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Abstract: Pepper is one of the most vital agricultural products with high economic value, and pepper
production needs to satisfy the growing worldwide population by introducing automatic seedling
transplantation techniques. Optimal design and dimensioning of picking device components for an
automatic pepper transplanter are crucial for efficient and effective seedling transplantation. Therefore,
kinematic analysis, virtual model simulation, and validation testing of a prototype were conducted
to propose a best-suited dimension for a clamp-type picking device. The proposed picking device
mainly consisted of a manipulator with five grippers and a picking stand. To analyze the influence of
design variables through kinematic analysis, 250- to 500-mm length combinations were considered
to meet the trajectory requirements and suit the picking workspace. Virtual model simulation and
high-speed photography tests were conducted to obtain the kinematic characteristics of the picking
device. According to the kinematic analysis, a 350-mm picking stand and a 380-mm manipulator were
selected within the range of the considered combinations. The maximum velocity and acceleration of
the grippers were recorded as 1.1, 2.2 m/s and 1.3, 23.7 m/s2, along the x- and y-axes, respectively, for 30
to 90 rpm operating conditions. A suitable picking device dimension was identified and validated
based on the suitability of the picking device working trajectory, velocity, and acceleration of the
grippers, and no significant difference (p ≤ 0.05) occurred between the simulation and validation tests.
This study indicated that the picking device under development would increase the pepper seedling
picking accuracy and motion safety by reducing the operational time, gripper velocity, acceleration,
and mechanical damage.

Keywords: agricultural machinery; pepper; transplanter; picking device; kinematic analysis

1. Introduction

Pepper (Capsicum annuum L.) is one of the most consumed vegetables and a significant source of
vitamins such as vitamin C, E, A, and B complex [1]; it is also the second most exported vegetable
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worldwide [2,3]. In 2018, the global pepper production was 36,771 thousand tons from an area of 1990
thousand ha, with the production increasing from 8656 thousand tons (23.5%) and cultivation area of
179 thousand ha (9%) since 2008 [4]. Some tropical and subtropical regions, including India, Indonesia,
Malaysia, Thailand, Brazil, Sri Lanka, Vietnam, and China, are the leading pepper cultivation zones [5].
Although the pepper cultivation rate and cultivated area are increasing worldwide, a decrease in
pepper production has been recorded in some countries (e.g., the Republic of Korea and Japan) over
the last few years due to the lack of mechanization, farm labor shortage, small scale of agricultural
land, and aging of the farmers [6–8]. Therefore, these countries need to adopt suitable automated
techniques to overcome pepper cultivation difficulties.

In recent years, mechanized vegetable transplanting techniques have become popular for efficient
seedling transplantation to reduce the production cost and transplantation time [9,10]. In manual
transplanting, the spatial distribution of seedlings is often non-uniform owing to human error [11,12].
Subsequently, semi-automated transplanters are placed in a manual transplanter to transplant the
seedlings more uniformly. However, it requires one farmer to control the transplanter movement
and other farmers to feed the seedlings into the transplanting mechanism [13]. In addition to the
semi-automatic technique, several researchers have focused on updating automatic and robotic
vegetable transplanters containing a seedling transfer unit (picking device) to minimize extra
laborers [13–17]. The performance of the automatic transplanter depends mainly on the success
rate of picking the seedlings from the tray and dibbling them into the soil. Therefore, the picking
device is a crucial part of the automatic type transplanter; it reduces operational drudgery by carrying
out the task repetitively in a precise and consistent manner.

Research and development of picking devices in agriculture started in the 1980s [18]. In the first
stage, to create bedding plants inside a greenhouse, researchers have developed several types of seedling
picking devices to transfer seedlings from high-concentration to low-concentration trays [19–21].
They mainly focused on control engineering technologies such as machine vision and sensing. Since
the 2000s, new generation seedling picking devices have been developed to transfer seedlings with
different types of mechanisms. These types of devices simultaneously drive the seedlings horizontally
(x-axis) and vertically (y-axis) [22,23]. Based on the principle of the picking devices used in greenhouses,
researchers were motivated to develop an automatic transplanter for upland crops, especially rice and
corn seedling transplantation [24–27]. A seedling picking device for vegetables was developed with a
five-bar mechanism (fixed, driving, driven, connecting, and slider link) for seedling extraction [23].
Researchers have reported a robotic transplanter with a picking device to move the seedlings to
the desired working position. The robotic transplanter’s picking device consisted of a manipulator,
a gripper, plug tray conveyors, and a vision system. Some laboratory seedling picking devices
were examined, where the seedlings were transferred to the horizontal and vertical paths [28,29].
A single-type gripper is used for the picking operation, and higher velocity and acceleration are
required for speedy motion.

Excessive velocity and acceleration may damage the seedlings or interrupt the picking process.
Instead of a single-type gripper, multiple grippers would reduce the operational time; it may also
execute a secure and stable pick-and-place operation by minimizing the velocity and acceleration
range. Researchers also investigated several types of grippers and analyzed the accuracy; among them,
the clamp-type [19] and sliding-type [20,21] were the most useful gripping methods for mechanical
seedling transplantation. The two types of grippers target the midpoint of the root of the seedlings.
The sliding-type gripper can easily hold the seedlings; however, this method has some complications
for discharging seedlings. In this method, seedling roots sometimes stick to the grippers, and picking
failure can occur. By contrast, clamp-type grippers may release the seedlings accurately by exploiting
the seedling motion; however, owing to the short needle, this method also faces some difficulties in
holding the seedlings [30]. In this regard, a long needle clamp-type gripper may solve the problem of
holding and releasing the seedlings safely.
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In this study, a new type of long needle multiple clamp-type gripper picking device was proposed
for automatic pepper seedling transplantation. To optimize and suggest the best-suited dimensions
for the introduced picking device, kinematic modeling and analysis, simulation, and field tests
were necessary. Therefore, the objectives of this study were (i) to develop kinematic modeling to
suggest a best-suited picking device dimension by analyzing the effects of the kinematic characteristics
(i.e., position, velocity, and acceleration) of the gripper, and (ii) to set up a virtual simulation
environment and a field test of the prototype for validating the gripper trajectory planning, velocity,
and acceleration requirements.

2. Materials and Methods

2.1. Structure of Transplanter and Working Principle of the Picking Device

The overall structure of the under development automatic pepper transplanter with a picking
mechanism is shown in Figure 1. The transplanter consisted of a clamp-type picking device,
conveying device, and two-row planting device. The purpose of the seedling picking device was to
automatically collect seedlings from the seedling tray and transfer them into the planting device by
minimizing the mechanical or operational damage [30]. For mechanical transplanting operations,
seedlings are generally grown in paper pots in a plastic tray before transplanting them into the
soil [31]. The 45-day-old paper pot seedlings (Ø 40 × 40 mm) are relatively convenient for mechanical
transplantation in terms of sustainability and growth [32].Agriculture 2020, 10, x FOR PEER REVIEW 4 of 18 
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Figure 1. Overall structure of the automatic pepper seedling transplanter under development.

The picking device comprised a manipulator and five grippers. The grippers were attached by a
revolute joint to the upper platform of the manipulator. Previously, researchers used 60–75-mm range
needles for pick-and-place operations [22–25]. In this research, the clamp-type grippers were revised to
ensure the stabilizing strength and used 120 mm needles to release the seedlings. The manipulator was
used to move the grippers to the conveying device with a cam-crank mechanism. The cranks derived
the grippers in the y-axis and the cams in the x-axis. Two types of spur gear trains were attached to
the gear shaft: a 1:1 gear ratio for the crank and 2:1 gear ratio for the cam. Therefore, the rotational
speed of the cam-driven gear was half that of the crank-driven gears. After completing one cycle of
operation, the picking device dropped five seedlings on the conveying device and returned towards



Agriculture 2020, 10, 627 4 of 17

the seedling tray during the opposite movement. The automatic pepper seedling transplanter was
designed for transplanting the seedlings in a two-row pattern. The conveying device transferred the
seedlings based on the demand of the planting device. The conveying unit has two seedling openers
and drops the seedlings into the two-row planting device using them.

The working space of the picking device was determined by the distance between the seedling tray
and the picking stand. The consideration of the gripper and manipulator design is a comprehensive
task because it can minimize the seedling motion and make a convenient picking operation. In this
mechanism, an explanation is required for trajectory planning to solve the position of the gripper
pick-and-place operation and the velocity acceleration in the case of the known position of the moving
manipulator. Kinematic analysis involves expressing the equations of motion and solving them for the
position, velocity, and acceleration of the system components [33,34]. This analysis is necessary for
design optimization, particularly for the picking workspace analysis, where kinematic parameters
(i.e., position, velocity, and acceleration) of the moving bars must be known to assess the mechanical
system performance and functionality.

2.2. Kinematic Analysis of the Picking Device Grippers

Grippers picked the seedlings from the seedling tray (point A) and moved the y-axis to point
B (Figure 2a). The cam mechanism moved the grippers from point B to C to release the seedlings.
After releasing the seedlings, the crank mechanism assisted the grippers to move to point D by the
y-axis movement. Finally, the grippers returned to position A and completed the one-cycle picking
operation with a single degree of freedom. The seedling tray was continuously moved downward,
and five grippers picked five seedlings from the tray. The azimuth angle of the seedling pick-up was
90◦. The angle of the seedling tray was designed to be kept at 80◦ to 100◦. If this angle is less than 80◦,
then the required power of seedling transfer will be increased, or the angle is more than 100◦, there is a
higher possibility of breaking or falling the seedlings [32,35].

Agriculture 2020, 10, x FOR PEER REVIEW 5 of 18 

 

Table 1. Variable notations, definitions, and measurement units 

Notation Definitions and Measurement Units 


 Maximum distance between the cam follower and slider, mm  

b Distance between the picking stand and seedling tray, mm 

L5 Picking stand length, mm 

L2 Crank length, mm  

L3 Connecting rod length, mm 

L4 Gripper length, mm  

e  Euler’s formula base of the natural logarithm  

i  Imaginary unit  

2  
Crank angle, radians 

3  
Connecting rod angle, radians  

4  
Gripper angle, radians  

  Cam rotational angle, radians 

1AX  Gripper x-axis coordinates 

1AY
 

Gripper y-axis coordinates 

/

2L  
Crank velocity, mm/s (convert to m/s) 

/

3L
 

Connecting rod velocity, mm/s (convert to m/s) 
/

4L  Gripper y-axis velocity, mm/s (convert to m/s) 

2  
Crank angular velocity, rad/s 

3  
Connecting rod angular velocity, rad/s 

VOA Gripper x-axis velocity, mm/s (convert to m/s) 
//

2L  
Crank acceleration, mm/s2 (convert to m/s2) 

//

3L
 

Connecting rod acceleration, mm/s2 (convert to m/s2) 

//

4L  
Gripper y-axis acceleration, mm/s2 (convert to m/s2) 

2  
Crank angular acceleration, rad/s2 

3  
Connecting rod angular acceleration, rad/s2 

a Gripper x-axis acceleration, mm/s2 (convert to m/s2) 

  

(a) (b) 

Figure 2. Schematic diagram of the picking device: (a) azimuth angle of the trajectory; (b) kinematic 

model for the picking device: (L1) picking stand, (L2) crank, (L3) connecting rod, (L4) gripper, (L5) 

manipulator, (A-B-C-D-A) trajectory path.   

Figure 2. Schematic diagram of the picking device: (a) azimuth angle of the trajectory; (b) kinematic
model for the picking device: (L1) picking stand, (L2) crank, (L3) connecting rod, (L4) gripper,
(L5) manipulator, (A-B-C-D-A) trajectory path.

The picking device working space depends on the height of the picking stand and the distance
from the seedling tray. A gearbox was located on the picking stand, which assisted the cam and crank
rotation. The crank and camshaft are continuously rotated by 360◦ to pick the seedling in the tray and
drop it to the conveying device. According to Figure 2b, L1 is the picking stand and acts as a fixed
bar, and L2, L3, L4, and L5 are moving bars. A vector-loop model was used to define the kinematic
parameters (position, velocity, and acceleration) of the gripper by solving the angles of the moving bars
in the case of the known position of the fixed bar. Table 1 indicates the variable notations, definitions,
and measurement units are used in this analysis.



Agriculture 2020, 10, 627 5 of 17

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

Notation Definitions and Measurement Units

η Maximum distance between the cam follower and slider, mm
b Distance between the picking stand and seedling tray, mm
L5 Picking stand length, mm
L2 Crank length, mm
L3 Connecting rod length, mm
L4 Gripper length, mm
e Euler’s formula base of the natural logarithm
i Imaginary unit
θ2 Crank angle, radians
θ3 Connecting rod angle, radians
θ4 Gripper angle, radians
∆θ Cam rotational angle, radians
XA1 Gripper x-axis coordinates
YA1 Gripper y-axis coordinates

.
L2 Crank velocity, mm/s (convert to m/s)

.
L3 Connecting rod velocity, mm/s (convert to m/s)

.
L4 Gripper y-axis velocity, mm/s (convert to m/s)
ω2 Crank angular velocity, rad/s
ω3 Connecting rod angular velocity, rad/s

VOA Gripper x-axis velocity, mm/s (convert to m/s)
..

L2 Crank acceleration, mm/s2 (convert to m/s2)
..

L3 Connecting rod acceleration, mm/s2 (convert to m/s2)
..

L4 Gripper y-axis acceleration, mm/s2 (convert to m/s2)
α2 Crank angular acceleration, rad/s2

α3 Connecting rod angular acceleration, rad/s2

α Gripper x-axis acceleration, mm/s2 (convert to m/s2)

2.2.1. Variables of Picking Device for Optimization of the Design

The relation between the working space and the dimension of the picking device could be
demonstrated by the reflecting factor (δ). If the reflecting factor of the picking device is too small, the
distance between the picking stand and seedling tray would be larger than the length of the picking
stand. By contrast, if δ is too large, the operating performance will eventually decline [29]. The relation
between the device dimension and reflecting factor can be described by Equation (1).

1 ≤ δ =
b

2(η+ L5)
≤ δmax (1)

The angle (azimuth) for the seedling tray was considered to be the main factor in a successful
pick-and-place operation [32]. For kinematic analysis, the length of the picking stand and manipulator
were considered to be in the 250- to 500-mm range at 5-mm intervals because in this range, the 90◦

azimuth angle was ensured. In the 250- to 500-mm range and considering the reflecting factor,
13 combinations were selected to satisfy the working space requirements of this picking device (Table 2).
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Table 2. Selected feasible length combinations of picking stand and manipulation.

Combination Manipulator, mm Picking Stand Length, mm Manipulator Movement Angle (∆θ), ◦

1 350 250 33.64
2 350 300 36.29
3 380 250 27.21
4 380 300 28.46
5 380 350 30.01
6 410 250 26.92
7 410 300 24.67
8 410 350 24.89
9 410 350 22.92

10 440 300 23.56
11 440 250 26.42
12 440 400 25.62
13 480 450 22.38

2.2.2. Position and Trajectory Evaluation of the Gripper with Vector-Loop Modeling

The gripper position was controlled by different link operations such as rotation of the crank and
connecting rod, and movement of the manipulator with respect to time. Figure 3 shows the timing
profile of the device from pick to drop for seedling transfer. The circles 1, 2, and 3 represent the cam
profile, crank profile, and gear shaft, respectively.Agriculture 2020, 10, x FOR PEER REVIEW 7 of 18 
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The gripper position for the y-axis movement is controlled by a vector-loop model and a slider-crank
mechanism with three bars (L2, L3, and L4) [36,37]. The vector loop of the picking device can be
expressed as Equation (2).

L2eiθ2 + L3eiθ3 − L4eiθ4 = 0 (2)

The gripper (L4) moves upward and downward. Because it is fully translated; θ4 = 0.

L2eiθ2 + L3eiθ3 − L4 = 0 (3)

In the vector-loop equation, there is a real and imaginary part as shown below.

L2(cosθ2 + i sin θ2) + L3(cos θ3 + i sin θ3) − L4 = 0 (4)

From Equation (4), the real and imaginary parts can be extracted as shown in Equations (5) and
(6), respectively.

L2 cos θ2 + L3 cosθ3 − L4 = 0 (5)
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L2 sinθ2 + L3 sinθ3 = 0 (6)

The position of the connecting rod and gripper is determined by calculating θ3 and L4. The angle
∆θ determines the position of L5. The position of the required path of the x-axis can be determined by
Equations (7) and (8).

XA1 = L5cos (∆θ) (7)

YA1 = L5 sin (∆θ) (8)

2.2.3. Velocity of the Gripper with Vector-Loop Modeling

The gripper y-axis velocity can be found by taking the time derivative of Equation (2).

(
.

L2 + iL2ω2)eiθ2 + (
.

L3 + iL3ω3)eiθ3 −
.

L4 = 0 (9)

In this mechanism, the L2 and L3 bars are fixed on one side; therefore,
.

L2 =
.

L3 = 0.

iL2ω2eiθ2 + iL3ω3eiθ3 −
.

L4 = 0 (10)

From Equation (10), the real and imaginary parts can be extracted as in Equations (11) and
(12), respectively.

− L2ω2 sinθ2 − L3ω3 sinθ3 −
.

L4 = 0 (11)

L2ω2 cos θ2 + L3ω3 cosθ3 = 0 (12)

The gripper velocity is determined by calculating Equations (11) and (12). The gripper x-axis
velocity could be determined by the position of the L5 bar.

VOA =
d∆θ
dt

→

L5 (13)

2.2.4. Acceleration of the Gripper with Vector-Loop Modeling

The acceleration of the gripper y-axis movement can be determined by taking the time derivative
of Equation (10).

(
..

L2 + i
.

L2ω2 + iL2α2 − L2ω
2
2)e

iθ2 + (
..

L3 + i
.

L3ω3 + iL3α3 − L2ω
2
3)e

iθ3 −
..

L4 = 0 (14)

In this mechanism, the L2 and L3 bars are fixed on one side; therefore,
.

L2 =
.

L3 =
..

L2 =
..

L3 = 0.
From Equations (15) and (16), the real and imaginary part yields,

− L2α2 sinθ2 − L2ω
2
2 cosθ2 − L3α3 sinθ3 − L3ω

2
3 cosθ3 −

..
L4 = 0 (15)

L2α2 cosθ2 − L2ω
2
2 sinθ2 − L3α3 cosθ3 − L3ω

2
3 sinθ3 = 0 (16)

The connecting rod angular acceleration and gripper acceleration are found by calculating
Equations (15) and (16). The gripper acceleration of the x-axis depends upon the point A. The gripper
x-axis acceleration can be found by taking the time derivative of the Equation (13). Table 3 indicates
the picking device components and describes the activity of each component to explain the
vector-loop model.

a =

(
dV
dt
×
→

L5

)
+

(
dθ
dt
×

(
dθ
dt
×
→

L5

))
(17)
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Table 3. Picking device components for vector-loop modeling.

Component Range Activity

Picking stand, L1 250 to 500 mm Determines the working space
Manipulator, L5 250 to 500 mm Moves the grippers

Crank, L2 Depend on L5 Moves the seedling in the y-axis
Connecting rod, L3 Depend on L5 Moves the seedling in the y-axis

Gripper, L4 Depend on L5 Pick or drop the seedling
Cam and follower, e 25.5 mm Moves the seedling in the x-axis
Gear and gear shaft 30 to 90 rpm Run the cam and crank

2.2.5. Simulation with Virtual Model

The three-dimensional model was constructed for this investigation using a commercial
computer-aided design software (SOLIDWORKS, Dassault Systemes SolidWorks Corp., Waltham, MA,
USA). The software was used to evaluate the effects of gripper kinematic characteristics (position,
velocity, and acceleration). The simulation could validate the vector-loop analysis result, design of the
mechanism, and the trajectory that meets the seedling transfer requirements. The simulation assumed
that the cover and other parts of the picking device made of the cast alloy steel and gear set made of
the SCM 420H carbon steel.

2.2.6. Experiment with a Prototype

In order to validate the results from the kinematic analysis, a picking device prototype was
fabricated and tested to determine the effect of the position of the working trajectory, velocity,
and acceleration. A test bench was fabricated to run the prototype with a bevel gear transmission
system. The picking device was synchronized with the motor driveline so that the motor could operate
the picking device at the desired operating speed. A chain transmission system was also synchronized
with the motor and driveline. A three-phase electric motor was used to provide the power to operate
the picking device under different operating conditions (gearbox speed). The rated power was 1.5 kW,
rated speed was 3500 rpm, and frequency was 60 Hz. An inverter (SV-iG5A; LS Electric Co. Ltd.,
Anyang, Republic of Korea) with an on/off switch was configured to control the motor’s speed. Its rated
power is 1.5 kW, and the rated voltage for the three-phase is 200 V. In order to obtain a suitable design
structure for this mechanism, the primary considerations and variables in the simulated and measured
are illustrated in Table 4.

Table 4. Parameters of the picking device components to validate the kinematic analysis results.

Component Parameter

Simulated Measured

Picking stand, L1 250 mm 250 mm
Manipulator, L5 380 mm 380 mm

Gear and gear shaft 60 rpm 60 rpm

In order to determine the power consumption of the picking operation, a torque sensor (TRS605;
FUTEK Advanced Sensor Technology, Inc., Irvine, CA, USA) was installed in the power driveline
between the motor and the picking device. A triaxial acceleration sensor (model: SEN041F;
PCB Piezotronics, Inc., NY, USA) was employed at the end of the gripper to evaluate the acceleration
and velocity. A data acquisition device (NI 6212; National Instruments Corp., Austin, TX, USA), and a
software program (LabVIEW; National Instruments Corp., Austin, TX, USA) were used to acquire the
sensor signal data. Figure 4a shows the fabrication and instrument setup of the validation test bench
with a prototype device for velocity, acceleration, and power measurement. The torque sensor data
were smoothed by using the moving average method based on 20-point symmetric [38]. The noise of
the acceleration sensor data was filtered by applying fast Fourier transform and inverse fast Fourier
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transform methods [39]. The velocity of the gripper was derived by integrating the acceleration
sensor data with time. Simulated and measured data were statistically analyzed using analysis of
variance according to Tukey’s one-way comparisons (p ≤ 0.05). The velocity and acceleration data
were averaged, and expressed as means and standard deviations to obtain the significant difference.
For the measurement, the experiment was repeated five times, and the velocity, acceleration, and power
requirement data were recorded separately for each experiment. A smartphone was also installed to
record the slow-motion video (720 p HD at 240 fps) of the picking device motion for measuring the
working trajectory [39,40]. The picking device trajectory was evaluated using the open-source tracking
software Kinovea [40,41] and compared with the simulation result. Figure 4b shows the fabrication
and instrument setup for the trajectory evaluation.Agriculture 2020, 10, x FOR PEER REVIEW 10 of 18 
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3. Results and Discussion

3.1. Position and Trajectory of the Gripper

Based on the position analysis, the gripper y-axis movement was controlled by the connecting rod
(L3 bar), and the x-axis movement depended on the length of the picking stand (L1 bar). To enable the
volume of the picking device for stable operation, the ratio (reflecting factor, δ) between the picking
working space and dimensions should be considered within a reasonable range. Therefore, it is
recommended that δ = 1.1 to 1.2 [29]. The position analysis result shows that the 380-mm manipulator
and the 250- to 350-mm range for the picking stand were acceptable combinations to maintain the
recommended reflecting factor. The position analysis is based on the various dimensions (combination)
used in Table 2, as presented in Table 5.
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Table 5. Position analysis results based on the various dimensions of the picking device bars.

Combination Gripper y-Axis Movement, mm Reflecting Factor, δ

1 94.73 1.26
2 80.44 1.26
3 117.09 1.17
4 117.68 1.17
5 118.41 1.17
6 140.79 1.08
7 139.59 1.08
8 139.71 1.08
9 154.08 1.08
10 154.45 1.01
11 79.45 1.01
12 155.64 1.01
13 193.13 0.93

Previous researchers such as Han et al. [42] found that the seedling y-axis movement of 70
to 140-mm is suitable for extraction, and Hu et al. [29] fixed the y-axis movement of 120-mm for
a successful picking operation. The 380-mm manipulator and 250- to 350-mm picking stand only
maintained the recommended operational height condition. Among them, 380-mm manipulator and
350-mm picking stand combination was maintained at the maximum recommended (118.41-mm) y-axis
movement and selected for further analysis (simulated and measured).

The working trajectory of the picking mechanism extracted from the high-speed photography
test provided a trajectory similar to the simulated one. This paper proposed a ‘sickle’ type trajectory
curves to achieve high efficiency and low loss of seedling dropping [15]. The y-axis movement was
found to be 118.41 mm for kinematic analysis. In the simulation and experimental analysis, the y-axis
movement was 118.41-mm, and the pick (A) and drop (D) position were in the same coordinate, as
shown in Figure 5. However, there was a small difference in the trajectory path compared to the
simulation. The difference between the two trajectory paths may occur due to the additional vibration
under working conditions [39,43].
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one complete picking cycle.

3.2. Motion Evaluation of the Gripper Using Velocity Analysis

The velocity of the gripper for different rpm and length combinations is shown in Figure 6.
The velocity range of the gripper in the x- and y-axes were from 0.40 to 1.10 m/s and from 0.50 to
2.20 m/s, respectively, for gear operating speeds ranging from 30 to 90 rpm (75 to 225 plants/min).
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According to Hu et al. [29], the gripper’s maximum velocity in the x- and y-axes were 4.1 and 2.0
m/s, respectively, for the operation of the 1.08 s (55 plants/min). Choi et al. [23] simulated a seedling
picking mechanism and found velocity levels of 0.40 and 1.40 m/s for two-axis gripper movement with
a 30 plants/min of seedling transfer capacity, and a success rate of 97% in seedling pick-up. The gripper
velocity is also dependent on the y-axis movement (operational height). Han et al. [42] investigated
seedling velocity of 1.2 to 2.1 m/s for an operational height of 70 to 140 mm. In the manipulator range:
380 mm and picking stand range: 250 to 350 mm, the gripper was maintained 0.60 m/s to 1.23 m/s
velocity for transferring the seedling at 117 to 118 mm in 60 rpm operating condition. Based on the
velocity analysis, the gripper velocity was lower than the results of previous research. In this study,
the picking device was designed as five grippers to transfer the five seedlings simultaneously, and it
would reduce the operational time and velocity. This low velocity would transfer the seedling more
accurately and safely [42].
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Figure 6. Maximum velocity values of the gripper for different length combinations and operating speeds.

Among the manipulator length (380 mm) and picking stand length range (250 to 350 mm),
combination no. 5 (Table 4) was used to validate the gripper velocity. The simulated and measured
were conducted at 60 rpm, and one complete cycle of picking mechanism (2 s) was performed.
Figure 7 shows grippers simulated and measured velocity curves in the x-, y-, and z-axis directions
for one complete picking cycle. The highest velocity for simulation of the y- and x-axes were found
to be 1.27 and 0.62 m/s, respectively. During the measurement, the highest velocity for the y and x
axes were found to be 1.54 m/s and 0.94 m/s, respectively. There was no velocity in the z-axis during
simulation owing to the rotational speed of the electric motor of the test bench and the friction of metal
in the picking device. This speed and friction of the metal also induced some velocity in the z-axis.
The highest velocity was 0.13 m/s for the z-axis. During the simulation and measurement, the velocity
levels were statistically the same (p ≤ 0.05) for both the axes. The maximum average velocity was
recorded as 0.32 m/s for the x-axis under the measurement condition, whereas the minimum average
velocity (0.18 m/s) was shown for the y-axis in the simulation condition (Table 6).
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Figure 7. Simulated and measured velocity curves for the gripper in the x-, y-, and z-axis directions for
one complete picking cycle.

Table 6. Comparison of simulated and measured average velocity of the gripper.

Axis Simulated Velocity, m/s Measured Velocity, m/s

x-axis 0.28 ± 0.29 a 0.32 ± 0.34 a

y-axis 0.18 ± 0.28 a 0.29 ± 0.32 a

a Identified the statistical differences among gripper simulated and measured velocity, according to Tukey’s one-way
comparisons (p ≤ 0.05).

3.3. Motion Evaluation of the Gripper Using Acceleration Analysis

The gripper should run in a minimum acceleration range because the seedling is very force
sensitive, and high acceleration may induce high force, which may cause root damage or drop the
seedling. The allowable gripper acceleration range can maintain safe seedling motion requirements [42].
The gripper acceleration for different length combinations and operating speed conditions are shown
in Figure 8. The result shows the acceleration range of the gripper in y and x axes were from 1.33 to
23.74 m/s2 and from 2.42 to 6.14 m/s2, respectively. In the manipulator range: 380 mm and picking
stand range: 250 to 350 mm had comparatively less difference in acceleration between the x and
y-axis for 60 rpm condition. In this study, pepper seedlings of age 45 days and an average height
of 122 mm were considered for designing the seedling transplantation. Han et al. [42] evaluated a
tomato seedling picking device with a plant height ranging from 110 to 130 mm for 42-day seedlings,
and found the maximum acceleration of the gripper in the x- and y-axis as 103.80 and 86.90 m/s2,
respectively, and the success ratio in picking up the seedlings as 90% by analyzing the number of
damaged seedlings. Based on the acceleration analysis, the gripper acceleration was lower than the
previous research results.
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In Figure 9, the simulated and measured acceleration curves of the gripper along the x-, y-,
and z-axis directions for one complete picking cycle are depicted. For the simulation and measurement,
the operational time was also the same as the velocity analysis. The highest positive acceleration for the
simulation of y and x axes were 7.21 and 3.53 m/s2, respectively. During the measurement, the highest
accelerations for the y- and x-axes were 8.77 and 5.34 m/s2, respectively. There was no acceleration in
the z-axis in the simulation, but the same region of velocity analysis (rotational speed of the motor and
the friction of metal) induced some acceleration in the z-axis. The highest acceleration for the z-axis
was 1.12 m/s2. During the simulation and experiment, the acceleration levels were statistically the
same (p ≤ 0.05) for the two axes. The maximum average acceleration was recorded as 1.82 m/s2 for the
x-axis in the experimental condition, whereas the minimum average velocity (1.03 m/s2) was shown
for the y-axis in the simulation condition (Table 7).
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Figure 9. Simulated and measured acceleration curves of the gripper in the x-, y-, and z-axis directions
for one complete picking cycle.

Table 7. Comparison of simulated and measured average acceleration of the gripper.

Axis Simulated Acceleration, m/s2 Measured Acceleration, m/s2

x-axis 1.60 ± 1.68 a 1.82 ± 1.96 a

y-axis 1.03 ± 1.60 a 1.68 ± 1.86 a

a Identified statistical differences among gripper simulated and measured acceleration, according to Tukey’s one-way
comparisons (p ≤ 0.05).

The power consumption of the picking device depends on the acceleration of the grippers.
The simulation and measurement were conducted at 60 rpm to check the power consumption.
Figure 10 shows the power consumption of the picking mechanism. The required power level of the
picking device for simulated and measured was found to be 16.14 W and 18.59 W, respectively.
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Figure 10. Simulated and measured power consumption of the picking device at 60 rpm condition.

In addition, the experiment with a prototype was carried out for speeds ranging from 30 to 90 rpm
at 10 rpm intervals to check the power consumption for the different conditions. Figure 11 shows the
power consumption of the picking device under different speed conditions. The measured power on
the picking device showed regular fluctuation patterns during the operation. The power at 30 rpm
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was approximately five times lower than that at 90 rpm. The average power consumption on the
picking device of 30, 40, 50, 60, 70, 80, and 90 rpm were 0.30, 0.80, 1.08, 1.80, 1.27, 2.73, and 2.48 W,
respectively. Therefore, the power consumption on the picking device increased when the speed of
the device increased. Table 8 shows the average power consumption for all the speed conditions.
According to Table 8, the power of the picking device was significantly different (p ≤ 0.05). The speed
conditions were divided into three levels: low (30 and 40 rpm), middle (50, 60, and 70 rpm), and high
(80 and 90 rpm) to describe the significant differences. Here, no statistical difference was observed
between the speeds of at one level, but significant differences were observed between the other levels.
The power is directly proportional to acceleration, and the result indicates that, for 10 rpm increments,
the acceleration must be increased by, on an average, 66 ± 1.23% m/s2.
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Table 8. Results of power consumption according to speed condition.

Parameter
Power Requirement, W

30 rpm 40 rpm 50 rpm 60 rpm 70 rpm 80 rpm 90 rpm

Min. 0.01 0.01 0.19 0.20 0.21 0.25 0.29
Avg. 0.30 ± 0.63 a 0.80 ± 0.92 a 1.08 ± 1.33 b 1.80 ± 2.06 b 1.27 ± 2.43 b 2.73 ± 3.32 c 2.48 ± 4.31 c

Max. 7.59 10.41 13.06 19.38 22.91 28.70 34.42
a,b,c Identified the statistical differences among different speed conditions according to Tukey’s one-way
comparisons (p ≤ 0.05).

4. Conclusions

In this study, a set of suitable manipulator and picking stand dimensions were evaluated according
to the workspace of the picking operation and azimuth angle of the seedling tray. The picking device
under development was designed to enable the grippers for extracting the pepper seedlings from
the azimuth 90◦ seedling tray and transferred them onto a conveying device. In order to obtain
the results of the kinematic analysis, the gripper position, velocity, and acceleration were affected
by the different dimensions of the picking device. In addition, the connecting rod position (L3 bar),
reflecting factor (δ), and gripper movement (∆θ) were taken into consideration when designing the
dimensions. The simulation and experimental results indicated that the developed picking device can
transfer five seedlings at a time under a 60 rpm (150 plants/min) operating condition with minimum
velocity and acceleration. This low velocity and acceleration could contribute to a more successful
picking operation by decreasing pepper seedling damage. In the field test, 18.59 W power was required
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for operating the picking mechanism of a low-powered automatic pepper transplanter. The outcomes
of this study provide the guidelines for developing a small-scale automatic transplanting mechanism
to achieve more accurate pepper seedling transplantation.
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