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Simulation Design of a Tomato Picking Manipulator
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Abstract: Simulation is an important way to verify the feasibility of design parameters and schemes for robots. Through simulation, this paper analyzes the effectiveness of
the design parameters selected for a tomato picking manipulator, and verifies the rationality of the manipulator in motion planning for tomato picking. Firstly, the basic
parameters and workspace of the manipulator were determined based on the environment of a tomato greenhouse; the workspace of the lightweight manipulator was proved
as suitable for the picking operation through MATLAB simulation. Next, the maximum theoretical torque of each joint of the manipulator was solved through analysis, the
joint motors were selected reasonably, and SolidWorks simulation was performed to demonstrate the rationality of the material selected for the manipulator and the strength
design of the joint connectors. After that, the trajectory control requirements of the manipulator in picking operation were determined in view of the operation environment,
and the feasibility of trajectory planning was confirmed with MATLAB. Finally, a motion control system was designed for the manipulator, according to the end trajectory
control requirements, followed by the manufacturing of a prototype. The prototype experiment shows that the proposed lightweight tomato picking manipulator boasts good
kinematics performance, and basically meets the requirements of tomato picking operation: the manipulator takes an average of 21 s to pick a tomato, and achieves a

success rate of 78.67%.
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1 INTRODUCTION

Automated picking improves work efficiency and
reduces labor intensity, marking an important trend in
agricultural automation [1-3]. With an annual output of
over 60 million tons of tomatoes [4], China needs a large
number of automated tomato picking devices [5]. At
present, some scholars have carried out some researches on
the simulation design of picking manipulator. Xu Lijia et
al. [6] from Sichuan Agricultural University carried out
simulation analysis on the working space and trajectory
planning of citrus picking manipulator, which provided
theoretical support for the subsequent research on citrus
picking manipulator. However, most of the current picking
robots use industrial manipulators, or simply modified
ones [7]. For example, Kondo et al. [8] designed a tomato
picking robot with a Mitsubishi RH-6SH5520 industrial
manipulator; despite its fast picking speed, their robot has
a low success rate (about 50%), a high cost, a heavy mass,
and a large size. Chiu et al. [9] from National Ilan
University developed a tomato picking robot, which
integrates a Mitsubishi 5 - degrees of freedom (DOF)
articulated manipulator with a scissor-type lifting mobile
chassis; but the manipulator is too large, and the robot is as
heavy as 219 kg. Zhao et al. [10] from Shanghai Jiaotong
University created a double-arm tomato harvesting robot,
which is complex to control with two 3DOF prismatic-
revolute-revolute (PRR) manipulators. Chen et al. [11]
from the University of Tokyo proposed a human-based
double-arm tomato picking robot, in which each arm has
7DOFs; the robot cannot complete the picking operation
without being instructed by the operator. To sum up,
tomato picking robots designed based on industrial
manipulators are generally large, heavy, costly, and
complicated in control. Nevertheless, if simple and
lightweight picking manipulators are designed following
the idea of industrial manipulators, the operation accuracy
and stability might be reduced, making the picking
operation inefficient [12-13]. Therefore, the development
of lightweight picking manipulators through simulation
design is very meaningful for automated picking.

Aiming at the problems of large inertia and high cost

of the traditional picking manipulator, this paper adopts
lightweight materials and completes the lightweight design
of the tomato picking manipulator through simulation.
Through MATLAB simulation, this paper verifies the
rationality of the selected workspace of our lightweight
manipulator for tomato picking, and the selected lengths
for the arm rods, and proves the feasibility of the end
trajectory planning. Then, SolidWorks was adopted to
prove the reasonability of the material and shape design for
arm rods. The main contents include the system
construction of the lightweight tomato picking
manipulator, the kinematic analysis and the simulation
verification of the workspace, the joint force analysis and
the stress-strain simulation analysis, as well as the motion
trajectory planning and simulation of the end of the
manipulator. Based on the simulation results, a prototype
was made, and subject to experiment, aiming to verify the
simulation results.

2 WORKSPACE SIMULATION ANALYSIS
2.1 Theoretical Analysis

Fig. 1 shows the planting environment of a tomato
greenhouse in Shaanxi, China. In the greenhouse, the root
system of tomatoes is 36 cm deep, plant spacing is 26 - 82
cm, plant height is 45 - 145 cm, and plant thickness is 36
cm; the ridges are 36 cm tall, 36 cm wide, and 80 cm apart
from each other; the fruits are harvested at the height of 16
- 142 cm.

Figure 1 Evironment of the tomato greenhouse
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Based on these parameters, a work plan was prepared
for the tomato picking robot (Fig. 2): the robot chassis
travels along the ridge road, and stops at the picking
position; the platform height is adjusted according to the
growth condition of the tomatoes; the spatial coordinates
of the target fruit are obtained through machine vision;
then, the manipulator is driven to pick the fruit.

Based on the contents of Fig. 1 and Fig. 2, a 6DOF
manipulator (Fig. 3) was selected for tomato picking [14].
The Denavit-Hartenberg (D-H) method was chosen to
build up the coordinate system for the manipulator. The
fixed base of the manipulator was defined as rod 0; the first
rotatable rod was defined as rod 1; the other rods were
numbered similarly in turn. The manipulator consists of six
revolving joints.

Among them, the waist joint, shoulder joint, and elbow
joint help to position the end of the manipulator, and the
wrist pitch joint, wrist yaw joint, and wrist roll joint help to

az

determine the pose of that end. The manipulator adopts the
2 - 1 - 3 configuration, and the 6 revolving joints were
arranged in the form of R LR [RIIR L R L R.

1. Chassis; 2. Lifting device; 3. Manipulator; 4. Tomato plant
Figure 2 Mechanical principle of the picking robot

Y2

X2

1 - Waist joint, 2 - Shoulder joint, 3 - Elbow joint, 4 - Wrist pitch joint, 5 - Wrist yaw joint, 6 - Wrist roll joint
Figure 3 Manipulator configuration

In order to facilitate the kinematics analysis of the
manipulator and determine the terminal attitude in practical
operation, to facilitate the kinematic analysis and
determine the pose of that end in the actual operation,
orthogonal non-spherical structures were selected for the
three wrist joints of the manipulator. In actual situations,
the workspace of the manipulator mainly depends on the
parameters of the upper and lower arms. Therefore, the
structural parameters of the picking manipulator need to be
designed according to the geometric size and motion range
of the waist, upper arm, and lower arm. Let d; be the base
height of the manipulator; a, be the length of the upper arm;
a3 be the length of the lower arm; 6, €(a1, az) be the range
of the revolution angle at the waist; 6,€(f1, f>) be the range
of the revolution angle at the upper arm; 63(yi, y2) be the
range of the revolution angle of the lower arm. Fig. 4 shows
the workspace determined by the main rod, where the
rectangle A refers to the workspace of the manipulator. The
value of A is determined through the following steps:

(1) The upper arm is fixed at the left limit position, and
the lower arm rotates from the upper limit position to the
lower limit position, forming an arc Si;

(2) The upper arm is fixed at the right limit position,
and the lower arm rotates from the upper limit position to
the lower limit position, forming an arc S;

(3) The lower arm is fixed at the lower limit position,
and the upper arm rotates from the left limit position to the
right limit position, forming an arc S3;

(4) The lower arm is fixed at the upper limit position,

and the upper arm rotates from the left limit position to the
right limit position, forming an arc Ss;

(5) The lower arm is set in a position parallel to the
upper arm, and the upper arm rotates from the left limit
position to the right limit position, forming an arc Ss;

(6) The area enclosed by the inscribed rectangle A in
Fig. 4 is determined as the actual maximum workspace,
according to the growth features of tomato plants and the
growth interval of mature tomatoes.

3cm

z S
Sy Sz
145cm|126¢n{ (ad (c.d)
S NSs ’
=
I P 2 < N _\@ab c,b)
5
lécr X
-—v__v__ __ _ O __ __ _ __

Figure 4 Determining workspace based on the main rod

Assuming that each joint of the picking manipulator
rotates to 180°, the maximum theoretical workspace of the
picking robot could be determined as a round crown area
(Fig. 5) by rotating the base joints. As mentioned before,
the plant thickness is 36 cm; the ridges are 80 cm apart
from each other; the fruits are harvested at the height of 16
- 142 cm. To enable the robot to plan a continuous and
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efficient picking trajectory, the actual working area of the
robot is illustrated as the orange cuboid in Fig. 5. Then, a
Cartesian coordinate system was established, with the
center O of the manipulator base as the origin, the
advancing direction of the robot as the Y axis, the vertical
upward direction as the Z axis, and the direction
perpendicular to the ridge as the X axis (as per the right-
hand rule). To pick tomatoes, the robot needs to walk along
the centerline of the ridge. The workspace of the
manipulator must cover half of the plant profile in the X
direction. Limited by ridge spacing and plant thickness, it
can be seen that the cuboid workspace was set as 18 cm
long in the X direction, that is, from the origin to the
effective workspace, the distance is between 22 ¢cm and 40
cm. half the ridge distance (40 ¢cm) in the Y direction, and
40 cm in the Z direction. Thus, the workspace size of the
picking manipulator was designed as b x w x h =18 cm X
40 cm x 40 cm.

| 22cm
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Figure 5 Workspace of our manipulator in the tomato greenhouse
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Figure 6 Simplified workspace

Based on Fig. 4 and Fig. 5, the workspace of the
picking manipulator can be simplified as shown in Fig. 6.
The above workspace can be obtained, as long as the

. . . w
revolution angle at the waist satisfies 6, > 2arctan(2—j
X

on the XOY plane, that is, 6, > 84,55°. Considering the
working environment, the relevant parameters were
selected as: the height of the base column d; = 96 mm, the
revolution angle at the waist 8, €(—80°, 80°), the revolution
angle at the upper arm 6,€(50°, 130°), the revolution angle
of the lower arm #5e(—50°, 130°), the distance from the

center point of the lower arm rod to that of the wrist yaw
joint ds = 78 mm, and the distance from the center point of
the wrist pitch joint to that of the wrist roll joint ds = 202
mm. From the theory on manipulator structure [15], the
manipulator has the best operability and obstacle-
avoidance ability, when the upper arm is equal to the lower
arm in length, i.e., a> = as. Therefore, when a, = a3 = 244
mm, the revolution angle of the wrist pitch joint 84(—80°,
80°), and the revolution angle of the wrist yaw joint
0se(—80°, 80°), the end effector can be adjusted in a large
range to better envelop the fruit; when the revolution angle
of the wrist roll joint 8se(—80°, 80°), the pose of the
manipulator can be adjusted flexibility, and the tomato fruit
can be separated from the stem by rotation action.

From the above theoretical analysis, the D-H
parameters of the manipulator were obtained as in Tab. 1.

Table 1 D-H parameters of the manipulator

Rods a; o;/° d; 6;/° g/°
1 0 90 d, 6, —80~ 80
2 a; 0 0 0, 50~ 130
3 az 0 0 6; —50~130
4 0 90 dy 04 —80~ 80
5 0 -90 ds 0Os —80~80
6 0 0 ds Os —80~ 80

2.2 Simulation Verification

The positive kinematics equation of the manipulator
can be established as:

n OX a)C px

n, o, a, p,
0_ 40 1 42 3 4 5 _|"Y y Y Yy
A= AL A A AL A =

n, o0, a, p;

0o 0 0 1
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and

N, = cq (5155 +€165Ca34 ) = €1865234
n, =¢e (51050234 — G185 ) 1565234
N, =Cs5CSy34 +56Co34

0, =86 (C5€1C234 + 5155 )~ CC15234
0, =—5¢ (CSCIC -85 ) —C6C15234
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@, = —85C5Cy34 +CsS) 6]
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According to the tomato growth features and the
picking plan, the robot chassis moves back and forth, and
the support moves up and down, such that the workspace
of the manipulator covers the tomato growth space. Based
on the selected parameters of the manipulator, the Monte-
Carlo method [16-17] was adopted to analyze the
workspace of the manipulator as per the kinematic
parameters. In essence, the workspace analysis aims to
solve the coordinates of the end of the manipulator by the
positive kinematics equation, after sufficient revolution
angles were chosen from different joints. The resulting

point set is the workspace. Relative to the base coordinate
system 0, the end point of the manipulator can be expressed
as:

X 0] | ullssmaa +dasy +ds (55 —Ci85¢234 ) +61020 + 30
0
Yi_g0 0 _| sidssy4 —cidy —dg (5551‘3234 +Clcs)+02”251 +514003 | (2)
=710 |=
0
z O | dy—dscyzy +,5, + a5y, =55 7ds
1] |1

60 60

40

20

(a)YOZ view

(b)XOZ view

20 40 60 -60 —-40 =20 0 20 40 60

X
(c) XQOY view

Figure 7 Workspace simulation results

Within the revolution angle range of each joint, 10000
values were randomly generated. Next, MATLAB
simulation was carried out to simulate all the possible end
positions. The obtained random values were substituted
into Eq. (2), and 10000 working points were obtained by
solving the positive kinematics equation. Fig. 7 presents
the workspace of the manipulator plotted from the 10,000
working points. From the YOZ, XOZ, and XOY views, it
was learned that the workspace of the manipulator could
cover all the points in the growth space, when 22 cm <x <
40 cm, —20 cm <y <20 cm, and 0 cm <z <40 cm. In this
case, the picking requirements can be satisfied through the
collaboration between the manipulator and the lifting
mobile chassis. Hence, the proposed workspace and rod
lengths of the manipulator are reasonable.

3 FORCE ANALYSIS OF MANIPULATOR
3.1 Theoretical Analysis

From the above configuration of the manipulator, this
paper constructed the force model of the manipulator
during the picking operation (Fig. 8). Then, a coordinate
system was established with the base of the manipulator as
the zero point, the direction of the upper arm as the X axis,
the direction of the shoulder joint as the Y axis, and the
vertical upward direction as the Z axis. When the

manipulator is in a horizontal position, the torque of each
joint reaches the maximum, and the end mass stands at
about 350 g. Each mature tomato weighs is between 100 g
and 500 g. Taking the maximum mass of each tomato as
500 g, then:

m, =350g+500g = 0.850Kg 3)
a Je as Sl s
do do d4 ms ds
m;g my, m
mog myg ¢ o8
z Y ms3g me
O X

Figure 8 Force analysis of manipulator

Note: mo, ma, ms, ms, and me are the mass of
components as motors, reducer, and printed parts, adding
up to about 900 g; m; and ms are the mass of rods on the
manipulator (about 200 g each). Under the acceleration of
gravity g = 9.8 m/s?, the moments of the waist joint,
shoulder joint, elbow joint, and the three wrist joints can be
obtained as:

d d d
T, =(my+m, )g70+ mgd, + m4g74+m5gd4+m6g(d4 —76)+m7g(d4 —dg)=0.6370Nm

d
T, :mlg%+m2ga2 +m3g(a2 +a73j+m4g(a2 +a3)+m5g[a2 +a3+75j+(m6 +m7)g(a2 +a3+d5):21.9836Nm

d
T :m3ga73+m4ga3+m5g(a3+75j+(m6 +m;)g(a;+ds)=10.6251Nm

d
T, = m5g75+(m6 +m;)gds=1.8973Nm

o
I

d
= m6g76+ mygds =2.57348Nm

T :m7gd76: 0.8413Nm

“)
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Motor and reducer are core components of the joints in
the manipulator. Together, the two components guarantee
the stable operation of the manipulator. Common motors
include alternative current (AC) motors, stepper motors,
and direct current (DC) motors. Among them, the AC
motors are not suitable for mobile robots; the stepper
motors cannot feedback current information, albeit their
high control accuracy. Hence, the 24 V DC brushless motor
(42BL50S03-230TR9, Time Chaoqun Technology Co.,
Ltd., Beijing, China) was chosen for all the six joints, with
the 4 pole pairs, a rated speed of 3000 r/min, and a mass of
420 g. The power, rated current, and torque of each joint
motor are given in Tab. 2. The above analysis shows that
the joints are small and subject to a large moment. Thus,
the harmonic reducer (CSF-17-100-2UH, HarmonicDrive
Systems Inc., Tokyo, Japan) was selected for our
manipulator. The parameters of the reducer are provided in
Tab. 3.

Table 2 Parameters of joint motors 42BL50S03-230TR9

Position Rated current | Rated power | Rated torque
Waist joint 23A 30W 0.1 Nm
Shoulder joint 30A 90 W 0.3 Nm
Elbow joint 42 A 60 W 0.2 Nm
Three wrist joints 23A 30W 0.1 Nm

Table 3 Parameters of harmonic reducer 3 CSF-17-100-2UH

Maximum
Allowable allowable Reduction
Parameter . X Mass
torque instantaneous ratio
torque
Value 4 Nm 8 Nm 100 420 g

3.2 Simulation Verification of Joint Stress

Through the above analysis, the three-dimensional
(3D) model of the lightweight robotic tomato picker was
designed on SolidWorks (Fig. 9). Carbon fiber was initially
taken as the material for the rods of the manipulator. The
polylactide (PLA) material was selected for the joint
connectors, including the L - shaped connector, disc-
shaped connector, and cylindrical connector. The tensile
strength of PLA material is 61.5 Mpa.

ﬁ;‘_

1 - Disc-shaped connector; 2 - Lower arm carbon fiber tube; 3 - Cylindrical
connector; 4 - Wrist yaw joint; 5 - L - shaped connector; 6 - Wrist pitch joint; 7 -
Wrist roll joint; 8 - End clamp
Figure 9 3D model of the lightweight tomato picking manipulator

The waist joint of the manipulator is mainly composed
of the waist joint motor, an L - shaped connector, and a

base. The lower arm consists of a disc-shaped connector,
an L - shaped connector, a wrist roll joint, a lower arm
carbon fiber tube, and a cylindrical connector. The upper
arm is assembly by the same principle as the lower arm.
The wrist of the manipulator encompasses a wrist pitch
joint, an L - shaped joint connector, a wrist yaw joint, a
wrist roll joint, and an end clamp. The wrist pitch joint and
the L - shaped joint connector are fixedly connected by
screws; the end clamp is directly connected to the flange of
the output end of the harmonic reducer; the wrist pitch joint
and the wrist yaw joint are connected perpendicularly to
each other; the wrist yaw joint and the wrist roll joint are
connected perpendicularly to each other; the three wrist
joints adopt the orthogonal non-spherical structures.

All the six joints of the manipulator have an L - shaped
connector; the fixed surface lies at the position linked with
the disc-shaped connector, and the force-bearing surface
lies at the position linked with the cylindrical connector.
The disc-shaped connector and the cylindrical connector
connect the rods and the joints. For the disc-shaped
connector, the fixed surface lies at the position linked with
the L - shaped connector, and the force-bearing surface lies
at the position linked with the flange of the reducer. For the
cylindrical connector, the fixed surface lies at the position
linked with the carbon fiber tube, and the force-bearing
surface lies at the position linked with the L - shaped
connector.
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Figure 10 Stress and strain of L - shaped connector
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(c)Stress map of cylindrical connector (d)Strain map of cylindrical connector
Figure 11 Stress and strain of disc-shaped and cylindrical connectors

The three-dimensional model of the L - shaped
connector is established in SolidWorks, and the stress and
strain of the L - shaped connector is simulated by the
Simulation finite element plug-in. The connector material
is PLA, and a fixed position is added where the part is
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connected to the disc-shaped connector. The solid mesh
was divided based on curvature, and the Jacobian number
was chosen as 4. If the torque applied to the L - shaped
connector is 22 Nm, the stress and strain of the L - shaped
connector could be obtained by the Simulation finite-
element plug-in. As shown in Fig. 10, the maximum stress
and maximum strain of the L - shaped connector were
43.02 MPa, and 0.01813, respectively. The stress and strain
of the L - shaped connector were below the tensile strength
of the PLA material.

Under the torques of 12 Nm and 22 Nm, the stress and
strain of the disc-shaped connector and the cylindrical
connector could be obtained by the Simulation finite-
element plug-in. As shown in Fig. 11, the maximum stress
and maximum strain of the disc-shaped connector were
36.71 MPa and 0.01448, respectively; the maximum stress
and maximum strain of the cylindrical connector were
33.45 MPa and 0.0002071, respectively. The stress and
strain of both connectors were below the tensile strength of
the PLA material.

4  SIMULATION ANALYSIS OF WORKING TRAJECTORY
4.1 Theoretical Analysis

The tomato picking robot proposed by Kondon et al.
needs 15 s to recognize and pick each tomato. This speed
was adopted as the reference speed. Each picking operation
of the manipulator consists of three actions: the motion
from the initial position to the target tomato, that from the
target tomato to the collection box, and that from the
collection box back to the initial position. Since each action
takes 5 s on average, and the maximum range of joint
motion is 180°, the maximum angular speed of joint
motion could be obtained as wmax = 0.105 rad/s.

In addition, during the picking operation, the speed and
acceleration curves of each joint of the manipulator must
be continuous and smooth. No sudden change in speed and
acceleration is allowed to reduce the impact on the
manipulator and improve the motion stability. Therefore,
the trajectory of the manipulator planned under the
maximum angular speed @ma Of joint motion must
eliminate any sudden change in speed and acceleration.

4.2 Simulation Verification of Working Trajectory

The trajectory of the joint space of our manipulator
was planned through fifth-order polynomial interpolation
[18-19]. The first step is to constrain the joint angle, joint
speed and joint acceleration of the start and end positions.
Let 6(¢) be the joint angle at a moment; # and # be the start
and end moments, respectively; # and #be the start angle
and end angle of the joint, respectively. Then, the
constraints can be designed as:

0(1,)=6,
o(t,)=0,

0(1)=0 (5)
é(t.f ):0
6 (1)=0

a(tf)=0

From the constraints Eq. (3), we have:

0(r)=a, + ajf+ayt’ +a,t° +a,rt vasr’
0(r)=a, + 2a,t +3ayt% +4a 0’ +5a gt 6)

0(t)=2a, + 6ast +12a,¢> +20ast®

Taking the two # adjacent points in a trajectory as the
start and end positions, respectively, the start and end
angular speeds of the joint are defined as vy and vy, and the
start and end angular accelerations of the joint are defined
as ao and ay, respectively. Then, we have:

(7

Substituting Eq. (4) into Eq. (3), the trajectory
planning equation of the fifth-order polynomial
interpolation can be obtained as:

00 =4
H(t) =a,
6(1) = 2a,

200, —206, —(8 0,+12 ngtf +(0f—300jt} =2y

306, —3006, +(140f+1600}_, —[wf—wojr} =2a,t}

~126, +126, —[69,»+690)tf +[9f—enjt} =2ayt]

According to the above analysis, the joint space
trajectory of the manipulator was planned through the fifth-
order polynomial interpolation, based on the robot toolbox
in MATLAB. As shown in Fig. 12a, when the end of the
manipulator moves from the start point A to the end point
B in the workspace, the position curve, speed curve and
acceleration curve of each joint can be described as in Fig.
12b, Fig. 12¢, and Fig. 12d, respectively.

The 3D model designed on SolidWorks was imported
into MATLAB to simulate the manipulator trajectory
under the Cartesian coordinate system. Specifically, a rigid
body tree was set up with the help of the Simscape module
of the Simulink plug-in. Under the Cartesian coordinate
system, a trajectory was planned for the manipulator, and
used to control the motion of the end of the manipulator
from the start point to the end point, along a straight line
(Fig. 13a). The end position and pose variations are shown
in Fig. 13b and Fig. 13c, respectively.
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Figure 12 Simulation results on joint space trajectory planning
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Figure 13 Simulation results of Cartesian space trajectory planning

As shown in Fig. 13, under the joint space trajectory
planning, even when the joint speed @ > @max, the
trajectory planned could eliminate sudden changes in
acceleration. Under the Cartesian space, the trajectory
planned could directly express the position and pose of the
end of the manipulator; but the manipulator was not
controllable, due to the presence of singularities in the
planned trajectory; the computing load was very high [20].
By contrast, the joint space trajectory planning by the fifth-
order polynomial interpolation ensures the stable operation
of the manipulator, and the high flexibility of end
trajectory; the planned trajectory better suits the
complexity of the picking environment, and adapts well to
the previously stated requirements on trajectory control of
robotic picking manipulator. Therefore, it is reasonable to

plan the trajectory of the manipulator through by the fifth-
order polynomial interpolation.

5 EXPERIMENT AND DISCUSSION
5.1 Platform Design

In order to verify the correctness of the simulation
results and confirm that the manipulator can complete the
picking operation a prototype of the proposed tomato
picking manipulator was developed, and applied to pick
real fruits in the lab. The experimental platform is shown
in Fig. 14. Before the experiment, an end effector and a
visual positioning system were installed at the end of the
manipulator, and five mature tomatoes were hung in the
workspace. Then, the manipulator was used to pick each
tomato for 30 times. The number of successful pickings
and mean picking time of each tomato were recorded to
analyze the success rate and speed of tomato picking.

Tomato

Picking paw

Manipul atos Monocular camera

Figure 14 Experienal platform

The control system of the manipulator has 6 groups of
motion units, a motion controller (Battleship V3, Xingyi
Electronic Technology Co., Ltd., Guangzhou, Guangdong,
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China) and an industrial computer. The motion unit is
composed of joint motors, Hall sensor groups, and motor
drivers (AQMD3608BLS, Aikong Electronic Technology
Co., Ltd., Chengdu, Sichuan, China).

The working process of the control system is shown in
Fig. 15. After obtaining the 3D coordinates of a tomato, the
industrial computer performs trajectory planning based on
the Move it toolbox under the Robot Operating System
(ROS) [21] to realize the real-time calculation of the
interpolation points of the manipulator, and outputs the
points to the motion controller. Then, the motion controller
outputs control information to the motor driver of each
joint to control joint revolution, thereby changing the end
pose of the manipulator.

| Acquiring the 3D coordinates of a tomato |

Trajectory planning

| Outputting interpolation points ‘

| Controlling joint revolution |

l Changing end pose of the manipulator |

End reaching the desired pose?

Figure 15 Working process of the control system

5.2 Results and Analysis

Tab. 4 records the results of the picking experiment. It
can be seen that the proposed manipulator consumed 21 s
to pick a tomato, and achieved a success rate of 78.67%.
Thus, the manipulator meets the requirements on the speed
and success rate of tomato picking.

Table 4 Results of picking experiment

Tomato Number of successful | Mean time | Mean success
number pickings /s rate

1 24 20.98

2 21 21.09

3 22 21.56 78.67%

4 27 20.55

5 24 21.12

The mean picking time and mean success rate need to
be further improved by optimizing the control algorithm,
enhancing the stability of visual servo positions, and
streamlining the design of the end effector.

6 CONCLUSIONS

Most tomato picking manipulators are large, heavy,
costly, and highly complex. To solve these defects, this
paper designs a lightweight manipulator for tomato picking
under the greenhouse environment through simulations.
Firstly, the design parameters of the manipulator were
determined according to the working environment, and the
design parameters were proved reasonable through
workspace simulation on MATLAB. Next, based on the

results of force analysis, the authors selected the most
suitable motor for the joints, and verified the rationality of
joint structure through stress and strain analysis, using the
Simulation plug-in of SolidWorks. After that, the
requirements on trajectory control were clarified for the
picking environment and workspace, if the trajectory is
planned under the maximum joint speed. Then, the
trajectory planning was simulated on MATLAB, and the
fifth-order polynomial interpolation was adopted for joint
space trajectory planning. Finally, a prototype was
constructed to physically verify the simulation results. It
was confirmed that the proposed lightweight tomato
picking manipulator is feasible, which takes an average of
21 s to pick a tomato and achieves a mean success rate of
78.67%. To adapt to the actual picking operation, many
aspects of the manipulator need to be improved, to
overcome the limits of time and experimental equipment.
In future, the authors will try to design a flexible end
effector for efficient, nondestructive tomato picking, and
increase the success rate by improving the real-time
obstacle avoidance under complex unknown environment.

Acknowledgements

This research is supported by Shaanxi Key Research
and Development Program of China (2019NY-171,
2019ZDLNY02-04), National Natural Science Foundation
of China (31971805), National Key Research and
Development Program of China (2019YFD1002401), and
Innovative Training Program for College Students of
Northwest A&F  University (No. S202010712178,
S202010712700). The authors are also gratefully to the
reviewers for their helpful comments and suggestions,
which improves the presentation of our research contents.

7 REFERENCES

[1] Zhang, B., Xie, Y., Zhou, J., Wang, K., & Zhang, Z. (2020).
State-of-the-art robotic grippers, grasping and control
strategies, as well as their applications in agricultural robots:
a review. Computers and Electronics in Agriculture, 177,
105694. https://doi.org/10.1016/j.compag.2020.105694

[2] Zhang, Z., Bian, B., & Jiang, Y. (2020). A joint decision-
making approach for tomato picking and distribution
considering postharvest maturity. Agronomy, 10(9), 1330.
https://doi.org/10.3390/agronomy10091330

[3] Septlveda, D., Fernandez, R., Navas, E., Armada, M., &
Gonzalez-De-Santos, P. (2020). Robotic aubergine
harvesting using dual-arm manipulation. /EEE Access, 8,
121889-121904. https://doi.org/10.1109/ACCESS.2020.3006919

[4] Ji, F., Gan, P. D, Liu, N., He, D. X., & Yang, P. (2020).
Effects of LED spectrum and daily light integral on growth
and energy use efficiency of tomato seedlings. Transactions
of the Chinese Society of Agricultural Engineering, 36(22),
231-238.

[5] Zhang, Z., Bian, B., & Jiang, Y. (2020). A joint decision-
making approach for tomato picking and distribution
considering postharvest maturity. Agronomy, 10(9), 1330.
https://doi.org/10.3390/agronomy10091330

[6] Lijia, X., Xu, L., Liang, Y., & Kang, Z. (2020). Kinematic
Analysis and Trajectory Planning Simulation of Citrus
Picking Manipulator. Journal of physics. Conference series,
1637(1). https://doi.org/10.1088/1742-6596/1637/1/012111

[71 Liu, J. Z. (2017). Research progress analysis of robotic
harvesting technologies in greenhouse. Transactions of the
Chinese Society for Agricultural Machinery, 48(12), 1-18.

1260

Technical Gazette 28, 4(2021), 1253-1261



Jiahao WU et al.: Simulation Design of a Tomato Picking Manipulator

[8] Kondo, N., Nishitsuji, Y., Ling, P. P., & Ting, K. C. (1996).
Visual feedback guided robotic cherry tomato harvesting.
Transactions  of the ASAE, 39(6), 2331-2338.
https://doi.org/10.13031/2013.27744

[9] Chiu, Y. C., Chen, S., & Lin, J. F. (2013). Study of an
autonomous fruit picking robot system in greenhouses.
Engineering in agriculture, environment and food, 6(3), 92-
98. https://doi.org/10.1016/S1881-8366(13)80017-1

[10] Zhao, Y., Gong, L., Liu, C., & Huang, Y. (2016). Dual-arm
robot design and testing for harvesting tomato in greenhouse.
IFAC-Papers on Line, 49(16), 161-165.
https://doi.org/10.1016/j.ifacol.2016.10.030

[11] Chen, X., Chaudhary, K., Tanaka, Y., Nagahama, K.,
Yaguchi, H., Okada, K., & Inaba, M. (2015). Reasoning-
based vision recognition for agricultural humanoid robot
toward tomato harvesting. In 2015 IEEE/RSJ International
Conference on Intelligent Robots and Systems (IROS), 6487-
6494, https://doi.org/10.1109/IROS.2015.7354304

[12] Long, T., Li, E., Hu, Y., Yang, L., Fan, J., Liang, Z., & Guo,
R. (2020). A Vibration Control Method for Hybrid-
Structured Flexible Manipulator Based on Sliding Mode
Control and Reinforcement Learning. /EEE transactions on
neural networks and learning systems, 32(2), 841-852.
https://doi.org/10.1109/TNNLS.2020.2979600

[13]Mu, L., Cui, G., Liu, Y., Cui, Y., Fu, L., & Gejima, Y.
(2020). Design and simulation of an integrated end-effector
for picking kiwifruit by robot. Information Processing in
Agriculture, 7(1), 58-71.
https://doi.org/10.1016/j.inpa.2019.05.004

[14] Shi, X., Huang, J., & Gao, F. (2020). Fractional-Order
Active Disturbance Rejection Controller for Motion Control
of'a Novel 6-DOF Parallel Robot. Mathematical Problems in
Engineering, 2020. https://doi.org/10.1155/2020/3657848

[15] Koptev, M., Figueroa, N., & Billard, A. (2021). Real-Time
Self-Collision Avoidance in Joint Space for Humanoid
Robots. IEEE Robotics and Automation Letters, 6(2), 1240-
1247. https://doi.org/10.1109/LRA.2021.3057024

[16] Peidrd, A., Reinoso, 0., Gil, A., Marin, J. M., & Paya, L.
(2017). An improved Monte Carlo method based on
Gaussian growth to calculate the workspace of robots.
Engineering Applications of Artificial Intelligence, 64, 197-
207. https://doi.org/10.1016/j.engappai.2017.06.009

[17] Cao, Y., Gu, J. S., Zang, Y., Wu, X., Zhang, S. J., & Guo,
M. S. (2019). Path Planning-Oriented Obstacle Avoiding
Workspace Modeling for Robot Manipulator. Journal of
Robotics &  Machine  Learning,  34(1), 1-16.
https://doi.org/10.2316/J.2019.206-4335

[18] Faroni, M., Beschi, M., & Pedrocchi, N. (2020). Inverse
kinematics of redundant manipulators with dynamic bounds
on joint movements. [EEE Robotics and Automation Letters,
5(4), 6435-6442. hitps://doi.org/10.1109/LRA.2020.3013879

[19] Dehghani, S. & Bahrami, F. (2020). 3D human arm reaching
movement planning with principal patterns in successive
phases. Journal of Computational Neuroscience, 48, 265-
280. https://doi.org/10.1007/s10827-020-00749-2

[20]Jin, R. Y. & Geng, Y. H. (2020). Cartesian Trajectory
Planning of Freep Floating Space Robot with Dynamic
Singularities Avoidance#br#. Journal of Astronautics, 41(8),
989.

[21] Wiedmeyer, W., Altoé, P., Auberle, J., Ledermann, C., &
Kroger, T. (2020). A Real-Time-Capable Closed-Form
Multi-Objective Redundancy Resolution Scheme for Seven-
DoF Serial Manipulators. /EEE Robotics and Automation
Letters, 6(2), 431-438.
https://doi.org/10.1109/LRA.2020.3045646

Contact information:

Jiahao WU

College of Mechanical and Electronic Engineering, Northwest A&F University,
Yangling 712100, China

E-mail: wgh08051107@163.com

Yue ZHANG

College of Mechanical and Electronic Engineering, Northwest A&F University,
Yangling 712100, China

E-mail: 18713398500@163.com

Sihao ZHANG

College of Mechanical and Electronic Engineering, Northwest A&F University,
Yangling 712100, China

E-mail: 1095160526@qg.com

Haijun WANG

College of Mechanical and Electronic Engineering, Northwest A&F University,
Yangling 712100, China

E-mail: kkcc5328@gmail.com

LiLIU

College of Mechanical and Electronic Engineering, Northwest A&F University,
Yangling 712100, China

E-mail: liuli_ren_79@nwsuaf.edu.cn

Yinggang SHI

(Corresponding author)

College of Mechanical and Electronic Engineering, Northwest A&F University,
Yangling 712100, China

E-Mail: syg9696@nwsuaf.edu.cn

Tehnicki viesnik 28, 4(2021), 1253-1261

1261




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


