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Abstract: Eggplant picking robot is a type of complex
optical-mechanical-electrical equipment in  greenhouse
environment. Its structure and control are more exigent than
traditional industrial robot. Optimization design method was
utilized for the design of the eggplant picking robot body
structure parameters in accordance with the eggplant
growth and distribution space. In order to determine the
spatial position relationship between the eggplant picking
robot components and the end effector, the theoretical
model of robot was established by virtue of Denavit-
Hartenberg approach and the positive solution of the
kinematic equation is obtained. Premultiplication decoupling
of A* and matrix °T, were adopted to solve inverse

kinematic solution with the help of Matlab software. Pro/E
software was used to establish 3-D simulation model, and
ADAMS (Automatic Dynamic Analysis of Mechanical
Systems) simulation software was imported for the
kinematics simulation analysis. It was indicated by the
simulation results that the kinematic model established by D-
H approach reflects the real motion conditions of the robot,
and both the positive and inverse kinematic solutions are
correct. Structure of four degrees freedom eggplant picking
robot was reasonable, it could meet the requirements of
eggplant picking in the greenhouse cultivation pattern.

Keywords: Eggplant picking robot, ADAMS, Kinematic

simulation, four degrees of freedom, Agricultural
machinery
INTRODUCTION

Harvesting or picking is the most effort-requiring and
time-consuming procedure in eggplant production
operation, which, according to statistics, approximately
accounts for from 50% to 70% of all the amount of working
[7]. Moreover, it requires timely picking to guarantee the
product quality, making it as the hardest work in the whole
operation [5]. With the rapid development of agricultural
mechanization, considering the problems with aging of
population and the decrease of agricultural labor force, it is
more and more significant to research and develop fruit
and vegetable picking robot [8]. Since the mid 1980s,
researches on automatic fruit and vegetable picking have
been started in the western developed countries
represented by Japan, and some vegetable picking robots
with certain intelligence were experimented and developed
[9,10,11]. In the intelligent tomato picking robot end
effector based on multi-sensor information fusion and open
control system designed by Jizhan Liu, etc, the vacuum
chuck device of the execution system could separate the
fruit from the fruit bunch, its finger gripper mechanism
could grasp the tomato firmly, and the fruit stem
disconnecting device could cut off the fruit stem with laser
[4]. Peng Cui proposed a bionic manipulator which was
applied to the apple picking robot end effector and the
simple fixture was replaced with the tendon-driven bionic
manipulator, enhancing the adaption of the end effector to
grab apple in complex environment [6]. Wei Lu designed
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an original orange picking robot arm and end effector,
considering the tall crown of citrus tree, and the high
degree of lignification of its short and stiff fruit stem [12].

However, the above-described robots are still far from
practical application owing to the influence factors from
technology, market, and price and so on[1]. It can be seen
from the analysis of literatures at home and abroad that
these researches on the picking robot are mainly focused
on identifying, positioning and sorting the target fruit via the
vision system [14], while there are rare researches on the
basic machine of the picking robot [3].

Robot kinematics is an important constituent part of
robotics, whose purpose is to establish the relationships
among spatial positions of the robot components and end
effectors so as to provide theoretical basis and technical
parameters for the optimized control of the robot [2].
However, it requires establishing mathematic model of the
robot arm movements to finish most of these tasks, which
have tedious process, heavy computation burden, and are
error-prone [13]. In this paper, ADAMS simulation software
was used for kinematics analysis and simulation study on
the eggplant picking robot, which could solve the above-
mentioned problem in the course of kinematics analysis in
traditional multi-rigid-body system and meanwhile show
intuitively the kinematic performance of the robot
movement components in the diagram and simulation
animation form, providing a powerful guarantee for follow-
up programming of robot motion trail and verification of the
structure parameter rationality.

MATERIALS AND METHODS
Structure parameter of picking robot

The articulated robot with four degrees of freedom is
selected to be the basic machine of the picking robot
because the picking object of the eggplant picking robot
is the eggplant whose fruit is cylindrical.

The robot structure parameters mainly include the
robot arm length and the rotation angle scope,etc. and
these parameters determine the work space of the robot.
The optimization design of the eggplant picking robot
structure parameters is to use optimal method to analyze
and calculate the mechanism size in accordance with
the eggplant growth and distribution space.

The purpose of the optimization design is to obtain the
most compact mechanical structure. The upper arm
length x, and the forearm x, of picking robot are
regarded as the design variables, and the actually work
space of picking robot is optimization objective. The
objective function is shown as follow:
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Fig. 1 - The working space of eggplant picking robot
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The working space of eggplant picking robot is shown
as Fig.1.The constraint condition is that it should be the
minimum value under the required rectangle work space
conditions, i.e., the rectangle work space required by the
picking manipulator operation must be confined in the
real work space. Using the optimization toolbox of Matlab
software for programming, calculating and operation, the
optimization result can be obtanined as follow:
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With an overall consideration, it confirms that
X, =X, =350mm . The height of pedestals is 340mm,
rotation angle of the waist 6,is =180° ; the upper arm
length x, is 350mm, rotation angle ¢, is =90° ; the
forearm length x,is 350mm, rotation angle ¢, is +=150°

Model based on kinematic theory

D-H model is an approach proposed by Denavit-
Hartenberg for the expression and modeling of robot
joints and connecting rods, which adopts
4x4 homogeneous transformation matrix to describe the
spatial position relationship of the adjacent robot rod
pieces, thus translates the complicated kinematic
qguestion into 4x4 equivalence transformation matrix of
the coordinate system of the end effectors and reference
coordinate system. As shown in Fig.2, the coordinate
system of connecting rods of 4-DOF picking robot is
established according to D-H approach.
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Fig. 2 - Coordinate system of connecting rods of eggplant picking robot

Matrix A represents  4-order
transformation matrix between the
coordinate systems, and is usually expressed as follow:

A =Rot(z,6)=Trans(a 0,0)xRot(x,o5) =|

The parameters of the picking robot joint connecting rods
can be obtained according to the coordinate system of
connecting rods of picking robot in Fig.2, as shown in

Tablel.

homogeneous
connecting rod
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Table 1
Connecting rod parameters of picking robot joint
i 0, a, a, d, Variable Range  Link parameters(mm)
1 6 90° 0 0 +180° L;=340mm
2 b, L, 0 +90° L,=350mm
3 6 Ls 0 +150° L;=350mm
4 6, 90° L4 0 +120° L,=180mm

In Tablel, 6, is the included angle between the two o Ve s s ST T
common perpendiculars in a plane perpendicular to joint R 1, 6 IR IR AL [ AP A T

i axis. ais the distance of two end joints from i to i+1 M. a RREPIET i M i+ LB ARLIOIEE. o &
along the common perpendicular. «; is the included '

angle between the two joint axes in a plane perpendicular BEHT o M PN R HZRI I . d EIEIRTT i H
to a . d is the distance of the two common

perpendiculars along joint i axis. L, is the height of stand LI ARSI R . L AR R B S, L, N
column of the solid of revolution pedestal, L, the length Y (101 . NI . o
of the upper arm, L, the length of the fore arm, while L, REHRIL, L BRI, L T b S 2
is the distance from the central point of the hand gripper S 5 RS,
to the wrist reference point.

Positive ki.n.ema.tic solytion o . B
The positive kinematic solution is to obtain the pose of X
the end effector in the given coordinate system with BLas N8 3 2 TE o] R AR 1 SG15AZ &R T LA 2

known joint variables and geometric parameters of the MR T S8 A RO 5 1 B %
rod pieces. The expression (4) of the end effector pose of - - ° e

the picking robot in the reference coordinate system can AR ANAZN (3) BT LA BISRA AL 2% A\ K ot 04T 28 7 25 AL AR
be obtained when the parameters in Table 1 are o e
substituted into formula (3). ATHIRLEL R (4)

_C1st4 S1 C1C234 C1 (Czs4 L4 + Czs Ls + Cz Lz)
OT _ _ - S1Sz34 - Cl - S1C234 Sl (C234 L4 + C23 L3 + Cz Lz)
SARAAT ¢ 0 s, SuLS,LesL @

0 0 0 1

Wherein, C,=cosd,, S, =sing, ,

C,; =c0s@, +6,), S,, =sin(@, +6,) Hrdt. G =cos), §, =sing ,

Crau= COS(92 +6, +04) 1 Spe0 = (92 +6, +94) 0 C23 = COS(H2 +93) 1 Sy =sin(92 +93) y
The coordinate system of the end effector is
established with the hand gripper center as the origin of Cpyy =C0S(, +6,+6,) , Sy =(6, +0,+06,) .
coordinates. Axis Z is represented with vector a in the R4 b O AR KRB, S R AT S A B R Z il

direction that the end effector approaches object, axis Y

is represented with vector o in the direction of the — HY/ER AT 2B YA T A & a o, Y Shi/EW
connecting line of the two fingers, and axis X is e o I i
determined to be represented with vector n in FHRIGIELTT PR B 0 o, X ARG A VN 5E

accordance with the right-hand rule. The end effector BN FER, KEn. ofla e RERTREA, F
posture is determined by vectorsn, o and a . The

gripper's posture is ensured by the rotation vector 'R , S A B s AR IR #lsE, il (B) Fis.

as shown in expression (5).

Pr= o 3] ©)

coordinates and described with position vector p. The -

four vectors added to scale factor are expressed in a . HXIANKEIMNLEIHE T 5 K 4x4 5505 B 038
4x4 homogeneous matrix as shown in expression (6). 6) Fig
/NN o
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Inverse kinematic solution

The inverse question of robot kinematics is to obtain
the joint variables with the known pose of the end effector
in the given coordinate system and the known
geometrical parameters of the rod pieces. There are
many methods for inverse robot kinematic solution. In this
paper, premultiplication decoupling of A™ and matrix
°T, is adopted to the solution with the help of Matlab
software, and hence:
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It can be observed from expression (7) that
6., 6,, 6, have two solutions respectively, there exist 8
different sets of inverse solutions in this mechanical
system, which are usually selected according to the
principle of the shortest route or more small movement
of joint and less movement of large joint.

RESULTS ANALYSIS AND DISCUSSION WITH
KINEMATIC SIMULATION
Establishment of 3-D simulation model

The mechanical structure of the 4- DOF picking robot
consists of the pedestal, the waist between the upper
arm and electrical machine box, the elbow between the
upper arm and the fore arm, the wrist between the fore
arm and the end effector, and the end effector. The
interconnection of the components forms the four rotating
joints, namely, waist, shoulder, elbow, and wrist joints.
The three preceding joints determine the position of the
end effector in the work space, while the last joint
determines its pose. Although ADAMS software
possesses powerful kinematic and dynamic solution
function, it is comparatively weak in the aspect of 3-D
solid model building. Therefore, the robot virtual
prototype is built in virtue of pro/E software which has
powerful 3-D solid model building function in line with the
picking robot structure. During the course of modeling,
the main solid components are retained while such
detailing components as the circular beads, chamfers,
gears, bearings and electrical machine are ignored on
the premise that the simulated analysis requirements are
satisified, and 3-D simulation model of the eggplant
picking robot is built as the following Fig.3.
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Fig. 3 - 3-D simulation model of the picking robot

Pretreatment for simulation

The model built in pro/E software is saved as
intermediate format parasolid, and then is imported into
ADAMS simulation software. ADAMS motion toolkit is
used to add constraint to the imported 3-D simulation
model as follows:

Fixed joints are added to between the bed and the
ground, revolute joints are added to the waist, shoulder,
and elbow and wrist part.

ADAMS drive toolkit is used to add drive to the imported
3-D simulation model as follows:

1T E B EE

BAE prole HH AT GRAZ N AR 20 parasolid, %A
Ja' SN\ ADAMS i B . 12 ADAMS ia3h T B&T
SN =Y BRI R, R
JERE S K (R E e R, B B B B e i
&l
1ZH ADAMS IRz T RS N0 =40 JAE RN IOk,
Wik

waist(time) =180x*sin(75d *time—90d) +180d @)
shoulder(time) =—45+*sin(180d *time—90d) —45d (8)
elbow(time) =-30d *sin(145d *time—90d) —30d 9
wrist(time) =80d *sin(145d —time—90d) +80d (20)

With the above mentioned tasks completed, the virtual
prototype model of the picking robot is established as in
Fig.4.

SER IR I T AR SR L T R LA N AL Y,
ik 4 Fis.

Fig. 4 - Virtual prototype model of the picking robot
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Model Self-test

Before the simulating calculation, inquire the degree of
freedom of the system, the components with mass
undefined and over-constraint through “model verify”
function in “tools” menu. Information such s as “model
verified successfully” and “degrees of freedom for model..1”
are displayed as shown in Fig.5, which indicates the
modeling is correct and the kinematic simulation can be
conducted for the next step.
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Simulation analysis

The mark point mark-21, which is fixed joint to the centroid
part6.cm of the end effector, is taken as the object of study.
To study its position relative to fixed coordinate system, the
rotational speed of each joint is set as 30" /s, simulation
time is set as 5s, and simulation calculation is performed.
After the simulation is completed, “postprocess” interface for
post-processing is entered as shown in Fig.6.
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The solid line, the long broken line and the short broken
line in the figure represent respectively the speed in the
X, Y and Z directions. It is observed from Fig.6 that the
change-in- speed is smooth and steady at the centroid
parté.cm of the end effector, which does not generate
strenuous vibration phenomenon during the whole course
of movement, meeting the task requirements.
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3.0 40 50
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Fig. 7 - Displacement curve

As shown in Fig.7, the long broken line, the short
broken line and the dot-dash line represent respectively
the displacement in the X, Y and Z directions. In the
postprocessing interface, it can be obtained by virtue of
measurement button that the displacement of marker-21
at the initial position is x =-66mm, y=113mm, z=-
897mm when t=0, which is consistent with the initial
conditions of the manipulator. When the manipulator
moves to the point of t=5s, the displacement of marker-
21 on the three coordinates is x=-591mm, y=50, z=-
236. Through test and verification, the theoretical
calculation results from expression (4) and (5) in the D-H
coordinate system are identical with the simulation
results. The graph of Displacement and speed can reflect
the real motion conditions and apply to picking robot
control.

CONCLUSIONS

The application of picking robot in agricultural
production can effectively reduce the number of harvest
labors and increase the income of farmers, and also has
great significance to improve the level of automation and
intelligentization for agricultural machinery. In this paper,
by applying virtual prototype technology into the design of
agricultural machines, the product design cycle can be
effectively shortened and product performance can be
improved. As a modern design approach, the virtual
design technology will have a significant impact to the
development of agricultural equipment.

Eggplant picking robot with 4 degrees of freedom is
developed in order to improve the economy and
adaptability of the picking robot and it adopts 4-DOF
open motion chain which is formed by connecting the
waist, the upper arm, the fore arm and the wrist in series
through the rotational joints. The robot completes the
picking operation through movements of each joint. The
objective of studying robot kinematics is to establish the
relationship of the spatial position between the robot
motion components and the end effector, to build
mathematic model of the robot arm movements, and to
provide theoretical basis and technical parameters for
agricultural robotic control.

The optimized design of structure and path planning is
based on the kinematics analysis of the manipulator. In
order to determine the spatial position relationship
between the robot components and the end effector, the
theoretical model is established by virtue of Denavit-
Hartenberg approach and the positive solution of the
kinematic equation is obtained. Premultiplication
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decoupling of A™* and matrix °T, is adopted to obtain
inverse kinematic solution with the help of Matlab
software. Pro/e software is used to establish 3-D
simulation model of the picking robot, whose functions
are experimented and tested by means of ADAMS, a
dedicated virtual prototype develop tool. ADAMS
simulation software is introduced for the kinematics
simulation analysis. It is illustrated by the simulation
results that the kinematic model established by D-H
approach reflects the real motion conditions of the robot,
and both the positive and inverse kinematic solutions are
correct. The structural design of 4 DOF picking robot
designed and developed is rational and it can meet the
requirements of eggplant picking in the greenhouse
cultivation pattern.
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