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Development of a multi-adaptive feeding device for automated plug
seedling transplanter
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Abstract: In order to improve the adaptability of the seedling feeding devices to different plug trays for various seedlings, a
multi-adaptive plug seedling feeding device for automatic field transplantation was developed. Its efficiency and adaptability
have been improved using a seedling delivery device equipped with a row of end-effectors, which were provided with
continuous plug seedlings by a compact seedling tray conveyor carrying out a reciprocating action. Each operation for the
seedling feeding device could work automatically through a control system. Three categories of plug seedlings, cucumber,
pepper and tomato seedlings were tested. The results of the performance test for the prototype demonstrated that the best
performance emerged in the cucumber seedlings in 50-cell trays with the highest success rate of 88% at the feeding frequency

of 6 groups/min.
12 groups/min.
seedlings as a result of its strong adaptability.

The lowest success rate was 73.33% for the tomato seedlings in 105-cell trays at the feeding frequency of
It can be concluded that the automated feeding device developed in this study could be used for various plug
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automated plug seedling transplanter.

1 Introduction

Plug seedling for transplantation is an effective planting
method widely used in vegetable production to promote crop
growth and increase vegetable yield™?. As the largest producer
and consumer of vegetables in the world, there is a rapidly
increased demand for plug seedlings in Chinal®¥. However, plug
seedling transplanting depends extensively on manual labor with
high labor intensity and low production efficiency. Even though
plug seedlings can be planted using a semi-automatic transplanter,
while other operations including seedling pick-up and dropping
seedling are still performed manually, which results in low
transplanting speed and high labor cost®™.  To deal with these, it
is necessary to develop an automated feeding device for the
transplanter with high efficiency, low dependence on labor and low
cost. Compared with bare-root plants, plug seedlings are more
suitable for automated feeding due to the uniform size, shape and
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Development of a multi-adaptive feeding device for

location’. Armstrong et al.l®! invented a plug seedling ejection
mechanism to provide the orderly arrangement of plug seedlings
for automatic transplantation. Ting et al.’® incorporated a
sliding-needle sensor gripper into the robot for picking up the
seedlings with different shapes and sizes, which was not
popularized due to complicated structure and low efficiency.
Italian Ferrari Company developed a full-automatic transplanter to
fulfill all the operations including seedling pick-up, delivery,
separation and planting. But operation stability was poor and
seedlings were crowded seriously in the process of separation and
planting™®.  Moreover, Hd144 type automatic transplanter in
Australia and another automatic transplanter manufactured by
Pearson Company in the UK are complicated and giant, these were
incapable of coping with the small and scattered planting
conditions in Chinal*®*4l,

Recent research with robotic technology for an automated
feeding device of the transplanter has been greatly promoted in
China™®%.  Ye et al.® studied and developed a cam mechanism
with a seedling pick-up arm for vegetable pot seedling transplanter.
There were also some shortcomings such as poor operational
stability, complex structure and high manufacturing cost. Han et
al.”Y designed a pincette-type end-effector with two fingers and
four pins for picking up seedlings. It did great harm to seedling
pot while automatically picking up seedlings. Wu et al.l??
developed a seedling conveying device with a recognition system
for seedlings using machine vision technology. It could reduce
the seedling missing, but the efficiency is still low by single plug
detection. Yang et al.®® designed the seedling cups with
reciprocating movement to pick up and drop the seedlings, which
improved operating efficiency and automation of plug seedlings
transplanting system. These devices have poor performances in
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flexibility and adaptability for various seedlings and different plug
trays[14'24’25].

The present study focuses on developing a multi-adaptive feeding
device to perform the groups of seedlings pick-up and dropping for
the automated transplanter. A seedling delivery device equipped
with a row of end-effectors was developed to improve the
adaptability for various seedling trays and operation efficiency.

2 Mechanical structure design

2.1 Structure overview

A functional model of the automated feeding device using the
SolidWorks 2016 SP1.0 (Dassault Systemes S.A, Massachusetts,
America) is shown in Figure 1. It was comprised of a plug
seedling delivery device, a seedling tray conveyor, and
end-effectors. Plug seedling delivery device was driven by a
stepper motor to make reciprocating movements between plug tray
and chain cups. After picking up a group of seedlings from plug
tray, plug seedling delivery device returned and stop at the
dropping seedling position by triggering the photoelectric switch.
End-effectors opened and dropped the seedlings as a result of the
cylinder operation. When all the seedlings have been picked up,
the seedling tray conveyor was driven by a stepper motor to
transport the seedling tray. There was adjustable spacing between
the end-effectors to improve its adaptability for various seedlings
and different plug trays.

5
1. Photoelectric sensors 2. Plug seedling delivery device 3. End-effector
4. Pallet of plug tray 5. Plug tray 6. Chain cups 7. Seedling tray conveyor
8. Support frame

Figure 1 Functional model of the automated feeding device

2.2 Design of plug seedling delivery device

As shown in Figure 2, the plug seedling delivery device was
composed of a linear guide rail, stepper motor, ‘I’ shaped connector,
‘T’ shaped chute, rack, double-axle telescopic cylinder, cylinder
claws, U-type auxiliary gripper, photoelectric sensor.  The
cylinder claws and double-axle telescopic cylinder were hung on
the rack by the ‘I’ shaped connector fixed with the “T” shaped chute
in rack. The rack could move along the linear guide rail installed
on frame. Consequently, the plug seedling delivery device
accomplished the reciprocating motion between the seedling tray
and chain cups. Cylinder claws connected with the double-axle
telescopic cylinder could move up and down, or open and close
with a U-type auxiliary gripper.
2.3 Design of seedling tray conveyor

The seedling tray conveyor automatically provided rows of
seedlings on the path of seedling pick-up at all times, which was
designed to have a simple and compact structure. As shown in
Figure 3, seedling tray conveyor was composed of linear guide rail,
stepper motor and pallet of plug tray. Driven by stepper motor,
two seedling trays placed in the pallet of the plug tray moved back

and forth in a linear manner, and the vacant tray could also be
easily replaced. When groups of seedlings have been picked up at
the designed position, seedling tray conveyor made one movement
in accordance with seedling pick-up.

ta

1. Photoelectric sensor 2. Stepper motor 3. ‘T’ shaped chute 4. ‘I’ shaped
connector 5. Line-glide rail 6. Double-axle telescopic cylinder 7. Rack
8. Cylinder claw 9. U-type auxiliary gripper

Figure 2  Structure of plug seedling delivery device

1. Stepper motor 2. Pallet of plug tray 3. Linear guide rail 4. Plug tray A
5. Plug tray B
Figure 3  Structure of seedling tray conveyor

2.4 Design of end-effector

As an important component, the end-effector not only held the
seedlings firmly but also minimized damage to the seedlings. As
shown in Figure 4, the end-effector was composed of a cylinder
claw and a U-type auxiliary gripper.

=1

2 3
1. Cylinder claw 2. Screw 3. U-type auxiliary gripper
Figure 4  Structure of end-effector

There was an ‘I’ shaped connector installed on the upper part
of the cylinder through bolts and nuts as shown in Figure 5. The
end-effector was reliably attached to the rack as the result of ‘I’
shaped connector fixed in the ‘T’ shaped chute with set screw.
With such special structure, spacing between end effectors could be
adjusted arbitrarily to meet the different specifications of plug tray.

1. ‘I’ shaped connector 2. ‘T’ shaped chute
Figure 5 Structure of spacing adjusting device



March, 2021

Shao Y Y, etal. Development of a multi-adaptive feeding device for automated plug seedling transplanter

Vol.14No.2 93

3 Operation programs and motion planning

3.1 Operation principle

The seedling delivery device was equipped with a row of
end-effectors and used for picking up and dropping the seedlings in
groups. As shown in Figure 6, picking seedlings at one or two
gap is to avoid the mutual interference between adjacent end-effector
mechanisms.  Six plug seedlings were fed to chain cups for
72-cell tray at one time (Figure 6b), and five plug seedlings were
fed for 50- and 105-cell tray at one time (Figures 6a and 6c).
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Drop seedlings Drop seedlings Drop seedlings
a. 50-cell tray b. 72-cell tray c. 105-cell tray

1. Moving direction of plug seedling delivery device 2. Moving direction of
seedling tray conveyor 3. Operation of dropping seedlings

Figure 6 Operation principle for the automated feeding device

Driven by stepper motor and cylinder, seedling delivery device
moved back and forth in a linear manner over the seedling tray
conveyor. The operation process is as follows in detail.

S1: Driven by double-axle telescopic cylinder, end-effectors
protruded and U-type auxiliary gripper opened for seedling pick-up
(Figure 7a).

S2: Seedling delivery device executed linear motion by stepper
motor and line-glide rail until plug seedlings entered the U-type
auxiliary gripper (Figure 7b).

S3: When “U” type auxiliary grippers closed under the control
of PLC, a group of plug seedlings were caught on their stems
(Figure 7c).

S4: Seedling delivery device retracted and move backward to
the seedling feeding position when stepper motor started again
(Figure 7d).

S5: Stepper motor stopped and double-axle telescopic cylinder
started under the control of PLC, end-effectors protruded and
opened. A group of seedlings was dropped in chain cups. Plug
seedling delivery device waited for the next seedling delivery
(Figures 7e-7f).
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Figure 7 Delivery process of plug seedlings

3.2 Operation schedule of seedling tray conveyor

Seedling tray conveyer was designed to provide the plug
seedlings for delivery device. In the case of six seedlings being
picked up from the 72-cell plug tray at one time, operation schedule
of seedling tray conveyer is shown in Figure 8.

S1: After the seedlings at the position shown in Figure 8a have
been picked up, seedling tray conveyer moved left one plug for the
remaining seedlings pick-up as shown in Figure 8b.

S2: When all the seedlings have been picked up from one tray,
another seedling tray was transported from the right to the fixed
position as shown in Figure 8c. Meanwhile, the vacant tray was
replaced with one new seedling tray as shown in Figure 8d.

S3: After all the seedlings in the tray have been picked up
again, the seedling tray conveyer moved right thirteen plugs for the
next operation cycle as shown in Figure 8e.  Similarly, the vacant
tray on the right was replaced by the new one as shown in Figure
8f.

4 Control system design

4.1 System structure and control principle

An integrated control system was designed using a program
controller FX1N-24MT-001A in accordance with each operation of
the seedling feeding device. Specifically, the pneumatic control
method was used for seedling pick-up and drop, and seedling
delivery and tray transport were managed through electronic
control means. All these operations cooperated with control
elements such as photoelectric sensor, solenoid valve, DM542
stepper motor driver, touch screen, etc.
4.2 Control flow design

As shown in Figure 9 (in the case of 72-cell tray), the control
flow chart for the automated feeding device was illustrated as
follows.

S1: When the control system was activated, PLC sent a signal
to control the forward rotation of the stepper motor, then the
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seedling delivery device would move to assigned position for
picking up seedlings at intervals by cylinder claws closing and
double-axle telescopic cylinder retracting, which was controlled by
PLC.

S2: PLC instructed the stepper motor to rotate backward and
seedling delivery device returned to the seedling dropping
position.  Photoelectric sensor was triggered and sent a signal to
the PLC. Then stepper motor stopped and cylinder claw drove
the U-type auxiliary gripper to open and plug seedlings dropped
into chain cup. Single operation cycle for seedling feeding was

finished.

S3: During the operation cycles, seedling tray conveyer would
move specific number of plug for feeding the remaining seedling of
one tray as the result of counter control. All the seedlings in one
tray were fed by several operations in this way.

S4: PLC sent a signal to change the rotation direction of the
stepper motor, a new seedling tray would be transported to replace
the vacant tray by seedling tray conveyor reciprocating movement.

The automated feeding device could feed plug seedlings into
chain cups constantly by carrying out these operations periodically.

> ‘Il;\ace plug "ra@

Figure 8 Operation schedule of seedling tray conveyor in term of the 72-cell tray
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Figure 9  Control flow of automated feeding device
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5 Performance test

5.1 Test design

A prototype of the automated feeding device for seedlings in
groups was manufactured to test its performance at different
feeding frequency. As shown in Figure 10, seedling feeding test
was conducted in May 2019 in the laboratory at Shandong
Agricultural University, Tai’an City, Shandong Province, China.
There were three categories of seedlings (Figure 11), two trays for
each seedling, used for feeding test, i.e., 35-day-old cucumber
seedlings in 50-cell trays, 30-day-old pepper seedlings in 72-cell
trays, 38-day-old tomato seedlings in 105-cell trays. Physical and
mechanical properties of the seedlings are shown in Table 1.
Before the performance test, end-effectors were installed correctly
and fixed at a regular spacing to meet the feeding requirement of
various plug trays.

c. Tomato
Figure 11 Three categories of plug seedlings

a. Cucumber b. Pepper

Table 1 Physical and mechanical properties for seedlings

Characteristic parameters Cucumber Pepper Tomato
Mean moisture content 94.99% 87.50% 84.76%
Pressure resistance/N 12 17 23
Diameter at 5 mm from the root mm 3.02 2.98 3.55
Diameter at 25 mm from the root/mm 2.96 2.90 3.42
Mean number of leaves 35 41 5.6

5.2 Results and analysis

The test results were listed in Table 2. W is for the success
rate, which referred to the seedlings picked up and dropped in the
chain cups without damage, there were three “failed attempts”
considered in the process of feeding seedlings (Figure 12), i.e. rate
of missing seedling W;, rate of stuck seedling W, and rate of
injured seedling W;. The successful rate W was defined as

follows:
N,
W, =—x100% 1)
N
N,
W, =—=x100% 2
N
Ns
W; = N x100% ?3)
W =(1-W, -W, —W;) x100% 4)

where, N is the total number of seedlings for feeding; Ny, N,, N3 are
the number of missing seedling, stuck seedling and injured seedling,
respectively.

/4 : |
Y — T
b. Stuck seedling

a. Missing seedling
Figure 12 Examples of failures in feeding seedlings

c. Injured seedling

It was observed in Table 2 that the success rate gradually
declined along with the increase of feeding frequency. As to
various vegetable seedlings, the tomato seedlings have a lower
success rate, higher missing rate and higher stuck rate may because
the strong stems, and more branches and leaves hinder the
clamping of the end-effector (Table 1). Cucumber seedlings had
the highest seedling injury rates, followed by pepper seedlings and
then tomato seedlings, maybe because cucumber seedlings have
higher moisture content and lower pressure resistance (Table 1).
The result indicated that the feeding frequency and the physical and
mechanical properties of different seedlings could affect the
performance of the mechanism. Overall, the best performance
emerged in the cucumber seedlings in 50-cell trays with the highest
success rate of 88.00% at the feeding frequency of 6 groups/min,
and the lowest success rate was 73.33% for the tomato seedlings in
105-cell trays at the feeding frequency of 12 groups/min, which
implied that this feeding device can meet the requirements of the
automated plug seedling transplanter.

Table 2 Performance test results of the automated feeding device

Feeding frequency Seedling specie N Ny N, N3 W./% W,/% Wa/% W/%
Cucumber 100 1 1 10 1 1 10 88
6 groups/min Pepper 144 2 2 14 1.39 1.39 9.72 87.50
Tomato 210 9 20 6 4.29 9.52 2.86 83.33
Cucumber 100 2 1 14 2 1 14 83
9 groups/min Pepper 144 6 6 18 4.17 4.17 125 79.16
Tomato 210 12 23 9 5.71 10.95 4.29 79.05
Cucumber 100 5 4 15 5 4 15 76
12 groups/min Pepper 144 10 6 20 6.94 4.17 13.89 75.00
Tomato 210 18 29 9 8.57 13.81 4.29 73.33
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Although the automated feeding device was developed to
expand its adaptability for various plug seedlings, the successful
rate should be improved further to meet the practical application of
high-speed transplantation. In the future research, the automated
feeding device will be manufactured by professionals rather than
by ourselves to obtain high precision and stability. A
performance test will be also conducted using more plug seedlings
with various conditions to investigate the defects of the device for
improving it.

6 Conclusions

An automated seedling feeding device was designed and
fabricated to pick up and drop the plug seedlings. Seedling
delivery device as the first sub-system was equipped with a row of
end-effectors. Its efficiency and adaptability for different trays
could be improved by changing the number and spacing of the end
effectors. A compact seedling tray conveyor was developed to
transport the seedling trays by a reciprocating action. Integrated
control system was constructed for each operation of the seedling
feeding device on the basis of control sequence and motion
planning, and the corresponding control program was designed to
make all units work together. Test was conducted to evaluate the
performances of the automated feeding device for various
vegetable seedlings. And how the factors of feeding frequency
and properties of three different seedlings affected the performance
of the feeding device was analyzed. The results showed that the
feeding device could be used for automatic field transplantation as
a result of its strong adaptability to various plug seedlings.
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