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Abstract: The purpose of this study was to develop a kinematic model of a gear-driven rotary
planting mechanism for a self-propelled onion transplanter. The kinematic model was simulated
using a commercial mechanical design and a simulation software package, and was validated through
an on-site performance test. Torque and acceleration sensors were installed with an input power
shaft and hopper jaws, respectively. Through kinematic analysis and simulation, the appropriate
length combinations for primary, connecting, and planting arm were determined as 90, 70, and 190
mm, respectively. The diameters of the driver, driven, and idler gears in the primary arm were 56, 48,
and 28 mm, respectively. For the secondary link, the diameters of the driver, idler, and driven gears
were 28, 28, and 56 mm, respectively. The length of the planting hopper was selected as 190 mm
and remained constant during the kinematic analysis. The maximum magnitude of the velocity and
acceleration of the planting mechanism were determined as 1032 mm /s and 6501 mm/s?, respectively.
The power consumption was measured as 35.4 W at 60 rpm. The single- and double-unit assembly of
the studied rotary planting mechanism can transplant 60 and 120 seedlings/min, respectively.

Keywords: agricultural machinery; onion; transplanter; planting mechanism; kinematic analysis

1. Introduction

Onion (Allium cepa L.) is one of the most popular vegetables, used throughout the
year in all manner of condiments and in all households, especially in Asian countries.
It contains several nutritional components such as carbohydrates, proteins, vitamin C,
B6, folic acid, sugars (glucose, fructose, galactose, and arabinose), minerals (Ca, Fe, S),
flavonoids, antioxidants, and polyphenols, all of which function as alternative medicines
and as methods for promoting health [1,2]. Onions can be consumed in a raw or cooked
condition. Yellow and green onions are often used as ingredients in traditional cuisine
in south-east Asia. Hence, the demand for onions is high all over the world. In 1996,
onion cultivation occupied 2.4 million ha of land globally, which increased to 4.9 million
ha by 2016; during this period, onion production increased from 60 to 90 million tons [3].
Despite this, onion cultivation rates are decreasing in many countries. For instance, onion
production in Korea declined by 426,223 tons (26.7%) in 2020 compared to 2019 [4]. The
primary causes of declining onion production are a scarcity of farm labor and the lack
of mechanization in transplanting operations [5]. Mechanized onion transplanters are
therefore required to solve issues in production and help both small landholders and older,
more established farmers.
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Mechanized transplanting approaches for seedlings and plants have become popular
in recent years since they allow minimizing production costs. Moreover, the use of semi-
automatic transplanters allows more homogenous distribution of seedlings [6], which is
typically inconsistent in manual transplanting due to human error [7]. However, laborers
are still needed to regulate a transplanter’s movement and to feed seedlings into its
transplanting mechanism [2]. In order to solve these challenges, various studies have
focused on automatic and robotic vegetable transplantation. Both automatic and semi-
automatic onion transplanters have been developed over the past two decades. Automatic
transplanters are able to feed seedlings into the hopper of a planting device via mechanically
designed self-propelled mechanisms, whereas for semi-automatic transplanters, farmers
must manually feed seedlings into the planting device [8]. The planting mechanism is the
main core component of an automatic onion transplanter that determines the transplanting
efficiency [9]. Wheel-, rotary-, and linkage-type planting mechanisms are mainly utilized
in automatic onion transplanters [10]. The main working principle of all these planting
mechanisms is to vertically deposit onion seedlings into the soil at a certain depth and
planting interval. The complete process can also be described as punching through the
mulch, creating a minimum diameter cavity, implanting the seedling, covering it with the
soil, and maintaining a certain degree of uprightness of the seedling [11].

Several types of planting mechanism have been established by different researchers,
including pocket-type [12], cup- or bucket-type [13], split cone cup [14], and disc-type [15].
Pocket-type mechanisms are used for bare-root seedlings, and rotary cup-type mechanisms
are used in transplanters for plugs [16]. However, there is still a dearth of mechanically
operated transplantation devices globally. Overall, the transplanting efficiency depends on
the type of transplanting mechanism used in a given transplanter [17]. These limitations
in transplanting efficiency occur due to the non-vertical deposition of a seedling into
the soil as well as the creation of a wide transplanting hole diameter by some vegetable
transplanters [18].

The operating characteristics of a machine have to be tested in order to optimally
design and construct an agricultural machine. Kinematic analysis plays a key role in
optimizing design by minimizing structural complexity [19]. Many studies have conducted
kinematic analyses to improve the position, speed, and acceleration of planting mecha-
nisms [20]. A kinematics model was established based on displacement and orientation
information matrices with an optimization program for the pot seedling transplanting
mechanism [21]. The analysis showed that the main structural parameters, such as the
length of the seedling jaws and angle of the planting arms, were affecting the shape of the
transplanting trajectory. Major design parameters for a gear-driven hopper-type dibbling
mechanism was established using kinematic analysis [22], to accomplish the requisite
seeding intervals and depths. The analytical results were used to optimize the arm lengths
and gear diameters. Kinematic analysis with virtual model simulation of a clamp-type
pepper seedling picking device was proposed to find out the dimensions of the device
and the effect of gripper [23]. In order to achieve ideal parameters for the transplanting
mechanism, a kinematic model was used to improve the seedling rate and reduce the
mulch injury rate [24].

When developing an automatic onion transplanting mechanism, it is essential to
design an authentic planting mechanism that can implant onion seedlings by punching
the soil, creating a narrow diameter cave, vertically depositing said seedlings into the soil,
and covering and compacting the soil. In this study, a gear-driven rotary-type planting
mechanism was designed for a self-propelled onion transplanter. Therefore, the objectives
of this study were (i) to develop a kinematic model to find out the appropriate link
combinations for the planting mechanism, and (ii) to evaluate the virtual simulation and
field test of the planting mechanism for optimized transplanting kinematic characteristics
(i.e., position, velocity, and acceleration), for improved working speed and successful
transplanting rate for the self-propelled onion transplanter.
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2. Materials and Methods
2.1. Overall Structure and Working Principle of Onion Transplanter

Figure 1 illustrates a self-propelled riding-type 6-row onion transplanter. As with most
vegetable transplanters, an onion transplanter consists of three mechanisms: an extraction
mechanism (seedling picking), a conveyor mechanism (seedling supply), and a planting
mechanism (seedling planting) [23]. A pushpin-type seedling extraction mechanism was
used to extract the onion seedlings from the growing cell tray.

Figure 1. Schematic view of the onion transplanting mechanism assembly: (a) conveyor mechanism,
(b) picking mechanism, and (c) rotary planting mechanism.

The picking mechanism is comprised of a pushpin mechanism assembly and a seedling
carrying assembly. A 6-row onion transplanter includes three separate units of seedling
pushing mechanisms and carrying assemblies. All these units are synchronized together so
that each unit can supply 14 seedlings per cycle to the conveyor mechanism. Therefore,
current transplanter is able to extract and supply 42 seedlings to 6 separated conveyors.
On the other hand, each conveyor mechanism receives 7 seedlings per cycle, which are
further fed into the hopper of the rotary planting mechanism.

As shown in Figure 2, the rotary planting mechanism comprises four components:
the primary link (P;), the connecting link (C;), the extended link, and the planting hopper
(H). The primary link is a combination of a two-stage gear train mechanism, where Gq,
G;j, and G, act as drive gears, idler gears, and driven gears, respectively. The gear ratio
between the drive gear, idler gear, and the driven gear is 1:1.2:2. A round bar shaft M helps
to connect the primary and connecting links of the rotary planting mechanism. Similarly,
the connecting link consists of three gears—drive gear, idler gear, and driven gear—which
are shown in in Figure 2 as gq, g;, and gn.

The extended lever link acts as a junction between the connecting link and the hopper
and holds the cam and follower assembly to execute the opening and closing operation of
the hopper jaws during the transferring and implanting of a seedling. The planting hopper
collects the seedlings at position P and the cam nose remains detached from the follower; as
a result, the hopper jaws remain closed during seedling transfer. When the hopper reaches
position R, the cam nose strikes the follower, and the hopper jaws undergo an opening
operation. This operation occurs continuously to ensure successful transplantation of the
seedlings. Finally, two kinds of operation occur for successful onion transplantation, i.e.,
picking the seedling and punching it into the soil at the required depth in an upright position.
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Connecting link Hopper

Figure 2. Structure and operational trajectory of the planting mechanism: (a) working trajectory of
the mechanism, (b) primary and connecting links, and (c) hopper of the transplanter.

During the continuous process of planting, the primary and secondary links rotate in
opposite directions to each other; if the primary link rotates in a clockwise direction, then the
connecting secondary link rotates in a counterclockwise direction. This is the way the hopper
jaws move around positions P and R to pick up and place the seedlings in order to create a
specific motion trajectory pathway, as shown in Figure 2. One seedling can be transplanted
for one complete rotation cycle of a single-unit rotary planting mechanism. Another identical
unit of the rotary planting mechanism is thus added to the same power drive line.

2.2. Vector-Loop Modeling of the Rotary Planting Mechanism

The primary, connecting, and hopper components of the rotary planting mechanism
establish a 3R open-chain mechanism. Table 1 indicates the variable notations, definitions,
and measurement units used in this study.

Table 1. Variable notations, definitions, and measurement units.

Notation Definitions and Measurement Units
P; Primary arm length, mm
C Connecting arm length, mm
H Dibbling hopper length, mm
Gq Driver gear of the primary arm
G; Idler gear of the primary arm
Gn Driven gear of the primary arm
g4 Driver gear of the connecting arm
8i Idler gear of the connecting arm
gn Driven gear of the connecting arm
T Number of teeth on driver gear
T, Number of teeth on driven gear
d; Diameter of the driver gear
d; Diameter of the driven gear
CR Contact ratio of two meshing gear, numeral
w1 Angular velocity of the primary arm, rad/s
wy Angular velocity of the connecting arm, rad/s

w3 Angular velocity of the dibbling hopper, rad/s
o Pressure angle of the spur gears, degree
P Consumed power by the dibbling mechanism, kW
m Total mass of the dibbling mechanism, g
am Magnitude of acceleration of the dibbling hopper, mm/s?
Vm Magnitude of velocity of the dibbling hopper, mm/s
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Kinematic analysis of the mechanism can be modeled by creating a vector loop of
OAB, as shown in Figure 3, and expressed as Equation (1):

— — —
OA+AB—OB =0 1)

where O is the center of rotation, A is the linked point between the primary arm and the
connecting arm, and B is the joint point between the connecting link and the hopper. By
using a vector loop of (1), the X and Y components of position equations of the end point
(%, y) can be derived as Equations (2) and (3):

OAcos6; + ABcosf, — OBcost; = 0 2)

OAsin®, + ABsinfy — OBsinf; = 0 3)

Figure 3. Kinematic model of rotary planting mechanism: (a) structure and working trajectory, and
(b,c) kinematic representation of the planting mechanism.

The primary and connecting links of a planting mechanism comprise different gear
train mechanisms. The whole transplanting mechanism, including seedling picking, sup-
plying, and planting, is synchronized by a unit power drive line. Therefore, the smooth
deposition of onion seedlings requires the same input and output rpm for the primary
link and the planting hopper. Different gear train ratios shown in Table 2 of primary and
connecting links were assumed, and the ratio between the driver and the driven gears was
calculated by Equation (4) as below:

T, d
GR=-—+==-= 4
Table 2. Gear train ratio combinations of primary and connecting links.
. Gears . Gear Train Gear Ration = Driver:
No. of Links Driver Idler Driven Gear Trains Ratio Driven
A 2:1.8:1.4 1:.0.7
Primary link Gq:Gi:Gn B 2:1.6:1.2 1:0.6
C 2:1.2:1 1:0.5
D 1:1:2 1:2
Connecting link 24:8i'8n E 1:1.5:1.8 1:1.8
F 1:2:1.6 1:1.6

The gear contact ratio is another important feature of gear linkage mechanisms for
maximum operational efficiency of the gear train. For smooth meshing operation of the
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spur gears, it is recommended that the gear contact ratio should be greater than 1.4 and
less than 2 [25]. Gear contact ratio can be measured using Equation (5) [26], as below:

\/(N1 +2)% — (Njcosa)* + \/(Nz +2)% — (Npcosa)* — (Ny + No)sina

CR =
27TC0SN

©)

where N1 and N are the total number of teeth of each of the two meshing gears.

The pressure angle and the module of the gear were considered as 20° and 2, respec-
tively. Each gear was designed using SolidWorks software, and the diameters required
to calculate the length of the primary and connecting links were measured accordingly.
Gear train combination and ratios were used to determine the lengths of the primary and
connecting links of the planting mechanism using Equations (6) and (7) [22] as:

P =05G;+G;+05Gy 6)
C =05g9s+gi+05g, 7)

2.2.1. Position Analysis

The vertical movement of the hopper is a necessary condition for the successful
transplantation of a seedling. If the position vector values OA, AB, and OB in Equations (2)
and (3) are substituted for P;, C;, and H, respectively, then the Equations (8) and (9) can be
calculated as:

Picosfy + Cjcosty = X (8)

Psinby + Cysiny —H =Y )

As such, the Equations (8) and (9) satisfy the Cartesian coordinates of the planting
mechanism hopper. The motion trajectory pathway of the position in both X and Y
directions can be found using these equations.

2.2.2. Velocity and Acceleration

By taking the 1st and 2nd time derivatives of the position equations, velocity and
acceleration equations for each point of the rotary planting mechanism can be derived, and
the horizontal velocity and acceleration of the planting mechanism are given by Equations
(10) and (11):

— Pysinf1wy — Csinbrwy = vy (10)

— le% cosbiwq — Clw% cosbhwy = ay (11)

Similarly, the vertical velocity and acceleration of the planting mechanism are given
by Equations (12) and (13):

Pycosbiwy + Cp cosbrwr = vy (12)

— le% sin 01wy — Clw% sinbrwy = ay (13)

Then, the magnitude of the velocity and acceleration of the planting hopper is given

as Equations (14) and (15):
am = \/ax> +a,? (15)

The input required power (p) to drive the planting mechanism can described as a
function of velocity (v;,), acceleration (a,;), and mass (). The power requirement formula
of the planting mechanism is given as Equation (16):

P = may Uy (16)
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2.2.3. Simulation of the Rotary Planting Mechanism

The planting mechanism is the primary component of this device and plays an impor-
tant role in the successful transplantation of seedlings. Therefore, a number of parameters
and features of the mechanism need to be evaluated and optimized, as per required stan-
dards. Computational simulation of the mechanism is a convenient way of standardizing
the parameters compared to conventional methods, which are complicated and time con-
suming. The 3D model of the rotary planting mechanism was designed, and the working
condition was animated and simulated using a commercial software package (SOLID-
WORKS 2018, Dassault Systems SolidWorks Corp., Waltham, MA, USA). Table 3 represents
the number of parameters considered for the simulation of the rotary planting mechanism.

Table 3. Simulation parameters for the planting mechanism.

Fixed Parameters Variables
Forward speed Primary and secondary links lengths
Planting depth Gear diameters
Planting interval Gear ratios
Rotating speed
No. of teeth

2.3. Validation of Planting Mechanism

A field experiment was conducted at the Rural Development Administration (RDA),
Jeonju, Republic of Korea (latitude 35.84° N, longitude 127.13° E). The proposed planting
mechanism was mechanically mounted on a rotating soil bed with a diameter of 6.5 m,
a width of 0.45 m, and a depth of 0.2 m. The rotational speed of the soil bed was 0.3 to
1.8 m/s, and the planting mechanism was powered by an electromagnetic brake motor
(9BDG5, DKM Motors Co. Ltd., Incheon, Korea) with 120 W maximum output power. The
height of the planting mechanism was adjustable in accordance with the surface of the soil
bed. The experimental test bench is shown in Figure 4.

| Planting gear box

Planting arm

Figure 4. Experimental test bench layout with planting device at RDA, Jeonju, Korea: (a) test bench, (b) planting device,
and (c) planting device with its all components.

The rotational speed (rpm) of the operational motor was controlled by a speed con-
troller (FX-3000, DKM Motors Co. Ltd., Incheon, Korea). The experiment was conducted to
calculate the motion path trajectory, linear velocity, acceleration, and power requirements
of the planting mechanism for different rotational speeds, from 30 to 90 rpm. Therefore,
a torque sensor (TRS605, FUTEK Co., Irvine, CA, USA) and a tri-axial acceleration sen-
sor (SENO041F; PCB Piezotronics, Inc., Depew, NY, USA) were installed in the power and
planting hopper jaws, respectively. A data acquisition device (model: NI 6212; National
Instruments, Austin, TX, USA) was used to acquire the torque sensor signals, and a four-
channel data logger (model: NI cDAQ-9178; National Instruments, Austin, TX, USA) with
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a four-channel module (model: NI 9234; National Instruments, Austin, TX, USA) was used
to collect the acceleration signals. To gather the torque and acceleration data, we used a
software program (LabVIEW 2018; National Instruments, Austin, TX, USA). For analysis,
we used another software package (MATLAB R2019a; The MathWorks, Natick, MA, USA).
All the sensors were installed on the planting mechanism of the test bench, as shown in
Figure 5. The torque sensor data were smoothed using a moving average method [27],
and the noise from the acceleration sensors was filtered using fast Fourier transform [28].
Average velocity and acceleration data were calculated, and means and standard deviation
were obtained to ascertain significant differences.

4
; W A % I f’ 2
A syt Al of >
|

g i/

Figure 5. The planting device used in the experiment with an enlarged view of the sensor setup.

3. Results and Discussion
3.1. Working Trajectory of the Dibbling Mechanism

The input and output rpm ratio for each gear train was computed for both the primary
and the connecting links by utilizing the combinations shown in Table 2. Therefore,
nine combinations were developed—A-D, A-E, A-F, B-D, B-E, B-F, C-D, C-E, and C-F—to
achieve the appropriate input and output rpm ratios. However, the C-D combination was
considered suitable for further position analysis, since it resulted in a 1:1 ratio for input
and output rpm of the primary link and planting hopper, respectively (Table 4).

Table 4. Input and output rpm ratio for each of the combinations of links as indicated.

Gear Trial Combinations
Trains A-D A-E A-F B-D B-E B-F C-D C-E C-F
Ratio 141 1261 1121 121 1.081 0.96:1 1:1 0.9:1 0.8:1

By considering the input rotational speed of the primary link and the output rotational
speed of the planting hopper as identical, the following number of gear teeth combinations
were generated, as shown in Table 5. For primary and connecting links, N, N;, N;; and ny,
n;, ny represent the number of gear teeth combinations of driver, idler, and driven gear,
respectively.
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Table 5. Number of spur gear teeth combinations for primary and connecting links as indicated for
the driver, idler, and driven gear for the indicated trial number.

Primary Link (P;) Connecting Link (C;)
Trials Driver Idler Driven Driver Idler Driven

N, d Ni N, ng n; Ny
1 16 12 8 8 8 16
2 20 16 10 10 10 20
3 24 20 12 12 12 24
4 28 24 14 14 14 28
5 32 28 16 16 16 32
6 36 32 18 18 18 36
7 40 36 20 20 20 40
8 44 40 22 22 22 44
9 48 44 24 24 24 48
10 52 48 26 26 26 52

The gear contact ratio plays an essential role in relation to efficient power levels and
the smooth meshing of gears. For smooth operation, spur gear meshing requires a gear
contact ratio larger than 1.4 and smaller than 2. The findings for 10 trial combinations are
illustrated in Figure 6. The results indicate that gear contact ratios of Gd:gi, Gi:gn, gd:gi, and
gi:gn meet the requirements for trials 4-10. Therefore, the first three trial combinations were
not considered for further analysis. The fourth trial was selected as the most appropriate
combination, since the larger gears have greater mass and thus demand more power for
their operation.

BGd:Gi BGi:Gn med:gi gi:gn
[-]
1.8
1.6 II II II
[14] 1+ | I

Gear contact ratio

1.2 1
1 |
0.8 - |
0.6 ﬂ
0.4 |
0.2 ’ | |
1

1 2 3 (a4 5 6 7 8 9 10 |

No. of trials

— =

Figure 6. Gear contact ratio of primary and connecting links.

In order to evaluate the motion trajectory pattern of the rotary planting mechanism,
ten trial combinations for the different lengths of the primary and connecting links were
obtained. Each trial consisted of three gear trains. As per Equation (15), the lengths of the
primary links varied from 48 to 174 mm. Similarly, the connecting link ranged from 40
to 120 mm. These values were further used in Equations (4) and (5) to draw the motion
trajectory for each trial. Table 6 shows all the parameters for the rotary planting mechanism
for the trial combinations of the primary and connecting lengths.
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Table 6. Rotary planting mechanism combinations for primary and connecting link length trials.

Trial Primary Link Lengths (mm) Connecting Link Lengths (mm)
"G Ny G Ni Gi No P ga mg & m g m G
1 32 16 24 12 16 8 48 16 8 16 8 32 16 40
2 40 20 32 16 20 10 62 20 10 20 10 40 20 50
3 48 24 40 20 24 12 76 24 12 24 12 48 24 60
4 56 28 48 24 28 14 9 28 14 28 14 56 28 70
5 64 32 56 28 32 16 104 32 16 32 16 64 32 80
6 72 36 64 32 3 18 118 36 18 36 18 72 36 90
7 80 40 72 36 40 20 132 40 20 40 20 80 40 100
8 8 44 80 40 44 22 146 44 22 44 22 8 44 110
9 9% 48 88 44 48 24 160 48 24 48 24 96 48 120
10 104 52 9 48 52 26 174 52 26 52 26 104 52 130

Figure 7 shows the desired motion trajectory for the rotary planting mechanism. The
oval-shaped motion trajectory showed that the connecting link covers twice the distance in
a vertical direction compared to a horizontal direction. The results show that the planting
hopper travels in a horizontal direction ranging from +20 to £120 mm at a £10 mm
interval. However, in a vertical direction, the planting hopper traveled upwards and
downwards for each trial in the following ranges: —120 to —270 mm, —100 to —290 mm,
—80 to —310 mm, —60 to —330 mm, —40 to —360 mm, —20 to —380 mm, 10 to —400 mm,
40 to —430 mm, 60 to —460 mm, and 90 to —490 mm. The length of the planting hopper
was fixed at 190 mm.

200 —
Trajectory combination
0 — O—©— Trial 1

H——3K Trial 2
GC—S—©O Trial 3
J—k—k Trial 4

200 — +—+—+ Trial 5
[3—=—*F1 Trial 6
A——A Trial 7
dH—H—K Trial 8
O—©0—© Trial 9

-400 — ®—@ @ Trial 10

-600 I I I 1

—200 —-100 0 100 200

Figure 7. Motion trajectory of rotary planting mechanism in different combinations of primary and
connecting links.

The oval or elliptical motion path was derived from the trajectory of different rotational
speeds, which were also justified by the simulation results. During the onion planting
operation, the trajectory results for 60 rpm were shown to be more stable than the others,
with a minimum vibration effect; therefore, 60 rpm appears to be a suitable rotational
speed this planting mechanism. A comparison between the simulated and validated
experimental results of the motion path trajectory for the gear-driven rotary planting
mechanism is shown in Figure 8.
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400 —
Prototype | | Experimental
Simulated
300 —
£
g i
@
=
2
Z 200 —
)
=%
Z
o 4
F
b
100 —
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0 T T T 1

80 —40 0 40 80
X-axis positions, mm

(c)

Figure 8. Working motion path trajectory of the planting mechanism at 60 rpm: (a) simulated, (b) experimental, and (c)

comparison of the simulated and experimental results.

3.2. Velocity and Acceleration Analysis of the Planting Mechanism

When the planting mechanism was operated at a turning speed of 60 rpm, velocity
and acceleration steadily increased with the trial number, whereby the length combinations
of the primary and connecting links also increase, as illustrated in Figure 9. It was observed
that velocity and acceleration were directly proportional to the increase in length in the
primary and connecting links of the various combinations. As per Equation (16), the
velocity, acceleration, and mass of the planting mechanism were all directly related to
power consumption. Within the combinations, the maximum velocity and acceleration
ranges were 720-1848 mm/s and 4536-11,642 mm/s?, respectively. The lengths of the
primary and connecting link and gear size of the planting mechanism should be decreased
while meeting design standards and operating behavior in order to save costs and power
consumption.

12,000 - . . . . 1.2
’ B Velocity magnitude 8 Acceleration magnitude 10,786
9,929
10,000 - 9,072
8,215
8,000 - 7,358
6,502
4,536 4207
4,000
2,000 -

Number of tralls

Velocity (mm/s)

Acceleration (mm/s?)
)
(=)
(=3
(=}

Figure 9. Simulated results for the maximum magnitudes of velocity and acceleration for differ-
ent trial representing different combinations of the primary and connecting links of the planting
mechanism (see details in Table 5).

Simulated magnitude of linear velocities and acceleration of the planting mechanism at
60 rpm are shown in Figure 10. The appropriate length combinations (C-D combination, see
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details in Table 4) of the primary link, connecting link, and planting hopper were used for
the considered simulation trial. Maximum linear velocity and acceleration were observed
at 900 mm/s and 5500 mm/s?, respectively. The velocity and acceleration consistently
increased with the increase in link lengths for a constant rotational speed.

1,100 . & .
Velocity cceleration 6,000

900 | r r 4 /1
\ ;) \ \ - 5,000

o0V Y Raeoe

500 || \ - 3,000

Velocity (mm/s)
Acceleration (mm/s?)

300 — / \ | \ | \ | L 2,000

L 1,000

100 I R R S — [ m—

0 02 04 06 08 1.0 12 14 16 18 2.0
Time, s

Figure 10. Velocity (mm/s) and acceleration (mm/ s2) of the dibbling hopper for all combinations as

a function of time (s).

3.3. Motion Analysis Based on Velocity and Acceleration

The simulated and measured velocities were conducted at 60 rpm of the mechanism,
and one complete plating cycle took 1 s. The primary link length (90 mm) and connecting
length (70 mm), as per trial 4 (Table 6), were used to validate the velocity of the proposed
planting mechanism. Table 7 shows the comparison between simulated and experimental
velocity and acceleration of X- and Y-components. The simulated peak velocities for the x-
and y-axis were obtained as £126.64 and +913.65 mm/s, respectively. During experimental
velocity measurements, the peak velocities for the x- and y-axis were found to be +130.34
to —149.25 mm/s and +980.36 to —1184.71 mm /s, respectively. There was no velocity in
the z-axis during the simulation.

Table 7. Comparison of simulated and experimental velocity and acceleration for X and Y compo-

nents.
Velocity Acceleration
Direction Simulation Experiment Simulation Experiment
(mm/s) (mm/s) (mm/s) (mm/s)
X-component +126.64 e +811.64 ez
Y-component +913.65 :|:_918 10 éi67t10 +5484.67 +zl7%56§7720

The operational time for experimental and simulated acceleration measurements
was the same as in the velocity analysis. Figure 11 represents the peak simulated and
experimental acceleration along the direction of both the x- and y-axis. The maximum
simulated accelerations in the direction of the x- and y-axis were found to be +811.64
and +5484.67 mm/s?, respectively. The maximum experimental accelerations in the
direction of the x- and y-axis were measured as +802.62 to —1026.25 mm/s? and +7135.27
to —7069.76 mm/s?, respectively.
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Simulation — — — Experimental

1,200 T Y-component 200 X-component

Velocity (mm/s)

Acceleration (mm/s?)

Time (s)

Figure 11. Simulated and experimental velocity and acceleration curves in the x- and y-axis directions.

The experimental results for the peak velocity and acceleration were found higher than
the simulated velocity and acceleration. We performed the experimental test in the real
time system, which showed minor error due to vibration, speed, and external disturbances,
such as operational error. In Figures 8 and 12, it is shown that the working motion path
trajectories are not identically elliptical as shown in the simulated results. However, the
ranges for the vibration and acceleration satisfied the design of the proposed planting
mechanism. Further study is needed to carry out the effect of vibration, speed, and external
motions for the planting mechanism.
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Figure 12. Simulated and measured power requirement (W) at 60 rpm as a function of time (s).
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Several studies reported similar results for motion analysis. Research into the mech-
anism of a pepper transplanter [23] showed the velocity and acceleration range in the y-
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and x-axis to be 400 to 1100 mm/s, 500 to 2200 mm/s, 1330 to 23,740 mm /s2, and 2420 to
6140 mm/s?, respectively. A tomato seedling picking device [29] established the maximum
velocity and acceleration of its mechanism in the x- and y-axes as 1200 to 2100 m/s and
103,800 and 86,900 mm /s?, respectively. Our study showed an optimum range of veloc-
ity and a lower acceleration than previous results. Low velocity would also potentially
increase the transferal rate of seedlings [29]. Moreover, the extremely high value of velocity
and acceleration may cause damage owing to the rapid movement of energy and force
during the operation [30]. The missing and dropped seedlings may appear at peak velocity
and acceleration [20]. The velocity and acceleration must be observed while the planting
prototype is developed in order to satisfy the design requirements.

3.4. Power Requirement of the Planting Mechanism

The power consumption was measured for the simulated model and the prototype.
The measurements were conducted at 60 rpm to ascertain power consumption. Figure 12
shows the simulated and measured power consumption for the planting mechanism. The
required maximum power levels of the planting mechanism for simulated and measured
calculations were found to be 33.6 and 35.4 W, respectively, without soil contact. The
measured power consumption was 10.54% higher than the simulated value.

The power requirement fluctuated because the planting mechanism was gear-driven,
and the gear transmission efficiency varied between 94 and 99.5% [22,31]. Due to the
friction losses resulting from the rotating shaft and the undesirable vibration of the test
bench, the efficiency of the power transfer was less than the typical efficiency range.

Furthermore, the required power is fluctuating, noisy, and this sudden change (Figure 12)
may cause major damage on mechanical parts of the planting mechanism and reduce ma-
chine’s life. This is the reason of vibration measurement during the prototype field tests, and
also during the design process. In case a machine experiences a significant or sudden shift
in vibration, this might indicate that the machine or its components are being subjected to
increased forces, loss of rigidity, and gear damage. Certainly, it is needed to reduce the power
fluctuation before commercialization and mass production of the planting mechanism.

In addition, the experiment with the prototype was carried out at speeds ranging from
30 to 90 rpm with an interval of 10 rpm in order to ascertain variations in the input-required
torque in different conditions. Figure 13 shows the power requirement of the planting
mechanism under different speed conditions. The average required torque values of the
plating mechanism for 30, 40, 50, 60, 70, 80, and 90 rpm were 0.92, 1.23, 2.54, 5.41, 6.33,
7.23, and 8.16 W. Therefore, the power consumption on the planting mechanism increased
when the speed of the machine increased. Table 8 shows the average power consumption
for all of the speed conditions. For low speed (30 and 40 rpm), there were no significant
differences in power consumption for the planting mechanism. For high speed (40, 50, and
60 rpm) to higher speed (70, 80, and 90 rpm), statistical differences were observed. Power
is directly proportional to acceleration, and our data showed that, for a change of 10 rpm,
acceleration also changed by an average of 5200 mm/s.

Table 8. Power requirements (W) at different rotational speeds (rpm) for the planting mechanism.

Power Requirement (W)

Parameter
30 rpm 40 rpm 50 rpm 60 rpm 70 rpm 80 rpm 90 rpm
Max. 12.3 20.8 27.5 35.4 44.8 52 65.7
Min. 0.01 0.03 0.21 0.23 0.25 0.25 0.29

Avg. 0.92 +0.43 1.23 £+ 0.68 2.54 +£0.88 541+ 0.74 6.33 +0.32 723 +0.91 8.16 £ 0.19
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Figure 13. Power requirement for the planting mechanism at different rotational speeds.

4. Conclusions

In this study, a gear-driven rotary-type planting mechanism was designed for a self-
propelled onion transplanter. Kinematic analysis was carried out in order to identify the
appropriate link combinations and assess the planting mechanism to optimize the path
trajectory, which would improve the working speed and successful transplanting rate. The
optimum lengths for the primary, connecting, and planting arms were measured as 90,
70, and 190 mm, respectively, for their use in combination. The optimum diameters of
the driver, driven, and idler gears in the primary arm were selected as 56, 48, and 28 mm,
respectively. For the secondary connecting link of the planting mechanism, the diameters
of the driver, idler, and driven gears were 28, 28, and 56 mm, respectively. The length of
the planting hopper was 190 mm, and it remained constant during kinematic analysis. The
required maximum power level of the planting mechanism was found to be 35.4 W during
the experiment and the single- and double-unit assembly of the rotary planting mechanism
can transplant 60 and 120 seedlings per minute, respectively. Comparison of results of the
theoretical analysis, simulation, and field tests in our study revealed good concordance.
The speed, vibration, and operating condition caused little error in the experimental results.
Further analysis would be necessary for the dynamic behavior of the planting mechanism.
The outcomes of this study might be helpful in accelerating the adoption of a mechanization
process for transplanting onion seedlings.
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