
Citation: Yue, R.; Hu, J.; Liu, Y.; Yao,

M.; Zhang, T.; Shi, J. Design and

Working Parameter Optimization of

Pneumatic Reciprocating

Seedling-Picking Device of

Automatic Transplanter. Agriculture

2022, 12, 1989. https://doi.org/

10.3390/agriculture12121989

Academic Editors: Tao Cui and

Francesco Marinello

Received: 17 October 2022

Accepted: 18 November 2022

Published: 23 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agriculture

Article

Design and Working Parameter Optimization of Pneumatic
Reciprocating Seedling-Picking Device of
Automatic Transplanter
Rencai Yue , Jianping Hu *, Yijun Liu, Mengjiao Yao, Tengfei Zhang and Jiawei Shi

Jiangsu Provincial Key Laboratory of Hi-Tech Research for Intelligent Agricultural Equipment, Jiangsu University,
Zhenjiang 212013, China
* Correspondence: hujp@ujs.edu.cn; Tel.: +86-511-88797338

Abstract: To improve the seedling-picking efficiency of the vegetable transplanter and reduce the
damage rate of the seedling pot, a reciprocating seedling-picking device driven by full air pressure was
designed. In this paper, the structure and working principle of the pneumatic seedling-picking device
are introduced. Through the mechanical analysis between the seedling-picking claw and the seedling
pot, working parameters such as the stroke and driving force of the pneumatic seedling-picking
claw clamping cylinder were determined. According to the action sequence of the seedling-picking
mechanism, which is horizontally dispersed and longitudinally conveyed, the pneumatic control
scheme of the seedling-picking and -dropping system was formulated. The simulation model for
the control loop of the longitudinal cylinder was created with AMESim simulation software, and the
simulation analysis was carried out. The Box–Behnken response surface design optimization method
was used to determine the best operating parameters of the cylinder. The optimized peak value
of shock vibration at the end of the cylinder was optimized from −65.64 mm·s−2 to 35.41 mm·s−2,
proving that the optimization of pneumatic working parameters has a positive effect on the success
rate of seedling picking. The bench test of the seedling-picking mechanism was conducted on 72-hole
plug seedlings with two picking frequencies of 120 plants·min−1 and 144 plants·min−1, respectively,
and the average seedling leakage rate, seedling damage rate, and seedling pot damage rate at different
picking frequencies were counted. The experimental results show that under the two seedling-picking
frequencies, the average success rate of seedling picking and throwing after optimization is increased
from 96.4% and 92.4% to 97.9% and 95.3%, respectively. This is in line with the requirements of
high-speed seedling picking and confirms the rationality of the seedling-picking mechanism design.

Keywords: seedling-picking mechanism; pneumatic reciprocating; simulation analysis; parameter
optimization; bench test

1. Introduction

The technique of transplanting vegetables has been widely promoted due to its advan-
tages such as avoiding natural disasters and improving the survival rate of seedlings [1].
At present, semi-automatic transplanting machines are mainly used in China. Picking and
throwing seedlings must be performed manually, which not only has high costs regarding
labor but also has the disadvantage that the speed is limited and manual labor is easily
fatigued, which limits the improvement of transplanting efficiency [2]. Therefore, it is of
great significance to develop a high-speed seedling-picking device with a reasonable struc-
ture to improve the operation efficiency of vegetable transplanters, reduce labor intensity,
and promote the development of the vegetable industry [3,4].

The automatic seedling-picking mechanism developed in Europe and the United States
mostly adopts electrical joint control, with many auxiliary devices and a huge mechanism,
and requires a special seedling tray to achieve automatic transplanting, which is not suitable
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for the current situation of tray seedling raising in China [5–8]. Most of the automatic seedling-
picking mechanisms developed in Japan are purely mechanically controlled, using different
combinations of mechanisms to realize the automatic seedling-picking function [9–11], but the
complex structure and high requirements for seedling quality have limited the application
in China.

In recent years, in order to accelerate the process of agricultural modernization in
China, some research institutes have invested in the development of automatic seedling-
picking mechanisms. Otherwise, the insert-clamping seedling-picking method based on the
principle of upward seedling picking is stable and reliable and can be adapted to the existing
domestic agronomy of seedling cultivation in seedling trays. Therefore, domestic scholars
have combined mechanical, electrical, and gas integration technology and designed and
developed a variety of seedling-picking devices that are inserted into the pot and clamped.
Among them, some scholars used a plane multi-bar mechanism to drive the seedling-
picking manipulator to realize automatic seedling picking. This seedling-picking device
is not only complicated in structure but also not very efficient in operation [8,12,13]. Sun
et al. [14] designed a planetary gear train linkage mechanism, inserting the seedling end
effector into the substrate at a certain angle and placing the pot seedlings upright into
the planting device to complete the entire transplanting process. Li et al. [15] proposed a
slide-type automatic seedling-picking mechanism driven by the planetary gear train. The
two kinds of rotating planetary system seedling-picking mechanisms are both high-speed
plane composite operations with large inertial force, and seedling picking is unstable.
Ye et al. [16,17] proposed an eccentric non-circular gear planetary automatic seedling-
picking mechanism, which solves the problems of complex structure and low efficiency
of transplanters to a certain extent. Although these seedling-picking mechanisms have
realized the automation of picking seedlings to a certain extent, due to the complex structure
and the difficulty in planning the seedling-picking trajectory, the mechanism has not been
practically applied, with low seedling-picking efficiency, a low seedling-picking success rate,
and poor stability. The frequency of picking seedlings is mostly 40~90 plants·min−1 [18–20].
When the frequency of picking seedlings is greater than 70 plants·min−1, the variable-
speed rotation or swing of the mechanism causes the impact vibration and inertial force
of the seedling needles to increase significantly, while the damage rate of the pot body
increases, the stability of seedling clamping decreases, and seedling-picking failures such
as seedling shedding or seedling throwing occur. This phenomenon led to a decrease in
the success rate of seedling harvesting [21]. Ye, Yu et al. carried out kinetic research and
optimization improvements on similar seedling-picking mechanisms [12,22,23], and the
impact vibration and inertial force were slightly improved, but when the seedling-picking
speed increased, there was still a problem regarding the end effector of picking seedlings
causing great damage to the seedling pot due to vibration [24,25]. Han et al. [26] designed
a guide-rail-based manipulator for seedling picking, in which the manipulator flipping
cylinder and positioning cylinder control the posture change of the manipulator along
the guide rail at the seedling-picking position and the seedling-throwing position. Some
scholars developed a linear sliding-type pneumatic seedling-picking mechanism, which
uses a cylinder to drive the seedling-picking manipulator to pick up seedlings, and the
seedling-picking manipulator only grabs normal plug seedlings for transplanting [27,28].

Compared with mechanical transmissions such as connecting rods and planetary
gear trains, pneumatic transmission has the characteristics of rapid action, fast response,
and can realize large-stroke transmission, etc., and has been used in the development of
seedling-picking mechanisms. The existing pneumatic seedling-picking mechanism mainly
uses the air cylinder as the executive element, which is driven by air pressure to complete
the time sequence control of the specified action. The motion characteristics of the air
cylinder are not analyzed. For this reason, this paper proposed a pneumatic reciprocating
seedling-picking device with multiple claws in parallel for the whole row, analyzed the
dynamic characteristics of the pneumatic seedling-picking mechanism, and optimized
the working parameters of the cylinder through AMESim simulation software. Finally,
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72-hole plug seedlings were used as the test object to verify the feasibility of the high-speed
seedling-picking device, and this paper provides a reference for the development of a
lightweight and simple high-speed seedling-picking device.

2. Device Structure and Working Principle
2.1. Seedling Tray Specifications

The size of the seedling tray matching the seedling-picking mechanism was a 72-hole
(12 × 6) standard seedling tray, and the size of the tray was 540 × 280 × 40 (mm), as shown
in Figure 1. Each hole had an inverted cone shape and an inclination angle α = 79◦, and the
center-to-center distance between the holes was 43 mm.
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Figure 1. Seedling tray specifications (mm).

2.2. Structure of the Device

The automatic seedling-picking mechanism is the core working part of the transplanter.
The pneumatically reciprocating seedling-picking device with the cylinder linear drive
mechanism replaced the existing turning mechanism, as shown in Figure 2. The seedling-
picking mechanism was mainly composed of the seedling-picking frame, linear slide rail,
seedling-picking mounting plate, seedling-picking execution component, longitudinal
driving cylinder, and horizontal driving cylinder. Among them, the seedling-picking
execution component was installed on the seedling-picking installation plate through the
horizontal linear slide rail, which can realize the actions of combining seedling picking and
dispersal of the seedling casting through the drive of the horizontal cylinder. At the same
time, the seedling-picking installation plate was installed on the seedling-picking frame by
a longitudinal linear slide, and the movement from the seedling-picking position to the
seedling-throwing position was realized by the longitudinal cylinder.

The seedling-picking executive component is composed of a lifting cylinder, clamping
cylinder, seedling-picking claw, and mounting plate. The object of the operation is 72-hole
seedlings tray. In the construction, the method of picking seedlings at fixed points was used.
In order to avoid the phenomenon of picking seedlings from adjacent holes, the method of
picking seedlings at intervals was further adopted, and the seedling claws were placed at
equal intervals of 86 mm, so as not to interfere with each other when picking seedlings.
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Figure 2. (a) The seedling-picking mechanism. (b) The seedling-picking executive component. 1.
Seedling tray conveying device; 2. longitudinal driving cylinder; 3. seedling-picking installation
plate; 4. seedling-picking executive assembly; 5. 72-hole seedling tray; 6. longitudinal linear slide rail;
7. seedling guide tube; 8. seedling-picking frame; 9. seedling claw; 10. horizontal linear cylinder; 11.
longitudinal cylinder mounting plate; 12. clamping cylinder; 13. horizontal linear bearing; 14. lifting
cylinder.

2.3. Working Principle

In order to solve the problem of damage to the seedling pot and the difficulty of
proving the efficiency of seedling picking by the overturning method, a linear reciprocating
method of picking and throwing seedlings was proposed, and the working principle is
shown in Figure 3:

• The seedling tray is placed on the conveying device and the stepping motor rotates and
drives the chain stopper forward to push the tray for longitudinal conveying. When
the sensor recognizes the seedling tray, the stepping motor stops, and the stopping
position is the position point for picking seedlings.

• As shown in Figure 3a, when the seedling tray reaches the seedling-picking position,
the seedling-picking execution component installed on the seedling-picking mounting
plate will pick up the seedlings. The air cylinder drives the seedling-fetching claws
to grip the pot body. When the lifting cylinder triggers the magnetic switch at the
lower limit of the cylinder, it starts to move upward. At this time, the seedling pot is
driven from the seedling tray by the seedling fetching claws, and the seedling removal
is completed.

• The two sides of the seedling-picking plate are connected to the linear slide rails
installed on the seedling-picking frame, which can achieve straightforward sliding
of the seedling-picking mechanism. The horizontal cylinder drives the end execution
components of the seedlings to complete the dispersing action and transports the
seedling pots to the seedling-throwing position and waits for the seedlings to be
thrown, as shown in Figure 3b.

• When the seedling-throwing command is triggered, the lifting cylinder moves down-
wards, and at the same time, the clamping cylinder moves in the opposite direction to
release the seedling pot, and the seedling pot falls into the seedling guide tube by its
own weight to complete the seedling throwing action.

• As shown in Figure 3d, the seedling tray conveying device is moved to the right by
a distance of one hole spacing (43 mm), and the combined action of the longitudinal
driving cylinder and the horizontal driving cylinder returns to the position of picking
seedlings, ready to complete the next cycle of seedling picking and throwing.
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veying stage from seedling-picking position to seedling-throwing position; (c) the stage of seedling-
throwing pot; (d) reduction process.

3. Design and Analysis of Key Components
3.1. Design of Seedling-Picking Claw

In order to improve the operation efficiency and quality of the seedling-picking mech-
anism, a new type of seedling-picking needle clamp effector was developed based on
pneumatic technology.

3.1.1. Principle of Clamping Seedling

Figure 4a shows the design of the finger-clip-type seedling-picking claw. When picking
seedlings, the seedling claws are located above the seedlings on the seedling tray, and the
push rod of the clamping cylinder is in an extended state. The lifting cylinder runs down,
and the seedling claws are driven by the lifting cylinder to push the seedling needles into
the pot body. At the same time, the push rod of the clamping cylinder shrinks, causing
the seedling push ring to retract, and the seedling needles rely on the hinge mechanism to
move toward the middle. The resulting tightening force clamps the seedling pot, thereby
completing the clamping action of the seedling pot. When the seedling claws are fully
inserted and clamped to the pot, the seedling claws stay brief. We then take the seedling
claws and move the seedling pot to the top of the seedling tray driven by the lifting cylinder.
After moving the seedling pot to the throwing seedling position, the cylinder push rod is
clamped to extend, and the push rod is driven by the cylinder push rod. The seedlings
are pushed off from the needles. The actions of picking seedlings, carrying seedlings, and
throwing seedlings are completed in one exercise cycle.
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3.1.2. Mechanical Analysis of Seedling Claws and Seedling Pot

Regarding the moment the seedling claws grip the seedling pot and start to move
upward, the force analysis is shown in Figure 4b. The seedling needle is inserted into the
seedling pot at an angle of α. To prevent the seedling needle from being inserted into the
side wall of the seedling tray, α is determined by the taper of the hole, α = 11◦. h is the
height of the seedling pot, which is determined by the depth of the hole, h = 40 mm. L is
the depth of the seedling needle inserted into the pot. According to a previous study of
our research group on the distribution of pot roots in the vertical direction, the pot has the
lowest root density at a depth of 2/3. To prevent the pot from breaking and being damaged
at this point, the insertion depth should exceed the fracture area, L = 35 mm.

First, the force of the seedling pot was analyzed. We ensured the friction force gener-
ated by seedling picking against the pot overcomes the adhesion force FT generated by the
hole of the pot and the gravity G of the pot. Formulas are listed according to the principle
of force balance

Fn1 sin(α + ∆α) + Ff 2 cos(α + ∆α) + Fn2 sin(α + ∆α) + Ff 1 cos(α + ∆α) ≥ FT + G
Fn1 cos(α + ∆α) + Ff 2 sin(α + ∆α) = Fn2 cos(α + ∆α) + Ff 1 sin(α + ∆α)

Ff 1 = Ff 2 = µFn1 = µFn2

(1)

where Fn1 and Fn2 are the positive pressures of the seedlings against the pot body, N; Ff 1
and Ff 2 are the frictional forces between the clamping needle and the pot, N; α is the angle
formed by the seedling needle and the vertical direction, (◦); µ is the friction factor between
the pot and the seedling needle, where 0.49–0.54; G is the weight of the pot body, N; FT
is the adhesion force of the hole to the pot body, which measured that the adhesion of
cucumber, tomato, and other tray seedlings ranges from 0.97 to 2.93 N [29].

Then the force of the seedling needle was analyzed. The seedling needle is subjected
to the counter force of the pot and the upward force F1 and F2 of the seedling pushing ring
F1 and F2 are produced by the clamping cylinder retracting the piston rod. Formulas are
listed according to the principle of force balance

F1x = F′n1 = Fn1
F2x = F′n2 = Fn2

F1x = F1· sin(α + ∆α)
F2x = F2· sin(α + ∆α)

(2)
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where F1 and F2 are the lifting force generated by the clamping cylinder, N; F1x is the F1
component force perpendicular to the direction of the seedling needle, N; F2x is the F2
component force perpendicular to the direction of the seedling needle, N.

Assuming that the seedling pot is a homogeneous material structure, the effects of Fn1
and Fn2 are the same. Derived from Formula (1), it can be stated that

Fn1 = Fn2 ≥ FT+G
2(sin(α+∆α)+µ cos(α+∆α))

= 2.15 N (3)

The swing angle ∆α is related to the amount of clamping deformation, if the swing
angle is too large, the pot body will be damaged. Therefore, the angle increment can be
ignored when calculating the formula.

The lifting force of the clamping cylinder in the seedling claw corresponds to the
following formula (derived from Formula (2))

Fo = F1 + F2 = 2Fn1
sin(α+∆α)

= 22.5 N (4)

It can be seen that the clamping cylinder only needs to provide a force greater than
22.5 N to overcome the adhesion force during seedling removal. The output force of the
clamping cylinder is determined by the cylinder diameter and the working air pressure,
which satisfies the formula

Fo =
Pπ(D2−d2)

4
(5)

where Fo is the output force of the clamping cylinder, N; D is the inner diameter of the
cylinder, mm; and d is the diameter of the piston rod, mm.

According to the primary selection range of working air pressure of 0.3–0.5 MPa, the
inner diameter of the clamping cylinder is 16 mm and the diameter of the piston rod is
6 mm. According to the analysis of the structural parameters of the seedling claw, the stroke
of the clamping cylinder is equal to the stroke of the push ring, which is 35 mm. Therefore,
the cylinder of type MD 16 × 40 was selected as the clamping cylinder. The lifting cylinder
overcomes the weight of the seedling component and completes the insertion depth of the
seedling needle and the lifting height of the seedling pot. According to the above analysis
procedure, the TCL 25 × 50-S cylinder with a stroke of 50 mm was selected as the lifting
cylinder.

3.2. Selection and Calculation of Pneumatic Components of Seedling-Picking Mechanism

According to the design requirement of the maximum seedling-picking speed of
144 plants·min−1, the total cycle of picking and throwing is 2.5 s. After deducting the
time for picking and throwing seedlings, the time from the position of picking seedlings to
the position of throwing seedlings must be within 1 s. According to the requirements of
automatic seedling picking in the working environment of the transplanter, the working
pressure of the cylinder is 0.4 MPa. The working stroke of the longitudinal cylinder is
400 mm, depending on the distance between the position of picking seedlings and the
position of throwing seedlings. The horizontal cylinder is determined by the row spacing,
calculated by the design distance of 400 mm row spacing, and the horizontal cylinder stroke
is 200 mm. In order to ensure the smooth operation of the seedling-picking process, the
average running speed of the cylinder was set to 400 mm·s−1, so the running time of the
horizontal cylinder and the running time of the longitudinal cylinder are 0.5 s and 1.0 s,
respectively. Based on the determined parameters such as stroke and time, the required
acceleration can be derived from Equation (6), and the inner diameter of the cylinder can
be derived from Equation (7), which provides a basis for the selection of horizontal and
vertical cylinders.

L = 1
2 at2 (6){

F = PπD2/4
ηF− µmg = ma

(7)
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where L is the stroke of the cylinder, mm; a is the operating acceleration of the cylinder,
m s−2; t is the running time of the cylinder, second; F is the theoretical output force of the
cylinder, N; η is the cylinder load rate, which refers to the ratio of the actual output force of
the cylinder to the theoretical output force, which is determined by the working state, 0.65;
µ is the friction factor between the linear slide rail and the seedling-picking mechanism; m
is the mass of the seedling-picking assembly, kg; g is the acceleration of gravity; P is the
working air pressure, MPa; D is the inner diameter of the cylinder, mm.

Regarding the parameters in Table 1 to query the pneumatic component selection
manual, the model for the horizontal cylinder is MA 16 × 200-SCALB and the model for
the longitudinal cylinder is SC 32 × 400-S.

Table 1. Calculation results of cylinder inner diameter.

Cylinder Name Working Air
Pressure/MPa Stroke/mm Load/kg Cylinder Inner

Diameter/mm

Horizontal cylinder 0.4 200 6.5 ≥12.9
Longitudinal cylinder 0.4 400 28.66 ≥28.6

3.3. Design of Pneumatic System

As shown in Figure 5, the pneumatic components in the pneumatic seedling-picking
mechanism consist of two lifting cylinders A, six clamping cylinders B1 and B2, two
transverse driving cylinders C, and one longitudinal driving cylinder D. The lifting cylinder
is controlled by solenoid valve S1, and the speed is adjusted by the throttle valves J1 and J2.
Due to the large number of clamping cylinders, the phenomenon of insufficient air supply
occurs when the same solenoid valve is used for control. For this reason, the clamping
cylinders are divided into two groups, which are controlled by solenoid valves S2 and
S3, and throttle valves J3–J6 are used for speed adjustment. The transverse cylinder is
controlled by the solenoid valve S4, and the speed is adjusted by the throttle valves J7
and J8. The longitudinal cylinder is controlled by the solenoid valve S5, and the speed is
adjusted by the throttle valves J9 and J10. At the same time, a safety valve is added to the
exhaust throttle circuit to buffer the back pressure.
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Figure 5. Pneumatic system diagram of seedling-picking mechanism: A is the lifting cylinder; B1 and
B2 are the clamping cylinders; C is the horizontal cylinder; D is the longitudinal cylinder; J1–J10 are
the throttle valves; S1–S5 are the solenoid valves; R is the safety valve; P is the air source; T is the air
source regulating device.

We calculated the total air consumption based on the parameters of the cylinder and
selected the appropriate air compressor according to the total air consumption. The average
air consumption for one round trip of each cylinder was calculated according to Formula
(8) [30]. The total air consumption was calculated according to the maximum frequency of
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picking seedlings, and the speed of picking seedlings was 144 plants·min−1. The calculation
results of the air consumption of each cylinder are shown in Table 2.

Qa =
π
2 ND2L P+0.1

0.1 × 10−3 (8)

where Qa is the average air consumption of the cylinder, L·min−1; N is the operating
frequency of the cylinder; D is the inner diameter of the cylinder, cm; L is the stroke of the
cylinder, cm; P is the working pressure of the cylinder, MPa.

Table 2. Calculations result of air consumption.

Cylinder Name Type Frequency Diameter/cm Stroke/cm Number Air
Consumption/(L·min−1)

Clamping cylinder MD 16 × 40 24 1.6 4 6 11.58
Lifting cylinder TCL 25 × 50-S 24 2.5 5 2 11.78

Horizontal cylinder MA 16 × 200-S 24 1.6 20 2 19.30
Longitudinal

cylinder SC 32 × 400-S 24 3.2 40 1 77.20

Sum 119.86

It can be seen from Table 1 that the total air consumption of the seedling feeding
system is 119.86 L·min−1. In order to ensure the stability of the air source pressure, an
air compressor with a volume flow of more than 120 L·min−1 should be selected for the
seedling-picking system to provide compressed air.

4. Optimization of Cylinder Working Parameters
4.1. Analysis of Optimization Goals

In the process of high-speed reciprocating motion, the motion state of the driving
cylinder, especially the end impact, causes the end effector of seedling picking to produce
a large inertial impact at the seedling-throwing position, which affects the stability of the
whole seedling-picking mechanism. According to the kinetic energy formula:

EK =
1
2

mv2 (9)

It can be seen that the higher the cylinder running speed and the heavier the load,
the greater the kinetic energy that the end needs to release. To reduce the end shock, the
cylinder working speed needs to be adjusted.

The differential equation of the pressure on the compression side and the tension side
of the cylinder is [31]: 

k(p1 A1v−RTe)
V1

qm1 = dp1
dt

−k(p2 A2v+RTf )
V2

qm2 = dp2
dt

(10)

where k is the adiabatic coefficient of the cylinder, of which the value is 1.4; Te is the
absolute temperature of the pressure chamber air source, K; p1 is the absolute pressure of
the pressure chamber, pa; V1 is the pressure chamber volume, m3; qm1 is the gas flow mass
of the pressure chamber, kg·s−1; A1 is the piston area of the pressure chamber, m2; v is the
piston speed, m·s−1. Tf is the absolute temperature of the tension chamber gas, K; p2 is the
absolute gas pressure on the tension side, pa; V2 is the tension chamber volume, m3; qm2 is
the tension chamber gas flow quality, kg·s−1; and A2 is the effective area of the piston in
the tension chamber, m2.

From the formula, it can be concluded that the working speed of the cylinder is related
to the air source pressure, the intake gas flow, and the exhaust gas flow. The air source
pressure P is a fixed value of 0.4 MPa. Therefore, the main parameter for adjusting the
working speed of the cylinder is the flow rate of the intake and exhaust gasses. Specifically,
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this means that the working speed of the cylinder is controlled by adjusting the opening of
the throttle valve J1–J10 in Figure 5, where the opening of the throttle valve is represented
by the flow rate coefficient n.

As shown in Table 3, the end impact of the longitudinal cylinder is the most pro-
nounced. Buffer material is installed at the end of the cylinder, which can absorb the kinetic
energy impact within a certain range. Using the single-factor test, it can be found that the
flow coefficient of the throttle valve of the lifting cylinder and the horizontal cylinder is
0.8 and the specified seedling-picking speed can be realized without causing damage and
falling of the seedling pot.

Table 3. Calculation results of kinetic energy (Note: Data are obtained by kinetic energy formula).

Cylinder Name Operating
Time/s Stroke/mm Velocity/(m·s−1) Load/kg Kinetic

Energy/J

Clamping cylinder 0.5 40 80 0.2 0.00
Lifting cylinder 0.5 50 100 4.2 0.02

Horizontal
cylinder 1 200 200 6.5 0.13

Longitudinal
cylinder 1 400 400 28.66 2.29

However, due to the long stroke and large load of the longitudinal cylinder, it is
impossible to adjust the throttle valve to achieve stable seedling throwing. For this reason,
a safety valve that can buffer the back pressure is added to the exhaust throttle circuit.
Since the pneumatic transmission system is a nonlinear system it is difficult to optimize
and adjust it by theoretical analysis. Therefore, AMESim pneumatic simulation software is
used to build a model for simulation analysis, and the response surface analysis method is
used to optimize the appropriate working parameters and shock and vibration peak values
and verify the rationality of parameter optimization.

4.2. AMESim Simulation Analysis of Longitudinal Cylinder Pneumatic Control Circuit

Using the user-defined module (PCD) in the AMESim pneumatic library, the simu-
lation models of the cylinder, solenoid valve, safety valve, and control circuit for driving
the cylinder are established [32], as shown in Figure 6. According to the actual physical
parameters of the existing pneumatic components, the simulation environment and load
conditions are set, and then simulation experiments are conducted. The simulation param-
eters are listed in Table 4. The simulation condition is the single action of the cylinder for
picking and throwing seedlings.

Table 4. Main simulation technical parameters of high-speed cylinder.

Parameter Name Value Units

K Air insulation parameters 1.4 ——
Ps Air pressure 0.3–0.5 MPa

M Load (Seedling execution
component) 28.66 kg

Fs Load static friction 10 N
Ff Load sliding friction 12 N
D Cylinder piston diameter 32 mm
d Diameter of cylinder piston rod 12 mm

Ln Cylinder buffer stroke 21 mm
k Cylinder cushion material stiffness 2855 N/mm
c Cylinder cushion material damping 12 N/(mm/s)
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4.3. Optimization of Aerodynamic Parameters Based on Response Surface Method

Response surface optimization analysis method: Take one or more factors as indepen-
dent variables, express the corresponding relationship between independent variables and
dependent variables in the form of a response surface, and then obtain the optimal result
from the response surface curve. In this section, Design-Expert software is used to carry
out Box–Behnken response surface design.

(1) Determine the optimization goal.
First of all, it is necessary to ensure the accuracy and stability of the seedlings, and at

the same time, reach the seedlings as fast as possible. This means that the goal is to reduce
the deformation amount of the seedling-picking executive component and reduce the time
for seedlings to be thrown.

(2) Constraints.
The air source pressure, flow coefficient of the speed control valve, and flow coefficient

of the safety valve are several important parameters that affect the operation of the cylinder
of the seedling-picking mechanism. Equation (11) is the constraint condition of the above
parameters: 

0.3 ≤ p1 ≤ 0.5
0.5 ≤ n1 ≤ 0.9
0.5 ≤ n2 ≤ 0.9

(11)

where p1 represents the air source pressure, MPa; n1 represents the flow coefficient of the
speed control valve, and its range is generally 0.3–0.9; and n2 represents the flow coefficient
of the safety valve, and its range is generally 0.3–0.9.

(3) Response surface analysis process.
The above constraints are input into Design-Expert, and the Box–Behnken response

surface test design is carried out. Based on this, we input 17 sets of simulation parameters
into the AMESim high-speed cylinder simulation model established above and then carried
out a simulation analysis. The simulation results are shown in Table 5:

According to the data samples in Table 5, the quadratic polynomial regression model
of the maximum cylinder speed and the stabilization time consumption is obtained using
Design-Expert software.{

Y1 = 0.62 + 2.27p1 + 0.4n1 + 0.4n2 − 0.4p1n1 − 1.32p2
1 − 0.17n2

1 − 0.28n2
2

Y2 = 1.40− 1.48p1 − 0.01n1 − 0.13n2 − 0.13p1n1 + 1.13p2
1 + 0.03n2

1 + 0.09n2
2

(12)
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where Y1 is the maximum running speed of the cylinder and Y2 is the time consumption
for cylinder stabilization.

Table 5. Aerodynamic parameter response surface test results.

Serial Number
Air Source
Pressure
(p1/MPa)

Flow
Coefficient of
Speed-Control

Valve (n1)

Flow
Coefficient of
Safety Valve

(n2)

Maximum
Speed of
Cylinder

(vmax/m·s−1)

Time to
Stabilize

(tst/s)

Maximum
Acceleration
(amax/m·s−2)

1 0.40 0.70 0.70 1.53814 0.92 −196.265
2 0.50 0.70 0.50 1.60269 0.87 −28.6913
3 0.30 0.70 0.50 1.42448 1.00 −391.005
4 0.40 0.70 0.70 1.53814 0.92 −196.265
5 0.30 0.70 0.90 1.42447 1.00 −391.09
6 0.40 0.90 0.50 1.51998 0.92 −65.5597
7 0.40 0.90 0.90 1.52002 0.92 −65.6388
8 0.50 0.70 0.90 1.60272 0.87 −28.692
9 0.40 0.50 0.90 1.52029 0.93 28.8986

10 0.40 0.70 0.70 1.53814 0.92 −196.265
11 0.30 0.90 0.70 1.42971 1.00 −240.411
12 0.50 0.50 0.70 1.62299 0.87 −426.561
13 0.40 0.70 0.70 1.53814 0.92 −196.265
14 0.30 0.50 0.70 1.41166 1.00 −24.2564
15 0.40 0.50 0.50 1.52029 0.93 28.9134
16 0.40 0.70 0.70 1.53814 0.92 −196.265
17 0.50 0.90 0.70 1.60886 0.86 37.4641

According to the results of variance analysis of regression models, P < 0.0001 of the
two regression models indicates that the regression models are highly significant. The
determination coefficient R2 and the correction determination coefficient of the two models
are close to 1, and the coefficient of variation and precision are 0.30%, 0.42% and 57.67, 47.55,
respectively, which shows that the regression model for fitting the maximum operating
speed of the cylinder and the time consumption of cylinder stability is highly reliable. However,
the regression model of the maximum acceleration of the cylinder P = 0.237 > 0.05, indicating
that the regression model is not significant, so it will be used as a secondary reference in
the subsequent optimization analysis, and the optimal parameters will be determined by
comparing the simulation results. Based on the analysis results of the regression model, the
3D response surface of interaction effects of various factors is drawn using Design-Expert
13.0.1 software.

As shown in Figure 7, the main factor affecting the stabilization time of the cylinder tst
is the air source pressure p1, while the influence of the speed control valve flow coefficient
n1 is small and the safety valve flow coefficient n2 has almost no influence. Within the range
of constraints, with the decrease in p1 and n1, the time required for cylinder stabilization
increases, and the interaction of the individual factors is not significant.

As shown in Figure 8, when n2 = 0.7 and n1 is at a high level, the maximum accelera-
tion of the cylinder is positively correlated with the air pressure; when n2 = 0.7 and p1 is
at a high level, the maximum acceleration of the cylinder is negatively related to the flow
coefficient. However, when the flow coefficient n1 is small, the maximum acceleration of
the cylinder first increases and then decreases as the air source pressure increases. This is
because the cylinder drives the load to accelerate the movement, and the presence of the
inertial force causes the volume of the intake cavity to increase sharply. Due to the low flow
coefficient of the speed control valve, the intake air volume cannot fill the intake cavity in
time, thereby forming a certain negative pressure, which reduces the pressure of the intake
cavity and thus affects the maximum acceleration of the cylinder. This is consistent with
the previous analysis results on the dynamic characteristics of the cylinder, which further
verifies the accuracy of the simulation results.
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of the cylinder when n2 = 0.7.

(4) Analysis of optimization results.
The objective optimization parameters are set in Design-Expert software. The target

parameter settings are shown in Table 6.

Table 6. Target parameter setting value.

Name Optimization Goal Upper Limit Lower Limit

Cylinder stabilization time (s) minimum 1.000 0.860
Maximum acceleration of

cylinder operation (m·s−2) minimum 37.464 −426.561

Cylinder running maximum
speed (m·s−1) maximum 1.623 1.412

Through Design-Expert’s target parameter optimization analysis, several optimiza-
tion schemes are created, as shown in Table 7. Combined with the optimization objec-
tives, constraints, and optimization results of the response surface test parameters shown
in Table 8, Scheme 1 is selected as the optimal result, in which the air source pressure
p1 = 0.5 MPa, the flow coefficient of the speed control valve n1 = 0.87, and the flow
coefficient of the safety valve n2 = 0.7. We selected the primary selection test data (air
source pressure p1 = 0.4 MPa, flow coefficient of speed control valve n1 = 0.9, flow co-
efficient of safety valve n2 = 0.9) as the optimization comparison, input the parameters
into the valve-controlled high-speed cylinder model established above, and carried out the
parameters of pneumatic components optimization effect test.
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Table 7. Parameter optimization settings.

Name Goal Lower
Limit

Upper
Limit

Lower
Weight

Upper
Weight Importance

Air Source Pressure
(p1/MPa) within rang 0.300 0.500 1 1 3

Flow Coefficient (n1) within rang 0.500 0.900 1 1 3
Flow Coefficient (n2) within rang 0.500 0.900 1 1 3

Table 8. Parameter optimization results.

Serial
Number

Air Source
Pressure
(p1/MPa)

Flow
Coefficient

(n1)

Flow
Coefficient

(n2)

Maximum
Speed

(vmax/m·s−1)

Time to
Stabilize

(tst/s)

Maximum
Acceleration
(amax/m·s−2)

Desirability

1 0.50 0.87 0.70 1.60382 0.867559 37.4551 0.946
2 0.50 0.87 0.71 1.60382 0.867559 37.4612 0.946
3 0.50 0.87 0.71 1.60382 0.86756 37.4589 0.946

The parameters were optimized by Design-Expert software, and the optimized pa-
rameters were input into AMESim simulation software for verification. The maximum
acceleration peak value of the cylinder was 35.41 mm·s−2. The results of the optimized
working parameter combination were compared with those of other working parameter
combinations. Finally, three groups of better combinations were found, namely, the second
group, the eighth group, and the optimization group in Table 5. On the premise that the
results of the three indicators were similar, the number of peak values of the optimization
scheme was far less than that of the other two combinations, which avoided repeated shocks
during seeding and verified that the optimization scheme was reasonable and credible.

4.4. Comparative Analysis of Cylinder Parameter Optimization Results

We input the original parameters and the optimized parameters into the AMESim
simulation software and compared the simulation results of the cylinder’s running speed
and acceleration. From Figure 9, it can be concluded that the optimized scheme runs faster
than the original scheme, and the acceleration is similar. The peak impact vibration at
the end of the cylinder is optimized from −65.64 mm·s−2 to 35.41 mm·s−2, and it is more
stable than other schemes, indicating that the optimized parameters can help the cylinder
work better.
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5. Test of the Seedling-Picking Mechanism

In order to test the parameter optimization effect of the seedling-picking mechanism
under different seedling-picking frequencies, and to test the smooth movement of each
component of the mechanism and the accuracy of picking and throwing seedlings, a bench
test of the seedling-picking mechanism was carried out.

5.1. Test Conditions

The test object is a standard 72-hole seedling tray of cucumber seedlings, with peat,
vermiculite, etc., as the substrate, in which the substrate moisture content is 30–40% and
the seedling age is 20–25 days. At this point, cucumber seedlings have grown to two leaves
or three leaves per core, and random sampling measured seedling height showed seedling
height values of approximately 120–150 mm, as shown in Figure 10.

Agriculture 2022, 12, x FOR PEER REVIEW 15 of 19 
 

 

  

(a) (b) 

Figure 9. Comparison of response surface optimization results for velocity and acceleration. 

5. Test of the Seedling-Picking Mechanism 

In order to test the parameter optimization effect of the seedling-picking mechanism 

under different seedling-picking frequencies, and to test the smooth movement of each 

component of the mechanism and the accuracy of picking and throwing seedlings, a bench 

test of the seedling-picking mechanism was carried out. 

5.1. Test Conditions 

The test object is a standard 72-hole seedling tray of cucumber seedlings, with peat, 

vermiculite, etc., as the substrate, in which the substrate moisture content is 30–40% and 

the seedling age is 20–25 days. At this point, cucumber seedlings have grown to two leaves 

or three leaves per core, and random sampling measured seedling height showed seedling 

height values of approximately 120–150 mm, as shown in Figure 10. 

    

(a) (b) (c) (d) 

Figure 10. Test equipment and conditions: (a) 72-hole plug seedlings; (b) growth of cucumber seed-

lings; (c) pick-up mechanism; (d) bench test of picking seedlings. 

5.2. Test Design and Evaluation Index 

(1) Test Design: 

The air source pressure is set to 0.5 MPa via the pressure regulating valve, the flow 

coefficient of the speed control valve is set to 0.9 by the flow meter, and the flow coefficient 

of the safety valve is set to 0.9. In reference to JB/T 10291-2013 [33], we used three trays of 

72-hole cucumber seedlings as a group of experimental objects, and the frequency of seed-

ling picking was adjusted to 20 times·min−1 and 24 times·min−1 through the PLC control 

program. The institution carried out continuous seedling picking and continuous seed-

ling0casting experiments. We then set the air pressure to 0.4 MPa and selected the pre-

ferred parameters: The flow coefficient of the speed control valve was 0.87 and the flow 

coefficient of the safety valve was 0.7. The above steps were then repeated to carry out 

comparative experiments. 

Figure 10. Test equipment and conditions: (a) 72-hole plug seedlings; (b) growth of cucumber
seedlings; (c) pick-up mechanism; (d) bench test of picking seedlings.

5.2. Test Design and Evaluation Index

(1) Test Design:
The air source pressure is set to 0.5 MPa via the pressure regulating valve, the flow

coefficient of the speed control valve is set to 0.9 by the flow meter, and the flow coefficient
of the safety valve is set to 0.9. In reference to JB/T 10291-2013 [33], we used three trays
of 72-hole cucumber seedlings as a group of experimental objects, and the frequency of
seedling picking was adjusted to 20 times·min−1 and 24 times·min−1 through the PLC
control program. The institution carried out continuous seedling picking and continuous
seedling0casting experiments. We then set the air pressure to 0.4 MPa and selected the
preferred parameters: The flow coefficient of the speed control valve was 0.87 and the flow
coefficient of the safety valve was 0.7. The above steps were then repeated to carry out
comparative experiments.

(2) Evaluation Indices:
In the automatic and continuous seedling-picking test, the evaluation index is the

success rate of picking seedlings, which is represented by S. The success rate of picking
seedlings is mainly affected by the rate of damage to seedlings, the rate of damage to the
pot body, and the leakage rate of seedlings. The following are the calculation formulas for
each factor.

Seedling injury refers to the damage to the cotyledons or stems during the process of
picking seedlings. The seedling injury rate formula is:

η1 =
n
N
× 100% (13)

where η1—seedling injury rate, %; n—number of damaged seedlings; N—total number of
seedling pots.
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The damage to the pot body refers to the damage to the pot body caused during the
process of picking and throwing seedlings. When the integrity of the pot body matrix is low,
the seedling survival rate decreases. The formula for the damage rate of the pot body is:

η2 =
m
N
× 100% (14)

where η2—damage rate of pot body, %; m—number of damaged pot body.
Seedling leakage refers to the failure of seedling picking, dropping of the seedling

bowl, and hanging of the seedling during seedling picking, and the formula for the seedling
leakage rate is

η3 =
q
N
× 100% (15)

where η3—leakage rate of seedlings, %; q—number of leakage seedlings.
Based on the above formula for the success rate of seedling picking:

S = 1− η1 − η2 − η3 (16)

5.3. Test Results and Analysis

Under two seedling frequencies of 120 plants·min−1 and 144 plants·min−1, the preci-
sion test of picking and throwing seedlings was carried out on 72-hole cucumber seedlings.
The test results are shown in Table 9.

Table 9. Test results of seedling collection.

Seedling
Frequency

The Total Number
of Pot Seedlings (N)

The Number of
Missing Seedlings

(q)

The Number of
Damaged Seedlings

(n)

The Number of
Damaged Pots (m)

Damage Rate of Pot
Body (%)

Average Damage
Rate of Pot Body

(%)

The Success Rate of
Taking Seedlings

(%)

Average Seedling
Success Rate (%)

120 plants·min−1

(Before optimization)

216 2 2 4 1.9
1.7

96.3
96.4216 1 2 3 1.4 97.2

216 3 2 4 1.9 95.8

120 plants·min−1

(optimized)

216 2 1 1 0.5
0.7

98.1
97.9216 2 1 2 0.9 97.6

216 1 1 2 0.9 98.1

144 plants·min−1

(Before optimization)

216 3 4 10 4.6
4.3

92.1
92.4216 3 3 8 3.7 93.5

216 4 4 10 4.6 91.6

144 plants·min−1

(optimized)

216 3 3 3 1.4
1.6

95.8
95.3216 4 3 3 1.4 95.3

216 3 4 4 1.9 94.9

Through the comparison of experimental data, it can be seen that after the optimization
of working parameters, the average damage rate of the pot body decreased from 1.7% to
0.7%, the average success rate of picking seedlings and throwing seedlings increased from
96.4% to 97.9%, and the success rate increased by 1.5% at a frequency of 120 plants·min−1.
The average damage rate of the pot body decreased from 4.3% to 1.6%, the average success
rate of picking and throwing seedlings increased from 92.4% to 95.3%, and the success
rate increased by 3.1% at a frequency of 144 plants·min−1. The optimization effect is more
obvious, which meets the working requirements of automatic seedling picking and verifies
the rationality of the design of the seedling-picking mechanism.

In the test, it was found that as the frequency of picking and throwing seedlings
increased, the waiting time for throwing seedlings decreased, and the seedling-picking
claw would throw seedlings before it was stable. In the compound motion of vibration
and seedling throwing, the force of the seedling pulling on the pot creates a resultant force
that destroys the pot, leading to an increase in the damage rate of the pot. Even though
the impact is reduced by optimizing the working parameters, it cannot be completely
eliminated, which will still affect the stability of the seedling claw clamp pot body. However,
the rate of seedling leakage and the rate of seedling damage did not increase significantly,
and there was almost no change. The main reason was that the structural optimization
of the claw in the initial stage reduced the damage to the pot during seedling picking.
The increase in the seedling-picking frequency mainly affects the process of throwing the
seedling but has little effect on the process of seedling picking.
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Compared with the traditional mechanical method of picking up seedlings, the device
draws on the advantages of the fast reaction speed and convenient adjustment of pneumatic
transmission and adopts pneumatic drive in the whole process from picking up seedlings
to sending seedlings to throwing seedlings. At the same time, the end buffer is optimized
from the perspective of energy release. The mechanism has a simple structure and high
efficiency, which provides a reference for developing a simple and efficient transplanter.

6. Conclusions

(1) To improve the seedling-picking efficiency of the vegetable transplanter and reduce
the damage rate of the pot seedling, a pneumatically driven reciprocating seedling-picking
device was developed. Through the force analysis of the seedling claw and the seedling
pot body, key parameters such as the stroke and output force of the clamping cylinder were
determined. The working parameters of the longitudinal cylinder were optimized. The
optimal working parameters of the cylinder were obtained using AMESim aerodynamic
simulation and the Box–Behnken Response Surface Design optimization method. After
optimization, the peak value of impact vibration at the end of the longitudinal cylinder
was reduced from −65.64 mm·s−2 to 35.41 mm·s−2.

(2) Using 72-hole pot seedlings as the test object, a bench test was carried out on
the seedling-picking mechanism before and after optimization. The results showed that
under the frequency of 120 plants·min−1, the damage rate of the pot body decreased by
1% and the success rate of seedling picking increased by 1.5%; under the frequency of
144 plants·min−1, the damage rate of the pot body decreased by 2.7% and the success
rate of seedling collection increased by 2.9%. The seedling-picking mechanism achieved
the purpose of efficient seedling picking and throwing. It provides technical support for
developing simple and efficient transplanters.
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