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Abstract: Based on the structural shortage of an agricultural labor force and the continuous increase in
tomato planting scale in China, as well as the limitation of a greenhouse working environment on the
development of tomato picking productivity, a motor-driven end-effector for a tomato picking robot
based on a hybrid force/position control strategy was designed. First, a hybrid force/position control
strategy was applied to control the picking process. Consistent with this strategy, the mechanical
structure design of the end-effector was determined. The maximum torque of the finger joint
motor was verified by applying a load to the end-effector fingertip under a parabolic linear angular
velocity. Second, the D-H method was used to establish the end-effector single-finger and whole-hand
coordinate systems and to perform forward and inverse kinematic analysis. The Monte Carlo method
was used to analyze the workspace of the end-effector, and an isochronous interpolation algorithm
was used to analyze the angular displacement of the motor. A basic algorithm for starting, stopping
and accelerating the finger joints was designed to achieve the smooth movement of the end-effector.
The control system for the end-effector was designed based on STM32F103ZET6, and the end-effector
remote wireless debugging system was designed based on Tiny6410. Finally, a test prototype of the
tomato picking end-effector was manufactured and picking tests were conducted, which showed
that our tomato picking end-effector moved smoothly. The proposed control algorithm reduced the
impact force and recorded the contact force between the end-effector and the tomato in real time,
and the end-effector essentially achieved nondestructive picking. Therefore, our tomato picking
end-effector demonstrated good utility in practice.

Keywords: tomato picking; end-effector; D-H method; Monte Carlo method; nondestructive picking

1. Introduction

Harvesting is one of the most time-consuming, labor-intensive and time-sensitive
aspects of the tomato production process. The labor demand for harvesting accounts
for approximately 50% of that of the entire cultivation process, and the related expenses
compose 25-33% of the costs [1]. China has the world’s largest tomato cultivation area
and total production [2], with a cultivated area of 1.109 million hectares and an output of
approximately 64.832 million tons in 2018 [3,4]. Moreover, with the acreage and annual
production of tomatoes in China continuing to increase, the expanding area of tomato green-
house facilities requires increasing labor to execute harvesting. However, with continuous
economic and social development, China’s agricultural labor population has developed a
shortage [5], and thus labor costs are increasing [6]. At the same time, the domestic green-
house environments are seriously limited by high temperature, high humidity and narrow
space, with great operational labor intensity and very low operational mechanization and
automation [7]. Therefore, the Chinese greenhouse tomato industry can greatly benefit
from a large number of automated picking end-effectors.

Automated tomato picking is sensitive to the mechanical control and feedback of the
end-effector [8,9]. Currently, many efforts have studied end-effectors for round-like fruit
picking [10,11], adopting transmission methods such as tendon drive, belt drive, pneu-
matic drive and hydraulic drive [12], which are not very adaptive for grasping fruits [13].
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Moreover, conventional end-effector gripping pose debugging requires professionals to
apply offline programming and force feedback calibration, which are not conducive to
large-scale promotion [14]. Flexible fingers comprised of new materials are more adaptable
and less damaging to the fruit, but are expensive and have complex control systems [15,16].
Therefore, for improved cost and efficiency, the design of an end-effector with low cost and
the ability for farmers to adjust the grasping pose and improve the adaptability of fruit
grasping will increase the efficiency of the automated picking of round fruits and facilitate
the promotion of automated picking.

To design a new tomato picking end-effector, this paper first determined the mecha-
nism and dimensions for the end-effector based on the manual tomato picking operation
process. MATLAB software was used to perform forward and inverse kinematic analyses of
the end-effector, verifying that the operational mode of the end-effector meets the require-
ments of picking, and a picking end-effector control algorithm was designed based on the
hybrid force/position control strategy to reduce the damage to tomatoes during picking.
Finally, the end-effector control circuit, film pressure sensor detection circuit and stepper
motor driven circuit were designed to achieve the nondestructive picking of tomatoes
based on hybrid force/position control.

2. Materials and Methods
2.1. Mechanistic Analysis of the Motion Characteristics of Tomato Picking End-Effectors

In tomato picking, a hybrid force/position control strategy was proposed to reduce
damage [17]. Its control flow is shown in Figure 1. The picking process of tomatoes by
the end-effector using hybrid force/position control was divided into two stages. In the
first stage, the end-effector was position-controlled according to the fitted model of the
tomato shape, and the joints were driven to a predetermined position via a stepper motor;
in the second stage, force control was applied after the joints of the end-effector touched the
tomatoes, and the stepper motor was controlled to rotate and increase the force between
the end-effector and the tomatoes to achieve the desired effect of reliably grasping tomatoes
without causing damage to them. When position control was applied to the end-effector,
force control failed, the stepper motor was driven to 6; (the rotation angle of each joint) and
at which point the end-effector was very close to the tomato. Then, if the pressure value
was greater than zero, the end-effector touched the tomato, and at which point the position
control ended and the force control started. Combining the maximum pressure that the
tomato could withstand and the force detected by the sensor in real time, the end-effector
was able to grasp the tomato smoothly via the contact force feedback control algorithm [18].

‘ Tomato position, size information ‘

Perform position control ‘

The pressure sensor value is greater than zero

Figure 1. Flow of the hybrid force/position control strategy.

In the first stage of tomato picking, an ellipsoidal curve was used to fit the tomato’s
three-dimensional contour. The standard ellipsoidal curve is shown in Equation (1), and
the corresponding three-dimensional contour and the corresponding positions of a, b and
c in the ellipsoid curve in the tomato are shown in Figure 2, where a and b indicate the
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length and width of the minimal circumscribed rectangle of the tomato profile from the
top-view, and c indicates the height of the tomato from the front- or side-view.

Y —

Figure 2. Ellipsoidal 3D contour and its correspondence in tomato.

The body-centered coordinates of the tomato (x, y, z) and the parameters a, b and ¢
were obtained from the vision sensor. The spatial coordinates of the fingertip were obtained
by converting the center of the palm coordinate system to the center point of the tomato,
which was used as the origin of the coordinate system. Finally, the rotation angles of each
joint (61, 6,,05) were obtained by the kinematic inverse solution to realize the position
control of the end-effector.

In the second stage of tomato picking, where each joint was very close to the tomato
surface, the force control stage was entered. Here, a contact force feedback control algorithm
was proposed, and the force control block diagram is shown in Figure 3.

Maximum pressure Fq AF .
that tomato can bear. —@—> Controller H Stepmotor }—» Tomato grabbing

Figure 3. Contact force control flow.

Because the three-finger end effector can achieve the purpose of better envelopment
with less materials [19], the tomato picking end effector has three fingers with the same
structure, and the contact force analysis of one finger is taken as an example to analyze the
force of the end effector when grabbing tomatoes, as shown in Figure 4.

Figure 4. Schematic diagram of force analysis for grasping with a single finger.

We take Fjq, Fjp and Fj3 to denote the contact force between the base joint, middle joint
and fingertip of the ith finger, respectively, and F;, F, and F; to denote the contact force of
the three fingers when picking the tomato.

F=[F1 Fy Hj]
B =[F1 Fnp Fj
F3=[Fn Fp Fsgl
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Then, the contact force between the picking end-effector and the tomato is given, and
the contact force is given by

F1 Fp B3
F=|F1 F»n FE3 )
F31 Fp Fs3

According to references [20,21] stating that the average force of 10 N crushes tomatoes,
when the peak force increases by 1 N, the mechanical damage degree of tomatoes increases
by 2.8% on average. Therefore, to reduce the damage of the tomatoes as much as possible,
the maximum pressure that a tomato can withstand was set as F;= 3N and this force was
used as the limiting value. By collecting the value of the pressure sensor in real time, the
contact force between each joint and the tomato was detected, and the controller controlled
the stepper motor forward or backward accordingly. When AF < 0, the stepper motor was
controlled to rotate forward to bring each joint close to the tomato. When |AF| < 0.2F,,
the speed of the stepper motor was reduced, and when 0 < AF < 0.1 F, the rotation of
the stepper motor was stopped. In this process, to prevent F;; from being too large and
causing damage to the tomato, when AF > 0.1F;, the stepper motor was driven to reverse
the rotation.

Since the end-effector contained three fingers with the same structure, only the grasp-
ing process of a single finger was analyzed; the other two fingers conducted a similar
grasping process, which is shown in Figure 5. Figure 5a, 5b and 5c are schematic diagrams
respectively showing that the base joint contacts the tomato, the base joint and the middle
joint contact the tomato at the same time, and the three joints contact the tomato at the
same time. In the bounding and grasping process, the base joint stepper motor was first
turned, and base joint 1 started to approach the targeted tomato. When the feedback value
of the pressure sensor ¢ was greater than zero, indicating that base joint 1 had touched the
tomato, the base joint stepper motor stopped rotating; then, the middle joint stepper motor
was turned to drive the middle joint 2 to touch the tomato, and when the feedback value of
pressure sensor b was greater than zero, the middle joint 2 stepper motor stopped rotating;
finally, the fingertip stepper motor was turned to drive Fingertip 3 to touch the tomato,
and when the feedback value of the pressure sensor was greater than zero, the fingertip
stepper motor stopped rotating, and the process of the end-effector bounding and picking
the tomato ended. To enable the end-effector to steadily grasp the tomato, after each joint
was in contact with the tomato, the stepper motor continued to rotate, and pressure sensors
a, b and c provided real-time feedback on the contact force F;; between each joint and the
tomato being picked. When |AF| < 0.2F,, the speed of the stepper motor was reduced, and
when 0 < AF < 0.1F,, the rotation of the stepper motor stopped, and the tomato picking
process was completed.

Fingertip Pressure sensor a

b Tomato

Middle joint

Base joint

b c

Figure 5. Tomato bounding and grabbing process.

Here, the tomato picking end-effector was designed with a mechanical structure and
control system based on the above hybrid force/position control strategy, and the corre-
sponding component strength verification, motor performance verification and kinematic
simulation verification were conducted.
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2.2. Tomato Picking End-Effector Mechanical Structure Design and Calibration
2.2.1. Determining the Size of the Tomato Picking End-Effector

The mechanical design of the tomato picking end-effector mimics the structure of
the human hand. The human hand contains 19 bones: 5 of which are metacarpals and
14 of which are phalanges. The average length of each phalange of the middle finger
in adult males is given as follows: distal phalanges: 26.4 &+ 2.0 mm, middle phalanges:
25.6 £ 2.3 mm and proximal phalanges: 50.5 & 4.7 mm [22]. The diameter of ripe tomatoes
is generally 50 mm to 80 mm [23]. Thus, the length of the tomato picking end-effector
phalanges was initially selected to be 60 mm, 60 mm and 40 mm, which is 1.56 times the
approximate human hand. In the tomato picking process, the end-effector was required
to bind the fruit, and three fingers were positioned and evenly distributed in a circle. The
fingertips, middle finger joints, base finger joints, commutator and motor of the manipulator
were modeled in 3D using SolidWorks. After modeling all other parts of the manipulator,
the 3D model was assembled, as shown in Figure 6. The tomato picking end-effector was a
9-degree-of-freedom fully driven end-effector with high flexibility and complex control,
and its structure is shown in Figure 7.
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Figure 7. Tomato picking end-effector control system.

2.2.2. Strength Checking of the Key Parts

In the process of checking the strength of the key components, it was assumed that
the tomato variety was JP513, and the weight of a single fruit was 130-250 g. The force
acting on the three joints of the fruit changed with a change in finger pose. In the extreme
pose, a single joint fully bore the weight of the fruit, and the load was the product of the
maximum weight of the fruit and the safety factor. Considering the safety factor of 1.2, the
load was given as P = mgf = 0.25% 9.8 % 1.2 = 2.94N. The Future 8000 resin was chosen
as the end-effector material, and its elastic modulus is 2.37-2.65 GPa, Poisson’s ratio is 0.41
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and mass density is 1.2 g/cm?. Finite element analysis was performed on the fingertip,
middle joint and base joint. The results are shown in Figure 8.

(a) Strain cloud map of the fingertip. (b) Stress cloud map of the fingertip.
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(c) Strain cloud map of the middle joint. (d) Stress cloud map of the middle joint.
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(e) Strain cloud map of the base joint. (f) Stress cloud map of the middle joint.

Figure 8. Results of joint finite element analysis.

From the results of the finite element analysis, it can be seen that the stress condition
of each joint in the extreme pose was as follows: the maximum strain of the fingertip was
1.22 x 102 mm, and the maximum stress was 37.2 MPa; the maximum strain of the middle
joint was 1.504 x 10~2 mm, and the maximum stress was 46.2 MPa; the maximum strain of
the base joint was 1.504 x 10~2 mm, and the maximum stress was 46.2. The yield strength
of the Future 8000 resin was 47 MPa. These results show that the maximum stress was
reached only locally, and the maximum stress in all three joints was less than the yield
strength of the resin. Therefore, the Future 8000 resin could meet the strength requirements
of the parts in tomato picking operations.

2.2.3. Motor Performance Checking

The CHS-GM12-10BY stepper motor was chosen as the finger joint motor. To verify
that the motor could meet the requirements of picking operations in the extreme pose, the
motor torque was checked using the Motion component of SolidWorks. By setting motor
motion parameters in the assembly and then adding load cases, the output curve of the
motor torque was generated automatically. To simplify the operation, it was assumed that
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the time for the end-effector to complete a grasp was 5 s. Equal-speed motors were added
in each of the three joints, and the relative rotation angles of the three motors were 60°, 30°
and 30°. At the distal finger end, the fruit gravity of 3 N was set to always be perpendicular
to the fingertip (assuming that it was always in the extreme pose), as shown in Figure 9.

Figure 9. Motion simulation load.

The simulation results of the torque of the three joint motors of each finger of the end-
effector in the motion environment are shown in Figure 10. From the curve, it can be seen
that the maximum output torque of the motor was 102 N.mm, which was much smaller
than the holding torque of the motor, 250 N.mm. Therefore, the CHS-GM12-10BY-type
stepper motor met the performance requirements of the tomato picking end-effector for
picking operations in extreme poses.

49 102 — 7403

Motor torqueTfnewton-mrmj

Motor torque3{newton-mrm)
Motor torqueZinewton-mm)

40 L a097 + + t + t t t + +
000 050 1.00 150 200 250 300 350 4.00 450 500
Time (sec)

Figure 10. The output curve of motor torque.

2.3. Kinematic Simulation Analysis of Tomato Picking End-Effector

This section first models the joint motion of the end-effector using kinematic analysis
to describe the motion of the end-effector mathematically. It then uses kinematic simulation
tests to verify the accuracy of the joint motion model construction.

2.3.1. Kinematic Analysis

Here, the Craig method [24] was used to analyze the rationality of the entire picking
operation process of the tomato picking end-effector from the kinematic perspective. First,
the D-H coordinate system [25,26] of the end-effector rotating joint link and the single-finger
model were established, as shown in Figures 11 and 12. There were three rotational subsets
of the end-effector, and for each rotational subset, the parameters «;, a; and d; were known
while the parameter 0; was unknown. When controlling the end-effector, 6; was changed
by the rotation of the motor shaft to accomplish a specific grasping and releasing action.
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i—1

AXIS 4

AXis ;

Figure 12. D-H coordinate system of the single-finger model.

In the simplified single-finger structure of the end-effector, the Z; axes in each local
coordinate system were always parallel, and so the value of the parameter a; _; was always
zero. The value of a;_1 was the link length L;; since the axes X;_1 and X; in the two adjacent
coordinate systems always moved in the same plane and intersected at the joint center,
; was the angle between the two adjacent links, and d; was always zero. To prevent
interference during the rotation, the range of 6; was restricted to (0°~90°).

2.3.2. Forward Kinematic Analysis

With the tomato contour determined, the end-effector was required to execute the
correct picking position for each finger joint to complete a precise tomato picking motion.
The relationship between the rotation angle of each joint and the fingertip posture was
obtained through forward kinematics such that the picking end-effector completed the
picking motion by controlling the rotation angle of each joint.

To analyze the spatial coordinates of the end-effector, it was necessary to convert the
established local coordinate system to the reference coordinate system. The transformation
of the coordinate system is represented as translation and rotation. To convert from the
i — 1st coordinate system to the ith coordinate system, the following operations were
performed:

I. Rotation of &;_; angles around the X; axis;

II. Translation along the X; axis by a;_1 lengths;
III. Rotation of 8; angles around the Z; axis;

IV. Translation along the Z; axis by d; lengths.

The general equation of the chi-square transformation matrix from the i — 1st coordi-
nate system to the ith coordinate system is

1 0 0 0] [100 a;_4 cosf; —sinB;007 [1000 cosb; —sinb; 0 a;_1
Ocosa;_1—sina;_10| {010 O sinf; cosB; 00| |0100 _ cosa;_1sinB; cosa;_1cosbicosa;_1 0 3)
Osina;_1 cosa;_1 0| [001 O 0 0 10] (0010 sinw;_q1sinb; sinw;_qcosb;cosn;_1 0

0 0 0 1] 1000 1 0 0 01] [0001 0 0 0 1
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07 +0p

The transformation matrix of the 3rd coordinate system to the 1st coordinate system is
gT = OT%Té T, taking «;_1 = 0 and &; = L; into the above equation, and ordering s; = sinf;,
¢; = cosb;, sijx = sin(6; + 0; + 6;) and c;jx = cos(6; + 6; + 6;), hence

c123 —51230 Licq + Locpo

0 | S123 c123 0 Lisy+ Losyp
T=10 0 10 @
0 0 01

the pose matrix of the fingertip endpoint P in the base coordinates is

c123 —s1230 Licy + Lacip + Lacios Ny Oy dy Py
0p _ 073p _ | S123 €123 O Lysy+ Lasio +Lasioz | _ | 1y oyay py
P=3T"P=1 0 10 T | nz oza; P ®)
0 0 01 0 00O
My Ox Ay €123 —51230
The pose matrix: |nyoyay|= | s;23 c123 0.
Ny 05 4, 0 0 1
Py 60c1+60c12+40c123
The translation matrix: | Py |= | 60s1+60s12+40s123
P; 0

Equation (5) shows that the coordinates (x, y, z) of the fingertip in the base coordinate
system can be uniquely determined if the angles of the three joints 61 ~ 65 are given. This
signifies that the end-effector motion can be accurately controlled given the angles of the joints.
However, the accuracy of the tomato picking end-effector motion still needs to be verified from
an inverse kinematic point of view.

2.3.3. Inverse Kinematic Analysis

In the tomato picking process, the rotation angle of each joint in a certain pose can
be solved via inverse kinematics so that the joint motor is controlled to rotate to the
corresponding angle to complete fruit picking. The commonly used methods for inverse
kinematic analysis are algebraic and geometric methods [27], and in this paper, the algebraic
method was used to solve the problem.

From T 0P = 1T %3P = 1T % 3T %3P, it can be obtained that

NxC1 — NyS1 0xC1 + 0yS$14xC1 + aysy chl + PySl C123 751230 60C1 + 60C12 + 40C123

nyC1 — NxS1 0yC1 — 0x514yC1 + ayxsy PyCl — szl _ 5123 (123 0 6051 + 60512 + 405123 (6)
Ny 0, a, P, 0 010

0 0 0 1 0 0 01

According to Equation (6), it can be obtained that

60c1 4 60c1y = px — 40n,

60s1 + 60s12 = py — 40ny @)
Combining Equations (6) and (7), it can be obtained that
P,—40 j
61 = arctan(p'— 4OZZ ) — arctan(iwﬁgggzgé%)
_ 2 _ 2_¢02
6, — arccos( (Pe—40ny) +§1:y60240ny) 60 *2) 8)

05 = arctan(%) — 01— 6,

From Equation (8), it can be seen that given an end-effector pose, the rotation angle of
each joint 6;(i = 1, 2, 3) can be solved using the inverse kinematic method, which realizes
accurate control of the end-effector and thus achieves the smooth picking of fruit.
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2.3.4. Kinematic Simulation Verification

In this paper, the accuracy of the forward kinematics was verified using the following
procedure: First, a single-finger test model of the tomato picking end-effector was estab-
lished using the MATLAB Robotics Toolbox plug-in. The requirements for modeling were
as follows: the lengths of the connecting links a5, a, and a3 were 60 mm, 60 mm and 40
mm, respectively, and the range of the joint rotation angles (61, 6>, 03) was 0°-90°. Then,
four different groups of joint angles were selected, and the coordinates of the fingertip
spatial position corresponding to each group were calculated according to Equation (5).
The results are shown in Table 1. The four sets of values from Table 1 were input to the
established single-finger test model, and the simulation results of MATLAB were obtained,
as shown in Figure 13.

Table 1. Experimental data and calculation results for joint rotation angle.

Serial Number 01/° 0,/° 0/° X y z
1 0 0 0 160.000 0 0
2 35 20 60 66.6590 119.8160 0
3 20 30 40 94.9488 106.4839 0
4 40 10 20 98.2107 122.1176 0
Teach Teach
x. 160.000 x. 66.659
y. 0.000 y. 119.816
7 0.000 o 0.000
R: -0.000 100 ¥ X R -0.000 100 ;.
P 0.000 g, P 0.000 s,
Y: -0.000 N Y: 115.000 =
-10n Fingel -10n inger 1
muVﬁ; I’J"Vﬂ,
ql 4 N 0 0 o » a8 0 0
B Vo . -100 -100 % q2 T:‘— 2o - -100 100 7
qa 3 N mm an _hsu mm
(a) Pose when all joint angles are zero. (b) Pose at 35°, 20° and 60° joint angles.
Teach
Teach
¥ 94949 x:  98.211
z. 0.000 z 0.000
X
R: -0.000 e ’ R: -0.000 = 2
P:  0.000 P:  0.000 2,
Y: 90.000 N Y: 70.000 N
100 ger 1 -100 inger 1
. Lol = 4‘ - 100 ﬁ)
i = J Y/mm X mm 92 4 | » |10 ¥ -100 -100
ﬂ3 1 » ‘4“ qa 5 ’, N ‘mm X mm

(c) Pose at 20°, 30° and 40° joint angles. ~ (d) Pose at joint angles of 40°, 10° and 20°.

Figure 13. Simulation results of the single-finger model.

From the results in Figure 13 and Table 1, it can be seen that the simulation results
agree with the calculation results, which shows that the forward kinematic expression
solved in this paper is correct and can execute the forward motion of the end-effector.

To verify the accuracy of the inverse kinematics, first, the joint angle was given, and
the corresponding fingertip coordinate values were calculated according to the forward
kinematics. Then, the inverse kinematics were solved according to the obtained fingertip
coordinates to obtain the corresponding joint rotation angle. Finally, whether the kinematic
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inverse analytic formula is correct was verified by comparing the obtained joint angles
with the given joint angles, and the specific data are shown in Table 2.

Table 2. Inverse kinematic verification data.

Given Angle Forward Kinematics/mm Inverse Kinematics/® Inverse Kinematics/mm
91 92 93 X y V4 91 92 93 X y z
0 0 0 160.00 0 0 0 0 0 160.00 0 0
35 20 60 66.659  119.816 0 35.000 20.000 60.000 66.659  119.8160 0
20 30 40 94949  106.484 0 20.000 30.000 40.000 94949  106.484 0
40 10 20 98.211  122.117 0 39.999 10.000 19.999 98.211 122118 0

As seen from the data in the table, the data for the forward and inverse kinematics
solutions are identical up to four decimal places, indicating that the forward and inverse
kinematics are correct within a certain range of motion. Therefore, the feasibility of the
tomato picking end-effector was verified from both the forward and inverse kinematic
perspectives.

2.4. Tomato Picking End-Effector Trajectory Planning and Workspace Simulation Verification

To reduce the damage caused by automated picking and to improve picking efficiency,
this section first addresses the trajectory planning of the end-effector picking action to
reduce the impact force on the tomato, and then demonstrates that the operating range of
the end-effector can meet the tomato picking requirements based on workspace simulation.

2.4.1. Trajectory Planning

Based on the theoretical analysis of position control in Section 2, it is clear that the
position control has end-effector joint angle control. However, if the joints are driven
directly to the target position, the speed is too fast, and a large impact force is generated at
the moment of contact between the end-effector and the tomato. This impact may not only
damage the tomato but also the end-effector components. Therefore, the impact force needs
to be reduced via trajectory planning. The modified trapezoidal law of motion offers the
advantages of continuous acceleration, leap curves and short trajectory times, but also the
disadvantage of sudden changes such as a jerk at the beginning and end of motion, which
causes flexible shocks to the system [28]. To address this problem, the modified sinusoidal
acceleration curve motion law for trajectory planning was adopted, which could eliminate
the problem of sudden position and force changes at the beginning and end of the motion
and make the end-effector move smoothly.

From Section 2.2.1, the tomato picking end-effector designed in this paper is symmetric,
so its single-finger model was applied for trajectory planning, and the sinusoidal modified
trapezoidal acceleration curve mentioned in the literature [29] was derived to obtain the
jerk curve.

Figure 14a, 14b and 14c respectively show the curves of angle, angular velocity and
angular acceleration of joint 1 with time. The three graphs in Figures 15 and 16 are curves
of the relevant parameters of joint 2 and joint 3 corresponding to Figure 14 changing with
time, respectively. From the (b) and (c) diagrams of Figures 14-16, it can be seen that at
the beginning and end of the joint movement, the joint velocity and acceleration were both
zero, and there was no abrupt change in the slope of the curve, indicating that there was no
obvious movement impact during the starting and braking of the joint movement of the
end effector, and there was no abrupt change in the slope of the whole curve in the angle,
angular velocity and angular acceleration images of Figures 15-17.
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Figure 15. Angle, angular velocity and angular acceleration of joint 2.
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2.4.2. Workspace Simulation Verification

Based on the end-effector structure designed in Section 3.1, a workspace simulation
was performed using MATLAB. First, multiple end-effector joint motion space points
were randomly generated. Then, based on the D-H coordinate system established in
Section 2.3.1 for the end-effector rotating joint link and the end-effector single-finger model,
the coordinates and transformation matrix of the generated random points were obtained,
and then the spatial point coordinates of the joint motions were solved. Finally, the
workspace image of the end-effector was drawn using the plot function in MATLAB.
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The kinematic forward solution model yielded the expressions for the base joint

(P;/’ PJ ) , middle joint (P,’c, P;) and fingertip (Px, Py) of the finger as a function of the base

coordinates of the finger, respectively, as follows:

P! = 60cy,
P; = 6051,

P)/C: 60c1+60c17,

P]; = 6051 +60512,
Py= 60c1+60c1,+40c123,
Py = 605146051, +405123,

)

The rotation angle of each joint of the picking end-effector is between 0° and 90°. In
MATLAB, 100,000 random points were generated, and their coordinates were brought into
Equation (9) to obtain the points within its working space and to find the workspace of the
base finger, middle finger and fingertip of the end-effector, as shown in Figure 17.

Based on the tomato picking end-effector structure, an entire D-H coordinate system
was established for the hand, as shown in Figure 18. The three fingers were symmetrically
distributed at 120° to each other on a circular palm with a radius of 40 mm.

Z}()

Z Tz;z Tzu Z“T

Figure 18. D-H coordinate system of the whole hand.

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental conclu-
sions that can be drawn.

Substituting the parameters of Table 3 into Equation (4), the transformation matrix of
the Z1g coordinate system relative to the Zy coordinate system was obtained as follows

€10 —S10C08&10 S108inA1y  A10C10
$10 —C1000S&19—Co1SiNA10 A10510
0 Sinqg coswyg  dip
0 0 0 1

0T = , (10)

Table 3. D-H parameters for finger base coordinates to palm base coordinates.

Parameter dj 0;0 ®ip ajo
Z10 0 —120° 90° 40
Z209 0 120° 90° 40
Z30 0 0° 90° 40
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From the transformation matrix, the spatial position coordinates of the fingertip of
Finger 1 could be obtained as

Py = cip(aycy + azciz + azcins + ayo + ay),
Py = syg(a1s1 + azs12 + azs123 + aip + a), (11)
P, = sinayo(a151 + a2812 + a35123),

Similarly, the spatial position coordinates of the fingertips of Fingers 2 and 3 could be
obtained, and the MATLAB simulation was used to obtain the three-dimensional workspace
of the fingertips, as shown in Figure 19.

The simulation results for the workspace show that the end-effector could pick toma-
toes in the diameter range of 50 mm to 120 mm. As mentioned in Section 3.1, ripe tomatoes
are generally 50 mm to 80 mm in diameter, whereby this range is included in the range
of tomato picking diameters in the simulation results. Therefore, the dimensions of the
end-effector meet the requirements of the tomato picking operation.

0
-200

y fmm -400 200 X /mm

Figure 19. Three-dimensional workspace of fingertips in the coordinate system of the palm.

3. Results

This section builds a real test platform based on the existing simulation results and
designs the corresponding control system and remote debugging system. Thereafter, the
performance of the end-effector designed is verified through field picking tests on tomatoes.

3.1. Test Platform Construction

According to the above simulation results, Future 8000 resin was selected as the
material for fabricating the three joint components and the palm, and 3D printing was
performed. After machining all of the parts, the tomato picking end-effector was physically
assembled, and the overall physical end-effector is shown in Figure 20.
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Figure 20. Physical view of tomato picking end-effector.

To achieve the separate control of each joint movement of the single finger and coor-
dinated control of the movements of the three fingers of the end-effector (thus ensuring
that the end-effector achieves precise picking movements), the tomato picking end-effector
control system was designed with an architecture as shown in Figure 21.

Vision sensor STM32F103ZET6 «—— Pressure transducer FSR402 T
Stepping motor driver—> Stepmotor Tomato picking manipulator

Figure 21. Control architecture of the tomato picking end-effector.

The control system included a main control part, power circuit part, motor control
part and pressure acquisition circuit part. In the designed tomato picking end-effector, the
STM32F103ZET6 microcontroller was selected as the main controller, and the FSR402 thin
film pressure sensor was selected to detect the contact force between the end-effector and
the tomato in real time. Nine pressure sensors were arranged on each joint, and L9110S
was selected as the stepper motor-driven module. In the process of controlling the motion
of the end-effector, the stepper motor was controlled in real time based on the collected
pressure sensor values with the hybrid force/position control algorithm. Via the motion
law described in Equation (8), the speed of the end-effector joint motor was planned, and
the start-up phase was divided into the start-up acceleration phase, uniform acceleration
phase and variable deceleration phase. According to the motor control requirements, its
pulse requirement was 1-2 ms, the configuration timer clock frequency was 1 MHz and the
period was 20 ms. Then, the timer duty cycle configuration corresponding to 1-2 ms was
1000-2000, and the motor rotation angle was 180 degrees, such that the control accuracy
of the controller was 0.18 degrees. From Equation (8), the motor rotated 0.83 degrees
in the start-up acceleration stage, 5 degrees in the uniform acceleration stage and 9.1667
degrees in the variable deceleration stage. Combined with the control accuracy of the
motor, the interpolation algorithm was designed. In the acceleration stage, two points were
interpolated, 5 t/8 and t(t < 1 s). In the uniform acceleration stage (1 < t < 2), five points
were interpolated in equal time. In the variable deceleration phase (1 <t < 2), five points
were interpolated simultaneously. With the motor control requirements, the interpolation
points meeting the above requirements could be obtained. In the deceleration phase and
the start-up phase, the control strategies were reversed. In the uniform acceleration phase,
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the same isochronous interpolation algorithm was used, and the interpolation points were
proportional to the time of uniform motion, with the interpolation performed every 40
ms with pulse increments of two. According to the above control algorithm, the motor
operation flow was ultimately designed, as shown in Figure 22.

Run directly to the target address without planning. ‘

Start accelerated planning

Start accelerated planning, even accelerated planning

Start acceleration planning, uniform acceleration planning and variable deceleration planning. ‘

Start acceleration planning, uniform acceleration planning, variable deceleration planning and
variable deceleration planning in deceleration stage.

Start acceleration planning, uniform acceleration planning, variable deceleration planning, variable
deceleration planning in deceleration stage and uniform deceleration planning in deceleration stage.

Start-up planning, uniform planning and deceleration planning.

Figure 22. Operation flow of the end-effector joint motor.

To realize a simple and convenient end-effector controller, remote wireless debugging
software was developed based on Tiny6410. The Linux operating system and Qt software
were used to build the development environment. The system read the touch screen control
commands from the Tiny6410 through the Linux driver, operated the I/O interface and sent
the end-effector pose debugging data through the serial port to the conversion module, which
sent the control commands and data to the manipulator controller STM32F103RCT6 through
the wireless communication module NRF24L01. In accordance with the end-effector control
requirements, the end-effector joint trajectory and the interval time of the control command
were operated simultaneously. According to the above requirements, the software flow of the
remote wireless debugging module was designed, as shown in Figure 23.

Send run command

N

Send download command and data ‘

Send debugging command, and send data when
the corresponding slot function is triggered.

Figure 23. Software flow of the remote wireless debugging module.

3.2. Test and Result Analysis

Our tomato picking end-effector was used to carry out tomato gripping tests at the
experimental station of Northwest Agriculture and Forestry University in Meixian, Shaanxi
Province, China (34°07'22.53" N, 107°59'50"" E, approximately 648 m above sea level) to
verify its performance. Three hundred varieties of JP513 tomatoes with different sizes and
weights were selected and divided into three groups according to large, medium and small,
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with corresponding numbers of 1, 2 and 3. The average size and weight of each group are
shown in Table 4. Based on the hybrid force/position control strategy proposed in Section 2,
the end-effector was used to carry out multiple grasping operations on three tomatoes
and to detect the damage degree and damage rate of the tomatoes after the test. During
the whole experiment, in order to verify the superiority of the developed end-effector, we
also selected tomatoes with irregular sizes as experimental grabbing objects, such as small
tomato fruits that could not be touched by three fingers at the same time during grabbing.
Based on grabbing the fruit, we verified the structural rationality and the feasibility of the
material selection of the developed end-effector. The results are shown in Figure 24.

Table 4. Experimental tomato data.

Number Large Diameter/mm Small Diameter/mm Height/mm Weight/g
1 82.4 752 66.7 230
2 68.2 65.4 56.5 189
3 58.9 56.1 52.6 128

(c) Grab experiment of tomato No.3 (d) Grab experiment of tomato No.3

Figure 24. End-effector test diagram.

The results of the small fruit grasping test are shown in Figure 24. Figure 24a—c shows
that when grasping tomatoes with a large diameter greater than 60 mm, grasping was
achieved through the middle finger in conjunction with the fingertip. Figure 24d shows
that when the tomato diameter was less than 50 mm, grasping was performed with the base
finger in conjunction with the middle finger. After the picking operation was completed, no
damage to the tomato fruit occurred, i.e., the damage rate was zero. Therefore, the above
tests demonstrated that the tomato picking end-effector designed in this paper can be used
for nondestructive picking of tomatoes of different sizes and weights based on the hybrid
force/position control strategy proposed in Section 2.

4. Discussion

This paper analyzed and compared tomato picking end-effectors developed by ex-
perts in the field, summarized the strengths and weaknesses of related research and then
presented design requirements for a highly flexible and cost-effective tomato picking end-
effector. Specifically, in the structural design of the end-effector, a three-finger prototype
with nine degrees of freedom was designed based on the structure of the human hand
and the length of the middle finger joint, and a stepper motor was selected as the power
source for the end-effector test prototype. Since ellipsoidal fitting of the tomatoes was
subject to errors and did not accurately drive each joint into contact with the tomato, the
exact joint rotation angles needed to be adjusted according to the force feedback control
strategy proposed later. The structural design of this end-effector offers the advantages



Agronomy 2023,13, 947

18 of 20

of high flexibility, low cost and structural simplicity, and meets the design requirements
for a tomato picking end-effector. In the control section, the paper first presented a for-
ward and inverse kinematic analysis based on the structure of the end-effector; then, a
hybrid force/position control strategy was proposed to reduce the damage to the tomatoes
during the picking process; second, to enable farmers to adjust the grasping pose of the
end-effector by themselves, the end-effector controller and remote wireless debugging
module were designed to improve the grasping adaptability and ease of use. Finally, based
on the control requirements of picking operations, a control system was designed to achieve
real-time control. In the test section, tomatoes of different sizes and qualities were selected
for testing to verify the effectiveness of the end-effector for tomato picking. Even with these
advancements, the following three aspects of the end-effector were found to be deficient
and thus need further investigation and improvement:

1.  Flexible joints could be added for the finger structure of the tomato picking end-
effector. A suitable integrated driven joint motor could be selected to improve the
compactness of the end-effector structure, yielding more of a bionic shape, size and
movement.

2. More accurate pressure sensors for contact force collection and more sensors on the
end-effector, such as tactile sensors, joint displacement sensors, joint torque sensors,
etc., could render the end-effector capable of humanoid picking in the greenhouse
environment.

3. The control algorithm of the end-effector could be optimized to equip the end-effector
with multiple picking modes while also improving the picking efficiency and enhanc-
ing the flexibility and stability of the end-effector when grasping. The control system
could also be optimized by adding the human—computer interaction interface for the
convenience of user debugging.

5. Conclusions

Based on the problems of low grasping adaptability and high manufacturing cost of
existing tomato picking end-effectors, this paper designed a tomato picking end-effector
with high grasping adaptability and low cost. First, the mechanical structure and size of
the tomato picking manipulator were determined based on the operating environment.
Since our tomato picking end-effector contains three fingers with the same structure, the
single finger of the end-effector was verified via forward and inverse kinematic analysis
and simulation based on the established single-finger model D-H coordinate system to
simplify analysis. Second, to reduce the damage to tomatoes in picking operations, a hybrid
force/position control strategy was proposed, and the control system of the end-effector
was designed based on the control requirements of tomato picking. Finally, three tomatoes
with different sizes and qualities were selected to test the tomato picking end-effector
prototype. Specifically, a contact force feedback control algorithm was used to detect the
contact force between the end-effector and the picked tomatoes in real time, to verify the
effectiveness of the end-effector. The experimental results show that the tomato picking
end-effector designed in this paper can effectively perform nondestructive tomato picking.
Therefore, the end-effector offers high practical application value toward fruit-picking
automation.
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