinder solenoid valves,
relays, an air pressure sensor, a counting sensor, and proximity switches. The PLC control
system is shown in Figure 12. The main controller adopts Siemens S7-200 series 224xp
PLC [22]. PLC receives the analog signals of the air pressure sensor and power shaft
detection sensor and outputs the high-speed pulse signal to drive the stepper motor of
the horizontal transmission module. PLC controls the opening and closing of the solenoid
valve through digital signals. All actuators are controlled by the PLC control system, and
each device coordinates and cooperates to complete the automatic transplanting operation.

Al-
240 M —l [
A+_A+ Air pressure sensor
DI00 0.0
DI0A . B+ Bt Power shaft detection sensor
Spare — 0.1 1L 244
Spare D2 0.2
Soare piog 0.0H222% pyy4q
’ P | 000t oy | B
Spare — 04 0.1 el
Dooz
Spare LDy 65 0.2H2%2 piR+1 m
D003
Spare Diog 0.6 0.33———= DIR+2
107 24+
Counting sensor| — 0.7 21
24 2M 0.4-2204[5To ] First-stage propulsion cylinder
Seeding taking position sensor piol 1.0 0.5{-220=[BT1] Second-stage propulsion cylinder
e DIt -DO06[BT2}—¢ | Lateral propusion cylinder 1
Seeding feeding position sensor Lot 14 0.9 e ateral propulsion cylinder
Seedling separation device counting senso iy 12 3L
Spare DY 1.3 0.7R007 Vertical driving cylinder 1
Spare DI 14 'I_[]—I:m-m Spare
Spare Dy 45 1AFRYM spare
il
A T S7—200PLC
=R N « 24V
=l Iz GPU224XP "
L -« 24V+

Figure 12. Schematic diagram of the PLC control system. Note: DTO0 is the solenoid valve controlling
the first—stage cylinder; DT1 is the solenoid valve controlling the second—stage cylinder; DT2 is the
solenoid valve controlling the lateral propulsion cylinder; and DT3 is the solenoid valve controlling
the vertical driving cylinder.
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3. Experiment and Analysis
3.1. Experimental Condition

The transplanting experiment was carried out (Shuanglin Agricultural Machinery Co.,
Ltd., Sujiatun, China). The experimental environment was soft soil, without grass, gravel,
etc. The experimental object were 72 holes solanum lycopersicum seedlings, the age of
which was 30 days and the moisture content was 35%, as shown in Figure 13. Three plates
of seedlings were transplanted into each group and five groups of experiments were carried
out. The experimental pictures are shown in Figure 14.

Figure 14. Transplanting experiment. 1. Transplanting arm; 2. Transplanting manipulator; 3. Air
compressor; 4. Planting device; 5. Seedling separation device; 6. Power distribution and PLC control
system; 7. Battery. Traction double-row automatic transplanter needs two operators. One person
needs to drive the tractor, and the other needs to alter the seedling tray.

3.2. Experimental Indexes

In the continuous operation of transplanting, the transplanting success rate is generally
used as an evaluation index according to the mechanical industry standard experimental
method in the People’s Republic of China Transplanter of dry land plant (JB/T 10291-2013).
During the experiment, the success rate of transplanting was mainly affected by four
aspects, namely, the exposed seedling rate, the lodging seedling rate, the leakage seedling
rate and the replanting seedling rate.

(1) Exposed seedling rate
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Seedling exposure refers to the failure of seedlings to be fully planted in the soil when
the seedling substrate is exposed outside the pit, affecting normal growth. The formula for
calculating the exposed seedling rate is as follows:

ny= Uy /U x 100% (31)

where U is the number of exposed seedlings and U is the total number of seedlings.
(2) Lodging seedling rate

Lodging refers to the angle between the mid-vertical line and the ground after the
seedling is transplanted into the soil, which is bigger than 60°. The formula for calculating
the lodging seedling rate is as follows:

o= Uy /U x 100% (32)

where U, is number of lodging seedlings and U is the total number of seedlings.
(38) Leakage seedling rate

Leakage seedling refers to the location where the seedlings should be planted but
there are no seedlings. The formula for calculating the leakage seedling rate is as follows:

nz= Uz /U x 100% (33)

where Us is number of leakage seedlings and U is the total number of seedlings.
(4) Replanting seedling rate

Replanting refers to the planting of at least two seedlings in the same location. The
formula for calculating the replanting seedling rate is as follows:

ng= Uy /U x 100% (34)

where Uy is number of replanting seedlings and U is the total number of seedlings.
(5) Success rate

The success rate is the ratio of the number of successful plants to the total number of
plants. The formula for calculating the success rate is as follows:

L= (1 — Ny —Mnp —nz — 114) X 100% (35)
where L is the success rate.

3.3. Results and Discussion

The experimental results and the rate of each index are shown in Tables 3 and 4. When
the transplanting frequency was 80 plants/(min-row), the average transplanting success
rate was 93.89%, the average seedling rate was 1.94%, the average lodging rate was 1.94%,
the average seedling leakage rate was 1.58%, and the average replanting rate was 0.65%.
The experiment shows that the main defects of automatic transplanter are an exposed
seedling, lodging seedling and leakage seedling. These defects are mainly caused by the
following factors:

(1) The planting device is affected by the vibration of the machine during the movement,
which causes the seedling to collide with the planting device during the process
of falling into the soil; in the process of collision, zero-speed planting was affected,
resulting in an increase in the exposed seedling rate;

(2) When the transplanting frequency is too fast (greater than 80 plant/(min-row)), more
precise cooperation between the devices is required; the planting device completes
transplanting; at the moment, the planting device is unearthed and contacts the
seedling substrate, stem or leaf, resulting in an increase in the lodging rate;
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(8) There are a few seedlings with weak roots, so the shear resistance is poor; in the process
of seedling taking, the transplanting manipulator destroys the seedlings, resulting in
no seedlings in the planting device and an increase in the leakage seedling rate.

Table 3. Experimental results.

Group Number of Number of Numbfer of Number of Numbel: of
Number Successful Exposed Lodging Leakage Replanting
Transplanting Seedlings Seedlings Seedlings Seedlings

1 201 4 6 3 2

2 202 5 4 4 1

3 204 4 3 3 2

4 202 5 4 3 2

5 205 3 4 4 0

Table 4. The rate of each index.

Group Success Expos.ed Lodgi.ng Leake{ge Replan.ting

Number Rate/% Seedling Seedling Seedling Seedling
Rate/% Rate/% Rate/% Rate/%
1 93.05 1.85 2.78 1.39 0.93
2 93.52 2.31 1.85 1.85 0.46
3 94.44 1.85 1.39 1.39 0.93
4 93.52 2.31 1.85 1.39 0.93
5 94.91 1.39 1.85 1.85 0

In order to ensure the success rate, the appropriate transplanting frequency of the
automatic transplanter is no more than 80 plants/(min-row). The seedling age and water
content are suitable. In the future, reducing the size of the automatic transplanter from the
double row to the single row to adapt to the limited space of the solar greenhouse should
be considered. This study also provides a theoretical basis for fruit cultivation in solar
greenhouses.

Next, we will also improve the intelligence of the transplanter and increase the moni-
toring system with multi-sensor fusion to further improve the success rate of the seedling-
taking process and increase the applicability of the transplanter in different working
scenarios. In terms of seedling taking, the matrix loss rate is further reduced, and it is used
as an experimental index to measure the transplanting effect.

4. Conclusions

(1) When the extraction force of the transplanting manipulator is too large, it will cause
shear damage to the seedlings.

(2)  The experimental results showed that when the planting frequency was 80 plants/(min-row),
the transplanting success rate was 93.89%, the missed planting rate was 1.58%, the
replanting rate was 0.65%, the lodging rate was 1.94%, and the exposed seedling rate
was 1.94%. The machine met the operation requirements.
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