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Abstract: Stress measurements play a crucial role in safety analyses of transplanting devices. Strain
gauges for stress measurements during field tests can be expensive and time-consuming. The aim
of this study was to investigate the stress on the transplanting device of a cam-type semiautomatic
vegetable transplanter using a simulation method. A three-dimensional simulation model was
established, considering the dimensions and material properties of the transplanting device. The stress
distribution and maximum stress values were obtained through simulations. The maximum stress
values at 15 points within the transplanting device determined via the simulation were compared
with the experimental stress data to verify the stress simulation model. The results show that the
maximum stress obtained from the simulation correlated with that of the measured results, although
differences were observed at different locations, particularly at strain gauge positions 11 and 13. Based
on the simulation results, the maximum stress occurs at the upper link of the cam-type transplanting
device, reaching a magnitude of 201.21 MPa, and the static safety factor is 1.04.

Keywords: cam type; static safety factor; stress simulation; transplanting device; vegetable transplanter

1. Introduction

The modernization of agricultural practices has led to the development of specialized
machinery to optimize various aspects of crop cultivation. Among these innovations, the
vegetable transplanter is a pivotal advancement in addressing challenges, such as labor
shortages and rising production costs in vegetable farming [1,2]. A vegetable transplanter
is a machine used to plant vegetable seedlings into the ground. Based on the method
for extracting the seedling and its placement within the seedling cylinder, the vegetable
transplanter is categorized into two types as semiautomatic and fully automatic. In the
case of a fully automatic vegetable transplanter, the seedlings are automatically supplied
and put into the seedling cylinder. Conversely, in a semiautomatic vegetable transplanter,
the operator manually supplies the seedling and places them within the seedling cylinder,
necessitating human intervention in the seedling handling process [3,4].

The primary component of a vegetable transplanter is the transplanting device, which
is responsible for planting seedlings in the soil. There are several types of vegetable
transplanter that have been developed based on the design of the transplanting device,
namely wheel, rotary, four-bar-link, and cam types [5–7]. Among the various developed
types, the cam mechanism is widely used. The cam type employs a cam that opens and
closes the hopper by contacting the bearing. This type is particularly suited for small
cultivation areas because of its simple design and user-friendly operation [8–10].
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The transplanting device is subjected to significant mechanical stresses during its op-
erational cycles. These stresses, arising from the demanding conditions of field operations,
can potentially lead to material fatigue, diminished performance, and safety hazards within
the transplanting service [11–13]. Sri et al. [14] conducted load and safety analyses to ensure
the safety of the transplanting device of a cam-type semiautomatic vegetable transplanter.
The safety analysis involved measuring the strain at several points on the transplanting
device using a strain gauge. Subsequently, the measured strain data were converted into
stress data to calculate the static safety factor and fatigue life. The experiments were carried
out using four different engine speeds and twelve planting distances. The findings revealed
that as the engine speed increased or the planting distance decreased, the stress on the
transplanting device tended to increase. The cam-type transplanting device demonstrated
static safety factors exceeding 1.0 across all measurement points and under various working
conditions. At the upper section of the hopper, the minimum fatigue life was determined
to be 66,416 h. This is considered an ample lifespan, especially when taking into account
the annual usage time of 25.5 h in Korea.

The initial step in the load and safety analysis of a machine component is stress
determinative [15,16]. The prevalent technique for measuring stress in machine parts
involves using sensors, such as strain gauges and load cells in field tests [17–19]. The sensor
can measure stress exclusively at a specific location. Numerous sensors must be installed to
assess the stress levels at multiple points. Consequently, the use of sensors for measuring
stress can be expensive and time-consuming [20,21]. A potential solution to this problem is
to conduct stress simulations.

Stress simulation entails the utilization of software or computer programs to emulate
and analyze the stress experienced by various components of a machine. Numerous studies
have been conducted on stress simulations of various types of agricultural machinery.
Plouffe et al. [22] investigated the influence of various components and adjustments on
the performance of a moldboard plow operating on clay soil by combining modeling
applied with the finite element method (FEM) and incorporating experimental observations.
Makange et al. [23] performed a FEM analysis on a nine-tine cultivator to recognize potential
weaknesses within the shovel element under varying loads and speeds in medium-black
soil. The findings indicated that the highest and lowest principal stresses registered at
5.1726 and 0.20944 megapascals (MPa), respectively, along with a total deformation of
0.076953 mm. Importantly, the maximum stress remained below the yield point, indicating
that the deformation did not lead to failure in the tine. Similarly, Yurdem et al. [24]
conducted their research on a three-bottom moldboard plow to assess the stresses through
field measurements using strain gauges affixed to various sections of the moldboard frame.
These measurements were then verified with the outcomes derived from finite element
simulations. The study concluded that the decreased thickness of the moldboard frame did
not lead to undue stresses, and the observed strains closely matched the simulated data.
Kesner et al. [25] established a computational model of a tillage machine to analyze these
loads. The result showed that the experimental stress measurements aligned well with the
simulation data obtained from the model. Consequently, the methods employed in this
study can be applied in designing and refining tillage machinery. Islam et al. [26] analyzed
the stress resisted by the gear mechanism within the picking device of an automatic pepper
transplanter to determine optimal materials and dimensions and predict the fatigue life
based on damage assessment. Both the crank and cam gear sets underwent testing using
finite element analysis simulation and stress analysis theory based on the American Gear
Manufacturers Association standard. These tests were performed with various materials
and dimensions. The findings from this research act as a valuable reference for designing
the picking device gears with optimal material characteristics, ensuring the recommended
service life of pepper-planting equipment. However, from all the research that has been
carried out, a virtual model for stress simulations that specifically focuses on cam-type
transplanting devices has not yet been developed, to the best of our knowledge.
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The aim of this study was to investigate the stress distribution and analyze the safety
of cam-type transplanting devices for semiautomatic vegetable transplanters using simula-
tions. The specific objectives were to (1) establish a three-dimensional model of the trans-
planting device using commercial dynamic simulation software, (2) conduct a simulation-
based analysis of stress distribution, maximum stress levels, and the static safety factor
associated with the transplanting device, and (3) validate the precision of the established
virtual model by contrasting simulation results with experimental data. The results of this
study have the potential to provide valuable insights for the manufacturers and designers
of transplanting devices, enhancing safety, performance, and reliability. In addition, the
results of this study can be used as basic data to establish the design process or design
guidelines for cam-type planting devices.

2. Materials and Methods
2.1. Transplanting Device of Cam-Type Vegetable Transplanter [7]

The shape and specifications of the cam-type vegetable transplanter used in this study
are presented in Figure 1 and Table 1, respectively. The cam-type vegetable transplanter
consisted of an engine for supplying power, a transmission for transferring power to the
wheel and transplanting device, a control panel for adjusting plant spacing and depth, a
seedling cylinder designed for seedling placement, and a transplanting device for planting
the seedlings supplied from the seedling cylinder into the soil.
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planting device.

Table 1. Specifications for cam-type vegetable transplanter used in this study.

Item/Parameter Specification

model/manufacturer/country KP-100KR/KUBOTA/Osaka, Japan
length/width/height (mm) 2150/1360/1130

weight (kg) 280

engine rated power (kW) 2.6
rated speed (rpm) 1550

planting distance (mm) 350–900
maximum working speed (m/s) 0.57

working efficiency (h/m2) 0.0015–0.0025

The transplanter with the cam-type transplanting device operates as follows: A user
determines the travel speed and the spacing in the row of the transplanter. Then the
seedlings are supplied to the seedling cylinders manually. The transplanter moves and
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plants the seedlings into the ground by the motion of the transplanting device. That
motion makes the transplanting hopper of the cam-type transplanting device move up
and down in a certain trajectory. When the hopper is at the top, it is located below one
of the seedling cylinders, the seedling cylinder opens and drops the seedling into the
transplanting hopper. When the transplanting hopper comes to the lower end, it is located
at a certain depth in the ground. At that moment, the seedlings are planted into the ground
after the opening of the transplanting hopper. The row spacing suitable for the target
crop can be set by the control panel. The seedlings planted in the ground are covered
with soil, and the transplanting work is complete. During the transplanting process, the
mechanical operations of the transplanter generate loads on the transplanting device. The
main components of the transplanting device in this study were links, bearings, a cam, a
crank, and a transplanting hopper. The links played a role in determining the trajectory
of the transplanting hopper. The crank supplied the power transmitted from the engine
and transmission to the transplanting device. The shape of the cam had an influence on the
behavior of the planting hopper. Therefore, the cycle of opening and closing the planting
hopper was determined mechanically due to the contact between the bearing and the cam.
The material properties of the transplanting device are listed in Table 2.

Table 2. Mechanical properties of transplanting device (steel alloy 1020).

Property Specification

density, ρ (kg/m3) 7.85 × 103

modulus of elasticity, E (GPa) 207
Poisson’s ratio, ν 0.3

yield strength, Sy (MPa) 210
yield strength in shear, Ssy (MPa) 105

ultimate strength, Sut (MPa) 380
fatigue strength of 106 cycles, Sn (MPa) 190

2.2. Stress Measurement
2.2.1. Stress Measurement System

A stress measurement system was constructed to measure the stress exerted on the
transplanting device, as shown in Figure 2. The stress measurement system consisted of
strain gauges, a data acquisition system (TG009E, HBK, Darmstadt, Germany), and a laptop.
The strain data measured using the strain gauges were transmitted to a data acquisition
unit and recorded on a laptop. Two types of strain gauges were used to obtain strain data
for the transplanting device links. One was a uniaxial strain gauge (KFGS-5-350-C1-11
L10M3R, KYOWA, Tokyo, Japan), which is suitable for measuring the strain in a singular
direction, making it well suited for scenarios where a primary loading direction is evident,
such as in axial bars or links. The second was a rosette strain gauge (KFGS-1-350-D17-11
L5M3S, KYOWA, Tokyo, Japan) that featured three strain gauges positioned at 45◦ intervals.
The rosette strain gauge is optimal for measuring areas where the main loading direction is
unknown because it encompasses three strain gauges positioned at distinct angles. Figure 3
shows the installation locations of the 13 uniaxial strain gauges (S1–S2 and S5–S15) and
2 rosette strain gauges (S3 and S4). Two uniaxial strain gauges (S1 and S2) were attached to
the end of the transplanting hopper. The rosette strain gauges (S3 and S4) were attached
to the curved upper part on either side of the transplanting hopper. The uniaxial strain
gauges of S5, S6, and S7 were attached to the left, center, and right sides of the left upper
link, respectively. Uniaxial strain gauges (S10, S11, and S12) were attached on the right
upper link in the same positions as those on the left upper link. Two uniaxial strain gauges
(S8 and S9) were attached to the left bottom link, and three uniaxial strain gauges (S13, S14,
and S15) were attached to the bottom right link. The specifications of the strain gauges and
data acquisition are listed in Tables 3 and 4, respectively.
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Table 3. Specifications for strain gauges.

Item/Parameter Specification

uniaxial
strain gauge

model/manufacturer/country KYOWA KFGS-5-350-C1-11 L10M3R/KYOWA/Tokyo, Japan
gauge factor (%) 2.12 ± 1.0

gauge length (mm) 5
gauge resistance (%) 351.2 ± 0.4 Ω

rosette
strain gauge

model/manufacturer/country KYOWA KFGS-1-350-D17-11 L5M3S/KYOWA/Tokyo, Japan
gauge factor (%) 2.11 ± 1.0

gauge length (mm) 1
gauge resistance (%) 350.0 ± 0.7 Ω

2.2.2. Working Conditions

The field test took place in a field featuring consistent soil conditions, situated at
coordinates 37◦56′24.0′′ N and 127◦46′59.1′′ E. The location has an elevation of 111.00 m
above sea level and is located in Sinbuk-eup, Chuncheon, within Gangwon Province, South
Korea. The length, width, and depth of the test bed were 45, 0.6, and 0.3 m, respectively.
Prior to the experiments, the soil was tilled using a plow and a rotavator, considering
the actual working conditions of the vegetable transplanter. Therefore, the soil of the
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transplanting ridge is extremely soft. And the variation of planting depth is less than the
hardpan depth of the test bed. The vegetable transplanter worked at an engine speed
of 1550 RPM with a set planting distance of 0.5 m and a set planting depth of 0.07 m.
The test was performed in triplicate, and the data were analyzed using the average as a
representative value.

Table 4. Specifications of data acquisition used.

Item/Parameter Specification

model/manufacturer/country TG009E/HBK/Darmstadt, Germany
length/width/height (mm) 177/161/386

weight (kg) 5
number of channels 16
sampling rate (Hz) Up to 320

2.2.3. Analysis Data

The strain data acquired during the field tests were converted to stress values. This
conversion depended on the specific type of strain gauge used, resulting in two distinct
categories of strain data. The stress was calculated by multiplying the strain data derived
from the uniaxial strain gauge by the modulus of elasticity, as expressed by Equation (1). In
contrast, the rosette strain gauge was capable of measuring strains along three different
axes. By using the strain values recorded for each direction, significant stress values, such as
the maximum and minimum principal stresses and the von Mises stress, can be calculated
using Equations (2)–(5) [14]:

σ = E× ε (1)

σ1 =
E

2(1− v2)

[
(1 + v)(εa + εc) + (1− v)×

√
2
{
(εa − εb)

2 + (εb − εc)
2
}]

(2)

σ2 =
E

2(1− v2)

[
(1 + v)(εa + εc)− (1− v)×

√
2
{
(εa − εb)

2 + (εb − εc)
2
}]

(3)

σv =
√

σ2
1 − σ1σ2 + σ2

2 (4)

τmax =
E

2(1 + v)
×

√
2
{
(εa − εb)

2 + (εb − εc)
2
}

(5)

where σ is the calculated axial stress (Pa), σ1 is the maximum principal stress (Pa), σ2 is
the minimum principal stress (Pa), σv is the von Mises stress (Pa), ε is the measured strain
for the components of the transplanting device, E is the modulus of elasticity (Pa), ν is
Poisson’s ratio, τmax is the maximum shear stress (Pa), εa is the measured strain in the
horizontal direction in the rosette strain, εb is the measured strain in the 45◦ direction in the
rosette strain, and εc is the measured strain in the vertical direction in the rosette strain.

2.3. Stress Simulation
2.3.1. Simulation Model

A dynamic simulation was performed using commercial software (Recurdyn V9R4,
Functionbay, Seongnam, Republic of Korea) to derive the stress exerted on the transplanting
device. This software is widely used in studies on predicting forces and loads within diverse
multibody systems comprising rigid and flexible components. Figure 4 depicts a 3D model
of the cam-type transplanting device. A 3D model of the transplantation device was
developed, considering its actual dimensions and material properties.
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2.3.2. Simulation Condition

The simulation model for determining the stress exerted by the contact between the
transplanting hopper and the ground is shown in Figure 5. The simulation conditions were
set as an engine speed of 1550 rpm, a planting distance of 0.5 m, and a planting depth
of 0.07 m, which yielded the maximum stress during the experiments. Therefore, in the
simulation, the components of the transplanting device were operated by the behavior of
the rotated cam with the 1550 rpm angular speed. Then a mesh was applied to the 3D
model to derive the stress exerted on the transplanting device. The average size of the
mesh for stress analysis was 1~5 mm, and the mesh shape was set as a tetrahedron. The
behavior and influence of all parts, except the planting device, were ignored to minimize
the analysis time.
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In the stress simulation, the effect of the vibration from the engine, the transmission,
etc., was not considered. The gravitational acceleration was set to 9.81 m/s2 to act ver-
tically downward. A simulation was set to derive the stress generated in the links and
transplanting hopper when the hopper contacted the soil during transplanting and the
cam-type transplanting device operated at the same time. The conditions of the interaction
between the hopper and the ground are listed in Table 5. The determination of interaction
conditions between the hopper and the ground involved a multi-step process. Initially,
an exploration of relevant references was conducted to establish the scope of interaction
conditions applicable to the hopper–ground interface. Subsequently, a simulation was
executed within this identified range, iteratively refining the parameters until optimal
results were achieved.

Table 5. Material properties for simulation.

Parameter Value

Interaction between hopper and ground
Stiffness coefficient 35
Damping coefficient 0.03

Dynamic friction coefficient 1.0

2.3.3. Verification of Stress Simulation

The stress values derived from the field test and simulation were compared and
analyzed to verify the simulation model. The validation process involved performing
a comparison between the maximum stress at 15 specific points on the transplanting
device links and the transplanting hopper (Figure 3). The stress data obtained from the
experiments, which validated the simulation results, were the averages of the maximum
stress values (peak stress) derived from three repeated tests.

2.3.4. Maximum Stress and Static Safety Factor Based on Simulation

Unlike the field test results, which only indicated stress values at specific points where
the strain gauges were positioned, the simulation results could indicate stress values across
all components of the transplanting device. The simulation results identified the precise
point with the highest stress level, which might be in contrast to the 15 locations where
the strain gauges were positioned during the field experiments. This maximum stress
value was subsequently used to compute the static safety factor. The static safety factor is a
numerical value that represents the degree of safety for the machinery or structure. It can
be determined as a ratio by comparing the yield strength that can sustain machinery or a
structure with the maximum stress that the material or structure is expected to experience
during normal use [27]. If the yield strength surpasses the measured maximum stress,
thereby resulting in a static safety factor exceeding 1.0, it can be determined that a safe
design has been implemented. A higher static safety factor indicates that the system is
more resistant to failure and is considered safe. Conversely, if the static safety factor is less
than 1.0, the design is deemed unsafe, indicating that the part may malfunction or fail due
to inadequate yield strength in comparison to the maximum stress exerted on it [28]. The
static safety factor can be calculated by Equations (6) and (7) [14]:

SF =
Sy

σmax
(6)

SF =
Sy

σv_max
(7)

where SF is the static safety factor, Sy is the yield strength (Pa), σmax is the maximum axial
stress (Pa), and σv_max is the maximum von Mises stress (Pa).
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3. Results and Discussion
3.1. Verification of Stress Simulation

Figure 6 and Table 6 present the maximum stress values at 15 installation locations of
the strain gauges obtained from the experiment and simulation.
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Table 6. Maximum stress values for 15 locations of cam-type transplanting device.

Strain Gauge
Number

Measured Maximum
Stress (MPa)

Maximum Stress
Derived via Simulation (MPa) RMSE

S1 5.94 5.70

4.4274

S2 −2.47 −1.84
S3 47.53 42.54
S4 53.69 49.64
S5 11.75 8.38
S6 20.81 22.95
S7 10.42 13.96
S8 15.68 18.53
S9 9.66 11.89

S10 15.51 16.78
S11 16.04 24.85
S12 11.06 8.66
S13 −6.16 −16.36
S14 10.65 13.48
S15 5.63 9.05

When considering the absolute value of the measured maximum stress, the maximum
stress of the S4 location was highest at 53.69 Mpa in the experiment and 49.64 Mpa in the
simulation. The maximum stress of the S3 location followed next at 47.53 Mpa (experiment)
and 42.54 Mpa (simulation). In the case of location S2, the maximum stress was the lowest
at −2.47 Mpa in the experiment and −1.84 Mpa in the simulation. The validation results
show consistency between the highest stresses recorded using the simulation and field
tests. However, significant differences were observed within the 15 points, such as at gauge
positions 11 and 13. In contrast, there was good agreement between the experimental and
simulated data for strain gauges 3 and 4, representing the highest stress values.

The root-mean-square error (RMSE) is a widely used statistical parameter for evaluat-
ing the predictive accuracy and fit quality between predicted and observed values. RMSE
is calculated using the following formula:
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RMSE =

√
1
n

n

∑
i=1

(Pi −Oi)
2

where Pi is the predicted value for the i observation in the data set, Oi is the observed value
for the i observation in the data set, and n is the sample size.

The RMSE calculation results for simulations on the cam type were 4.4274 MPa. This
value is significantly high compared with the standard range of the maximum stress, which
spanned from −6.16 to 53.69 MPa. A technique for clarifying the adequacy of the RMSE is to
calculate the normalized RMSE. Normalized RMSE is calculated using the following formula:

Normalized RMSE = RMSE/(max value−min value)

For the cam type, the normalized RMSE is 0.074. This proximity to zero signifies that the
model yields predictive outcomes that closely correspond to the actual measurement results.

Various factors contributed to the discrepancies between the simulation results and
experimental test data. These factors include the omission of frictional effects between the
joints within the simulation, inconsistencies in the assembly of components compared to
actual conditions, disregard for vibrations induced by the operation of the engine, and
exclusion of the load input from the main body via its connection to the machine frame.
Despite the observed deviations at a few points, 13 of the 15 examined points demonstrated
consistency. Consequently, the stress values obtained from the simulation experimental
measurements are in good agreement.

3.2. Maximum Stress and Static Safety Factor Based on Simulation

Figure 7 shows the stress simulation results for the cam-type vegetable transplanter.
Figure 7 highlights the position with the maximum stress among all cam-type structures,
as indicated by the simulation results. A maximum stress with a magnitude of 201.21 MPa
was observed at the location of the maximum stress when the hopper entered the ground
and it was in the lowest position. This specific location was positioned below the location
where strain gauge S6 was attached. This component functioned as the linkage between
the frame and the hopper and showed a curved configuration. Because of the rotational
force exerted by the engine and the pressure originating from the interaction between the
hopper and the ground, this particular area was subjected to a significantly higher force
than the other elements.
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The maximum stress derived from the simulation significantly exceeded the highest
stress value obtained from the field test measurements, which was only 53.69 MPa at
strain gauge S4. This difference existed because stress measurements via field tests have
constraints; specifically, stress can only be gauged at predetermined points where the strain
gauges have been positioned.

Based on the maximum stress values obtained from the simulation, the static safety
factor of the transplanting device of the cam-type vegetable transplanter was 1.04. The
simulation results indicate that the static safety factor for the cam-type vegetable trans-
planter is significantly low, with values almost equal to 1. Several approaches can be
considered to improve the static safety factor of transplanting devices. A potential method
involves replacing the existing material with a higher-yield-strength material, which would
contribute to increasing the safety level. If the material used to construct the transplanting
devices is replaced with AISI 1040, which has a yield strength of 413.7 MPa, the static safety
factor increases to 2.06. This value is safer than the previously reported static safety factor
(1.04) [21]. When selecting a material, it is crucial to consider not only the yield strength
but also the characteristics of the material and its economic viability.

4. Conclusions

In this study, the stress distribution in cam-type transplanting devices of a semiauto-
matic vegetable transplanter was investigated through dynamic simulation. A dynamic
simulation model was developed based on the exact size and material properties of a real
transplanting device. The simulation was carried out at an engine speed of 1550 rpm
and planting distance of 0.5 m. The field tests were conducted to measure stress on the
transplanting device using 15 strain gauges installed at certain locations. Then, the stress
data from the simulation results were compared with the stress measurements obtained
from field tests to validate the accuracy of the simulation method. The maximum stress
values obtained across the entire structures of both types of devices in the simulation were
used to compute the static safety factor.

The main findings of this study are as follows. The highest stress derived from the
simulation results for the cam-type device correlated with the measured results, although
discrepancies were observed, particularly at strain gauge positions 11 and 13. Based on the
simulation results, the most significant stress occurred at the upper link of the transplanting
device, reaching a magnitude of 201.21 MPa. This part served as the connection between
the frame and the hopper, displaying a curved shape. Due to the engine’s rotational force
and the pressure generated from the interaction between the hopper and the ground, this
specific area experienced relative greater force compared to the other components. The
static safety factor calculated from the simulation was 1.04. The static safety factor value
obtained from the simulation is relatively low; it is close to 1.0, indicating that the design
of the transplanting device is still susceptible to stress. To enhance the safety level, there
are several options available, such as substituting the current material with one possessing
higher strength or modifying the design of susceptible components to a different shape or
size. Furthermore, the findings of this study can serve as foundational data to establish
the guidelines and process of designing cam-style planting devices. Based on the results of
this study, a kinematic analysis of the cam-type transplanting device will be performed in
future to establish a design process that can improve durability and economic efficiency
while satisfying the appropriate planting trajectory.
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