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Abstract: Due to the complex growth positions of dragon fruit and the difficulty in robotic picking, this
paper proposes a six degrees of freedom dragon fruit picking robot and investigates the manipulator’s
motion characteristics to address the adaptive motion issues of the picking manipulator. Based on
the agronomic characteristics of dragon fruit cultivation, the structural design of the robot and the
dimensions of its manipulator were determined. A kinematic model of the dragon fruit picking robot
based on screw theory was established, and the workspace of the manipulator was analyzed using the
Monte Carlo method. Furthermore, a dynamic model of the manipulator based on the Kane equation
was constructed. Performance experiments under trajectory and non-trajectory planning showed
that trajectory planning significantly reduced power consumption and peak torque. Specifically,
Joint 3’s power consumption decreased by 62.28%, and during the picking, placing, and resetting
stages, the peak torque of Joint 4 under trajectory planning was 10.14 N-m, 12.57 N-m, and 16.85 N-m,
respectively, compared to 12.31 N-m, 15.69 N-m, and 22.13 N-m under non-trajectory planning. This
indicated that the manipulator operates with less impact and smoother motion under trajectory
planning. Comparing the dynamic model simulation and actual testing, the maximum absolute error
in the joint torques was —2.76 N-m, verifying the correctness of the dynamic equations. Through
field picking experiments, it was verified that the machine’s picking success rate was 66.25%, with
an average picking time of 42.4 s per dragon fruit. The manipulator operated smoothly during each
picking process. In the study, the dragon fruit picking manipulator exhibited good stability, providing
the theoretical foundation and technical support for intelligent dragon fruit picking.

Keywords: dragon fruit; robotic picking; manipulator; motion characteristics; performance test

1. Introduction

Dragon fruit (Hylocereus) is a tropical and subtropical fruit [1]. Rich in anthocyanins,
plant albumin, and other beneficial substances, dragon fruit is highly nutritious and eco-
nomically valuable [2]. With increasing market demand, global production and cultivation
areas of dragon fruit continue to expand [3]. However, manual labor remains the predomi-
nant method for dragon fruit picking, resulting in high labor intensity and low operational
efficiency. Hence, there is an urgent need to develop a flexible and adaptable dragon fruit
picking robot to promote automation and intelligence in the dragon fruit industry.

With the rapid development of agriculture, various commercial automated machines
have been developed to harvest crops such as potatoes, wheat, and maize, addressing
issues such as labor shortages and low automation levels. However, research in the field of
manipulator picking still faces challenging obstacles [4,5]. Xiong et al. [6] developed an
autonomous strawberry picking robot capable of continuous picking by means of manual
remote control of the mobile platform. Jun et al. [7] developed a tomato picking robot
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that designed an end effector consisting of gripping and cutting modules. Bu et al. [8]
developed an apple picking robot and analyzed two picking actions, simulated human
motion and horizontal pulling and bending. Currently, researchers predominantly focus
on designing and studying picking robots for strawberries, tomatoes, apples, and other
fruits and vegetables [9-13]. The development of these picking robots provides valuable
references for the design of robotic manipulators for dragon fruit picking. Current fruit-
picking robots generally use two main methods for picking: twisting and cutting. When
applying the twisting method to pick dragon fruits directly, damage is likely to occur at
the base of the fruit. In contrast, most cutting-based robots are designed to pick fruits with
relatively long stems that grow vertically. These robots only need to cut perpendicularly to
the stem for picking. However, since the base of the dragon fruit is directly connected to
its stem, picking it cannot be achieved by simply cutting the stem vertically. Instead, the
cut must be made at a specific angle to avoid damaging the fruit’s base while cutting the
stem. Additionally, because the fruit stems are randomly distributed across various parts
of the branches, the growth posture of dragon fruits is more complex than that of other
fruits and vegetables. Existing fruit-picking robots cannot ensure low-damage picking of
the dragon fruit’s stem during the picking process. Therefore, the design of a dragon fruit
picking robot must possess high flexibility and stability to handle these challenges.

In the realm of picking robots, the analysis of manipulator dynamic characteristics
stands as a primary research focus. Within manipulator kinematic modeling, the Denavit-
Hartenberg (D-H) method is widely applied. When using the D-H method, it is necessary
to establish a local coordinate system of the system model, while the screw analysis method
only needs to establish a global coordinate system and a tool coordinate system of the
system model to obtain the overall model of the system. Therefore, screw theory has been
successfully applied in this research field with its outstanding advantages [14]. Zhang
et al. [15] designed a jujube tree pruning manipulator with five degrees of freedom and
solved the kinematic equations of the jujube pruning manipulator using the D-H method.
Yang et al. [16] designed a mushroom picking end effector based on negative pressure
suction and calculated the position and orientation of the end effector using the D-H
method. Zhang, Hu, et al. [17,18] constructed kinematic models using the D-H method,
established the kinematic models of apple picking robots, and analyzed them to determine
the robots” workspace. Zhang et al. [19] proposed a strawberry picking manipulator and
established the kinematic model of the strawberry picking manipulator based on the D-H
method. It was proved that the manipulator had no singular position within the specified
range of strawberry picking points. Yang et al. [20] proposed the Product of Exponen-
tial (POE) model based on screw theory, which satisfies the requirements of parameter
continuity, completeness, and minimality, avoiding the processes of standardization and
orthogonalization during parameter identification. Zhang, Ge, et al. [21,22] established a
kinematic model based on screw theory and derived the forward kinematic equations of
the manipulator using the POE formula. Chen et al. [23] proposed an improved inverse
kinematic method for a six degrees of freedom robot based on screw theory, which solved
the problems of low computational efficiency and complexity of the solution of the D-H
method. The analysis of dynamic equations plays a crucial role in mechanical systems
research. The main methods in the dynamic modeling and solution of robotic manipulators
include the Lagrangian, Newton-Euler, and Kane equations [24,25]. Wu et al. [26] utilized
the Lagrangian equation to analyze the dynamic analysis of the hybrid robot mechanism.
Xiao et al. [27] established a dynamic model of a heavy-duty manipulator through the
Lagrangian equation to complete the research and optimization of parallel manipulators.
Zhao et al. [28] developed a lightweight apple picking manipulator and established its
dynamic model using the Newton—Euler equation. By analyzing the theoretical data from
the dynamic model, the optimal lightweight design was selected. Farshid Asadi et al. [29]
used screw theory to define the Kane equation and established a dynamic model for the
manipulator. Li et al. [30] derived the nonlinear coupled dynamic equations for a four
degrees of freedom tendon-driven manipulator based on Kane’s equation. Andrej Cibicik
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et al. [31] conducted a dynamic model and force analysis of a knuckle boom crane based on
the Kane equation to determine the reaction forces of the crane, and this dynamic analysis
method can be applied in a similar manipulator with any number of links. In summary,
precise kinematic and dynamic models are fundamental for the research and development
of picking robots. In terms of kinematics, the establishment of coordinate systems using
the D-H method is relatively intricate. Additionally, singularity issues can arise when two
consecutive joints of the manipulator are parallel or nearly parallel. Models based on screw
theory, on the other hand, do not have singularity issues. They can provide kinematic
analysis with intuitive geometric meaning and offer high solution efficiency [32,33]. In
terms of dynamics, the Lagrangian and Newton-Euler equations involve numerous alge-
braic and differential equations during the computation process. The Kane equation uses
“generalized velocities” as its fundamental parameters, allowing the derivation of dynamic
equations to eliminate constraint forces and avoid the complex operations associated with
the differential form of energy equations. This results in less computation, making it more
suitable for computer programming and calculations [34].

To address the complex growth postures of dragon fruit, a six degrees of freedom
robotic manipulator for dragon fruit picking was designed, focusing on its motion charac-
teristics to ensure minimal damage to the stems during picking. The main contributions
of this research are as follows: Firstly, a six degrees of freedom picking robot that aligns
with the agronomic characteristics of dragon fruit was designed. Secondly, to reduce com-
putational complexity, a kinematic model of the dragon fruit picking robotic manipulator
was established based on screw theory, and a dynamic model was constructed using the
Kane equation. Finally, a testing platform was set up to evaluate the motion characteristics
of the robotic manipulator. Picking performance tests were conducted, demonstrating the
reliability and stability of the robotic manipulator.

2. Dragon Fruit Picking Robot Structure Composition and Working Principles
2.1. Agronomic Characteristics of Dragon Fruit Cultivation

Dragon fruit cultivation areas are generally located on flat terrain. As shown in
Figure 1a, in Hainan, dragon fruit cultivation commonly adopts a single ridge, single row,
and close-planting cultivation mode to ensure uniform light exposure on both sides of
the fruit. Steel cables connect the stakes in rows to support the branches, with dragon
fruit stems usually attaching to the steel cables at a height of approximately 1.5 m above
the ground. To minimize nutrient consumption and prevent ground-borne pests from
spreading to the branches and fruit, the stems are pruned to maintain a height of at least
0.3 m above the ground. Therefore, dragon fruit generally grows within a height range of
0.3 m to 1.5 m, with row spacing between 2 and 3 m.

ragon fruit

Cut

Stem

Figure 1. Cultivation model and picking method in a dragon fruit orchard. (a) Cultivation mode;
(b) Picking method.

Dragon fruit picking is a labor-intensive and timely picking task, representing a crucial
component of the whole orchard management process. In Hainan, dragon fruit picking



Agriculture 2024, 14, 2095

4 0f 20

occurs 10 to 14 times per year. Due to the need for multiple picks of dragon fruit annually,
and given the short and thick fruit stems, fleshy branches, and the random distribution of
fruit stems across various parts of the branches, the fruit grows on these stems with its base
slightly embedded into the branch. During manual picking, it is essential to ensure a clean
cut and to trim the branch at a specific angle along the base of the fruit to avoid damage to
the fruit or the branch. A schematic diagram of dragon fruit picking is shown in Figure 1b.
There is an urgent need for research on a dragon fruit picking robot to achieve mechanized
and intelligent picking of dragon fruit [35]. The outcomes of this study are essential for
promoting standardized and large-scale development of orchards.

2.2. Structure Composition

The main structure of the dragon fruit picking robot consists of a tracked chassis,
a six degrees of freedom manipulator, and a vision system. The six degrees of freedom
manipulator is primarily composed of a manipulator base, Joints 1-6, Links 1-5, and an
end effector. The end effector mainly includes a motor, a coupling, a screw mechanism, a
linkage mechanism, and a picking bucket. A schematic diagram of the dragon fruit picking
robot body is shown in Figure 2.

1011 12 15

6 7
16 17 1819

Figure 2. Dragon fruit picking robot joint motion directions and three-dimensional structure diagram.
1. Tracked chassis; 2. Manipulator base; 3. Joint 1; 4. Link 1; 5. Joint 2; 6. Joint 3; 7. Joint 4; 8. Joint 5; 9.
Joint 6; 10. Link 2; 11. Link 3; 12. Link 4; 13. Link 5; 14. Vision system; 15. End effector; 16. Motor; 17.
Coupling; 18. Screw mechanism; 19. Linkage mechanism; 20. Picking bucket.

2.3. Working Principles

During the operation of the dragon fruit picking robot, the vision system identifies
the areas within its field of view where dragon fruits are ripe for picking. The tracked
chassis is manually guided to the appropriate picking position, where the vision system
recognizes and locates the ripe dragon fruits within the target range. The vision recognition
system uses a depth camera to acquire depth information, calculating the three-dimensional
coordinates of the center of the dragon fruit. These coordinates are relative to the base
coordinate system. Based on the spatial coordinates of the pickable dragon fruits, the
robotic manipulator’s joints are driven to execute path planning to reach the target picking
position. When the robotic manipulator reaches the target position, the end effector motor
drives the movement of the screw mechanism through the coupling, controlling the linkage
mechanism to perform a closing operation. The end of the linkage mechanism is equipped
with a cutting blade. Once the cutting claws are fully closed, Joint 6 is actuated to rotate and
cut the fruit stem. The picked dragon fruits are stored in the picking bucket. After cutting
is complete, the robotic manipulator moves to the designated drop-off position, where the
end effector motor drives the screw mechanism to open the linkage mechanism, placing
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the dragon fruits into the fruit basket. This process achieves the mechanized picking of
dragon fruits.

3. Design of the Dragon Fruit Picking Manipulator
3.1. Structural Design of the Manipulator

When manually holding scissors to pick dragon fruit, the picking operation is com-
pleted through the cooperation of each joint of the manipulator. Therefore, this study has
designed a six degrees of freedom dragon fruit picking manipulator. The manipulator
includes one prismatic and five rotational joints. To facilitate dragon fruit picking, Joint 1 is
added to the base to achieve the picking of the whole manipulator at the same height in
different directions. Joint 2 allows the manipulator to move up and down to accommodate
dragon fruits at different heights. Three rotary joints (Joint 3 to Joint 5) are designed to
maneuver the manipulator to the target dragon fruit position with flexibility. As dragon
fruit grows directly on the stems, manual cutting involves making two cuts with scissors
from the base of the fruit on both sides of the stem, resulting in a V-shaped incision. To
reduce damage to the dragon fruit stems, the end effector designed in this study positions
the cutting blades of the four claws at a certain angle after they are closed. This design
simulates the angle used in manual cutting, avoiding damage to the fruit when the blades
cut vertically at the base. Additionally, Joint 6 is added to the end effector to facilitate the
rotary cutting of the stems. The structure and motion directions of the manipulator joints
are shown in Figure 2. The base rotates about the z-axis, causing the motion of this joint
to drive the rotation of other links and joints. The prismatic joint moves up and down
along the z-axis, causing Joint 3 to Joint 6 to translate accordingly. Joint 3 to Joint 6 rotate
around axes labeled as , i, j, and k. The h-axis remains parallel to the xoy plane, the i-axis is
perpendicular to the /-axis, the j-axis is parallel to the i-axis, and the k-axis is perpendicular
to the j-axis. When Joint 6 rotates around the k-axis, it drives the end effector to rotate
around the same k-axis simultaneously.

3.2. Dimensional Parameter Design of the Manipulator

Based on the physical characteristics of dragon fruit and its growth environment, an
analysis of the required picking space was conducted. The dimensional parameters of each
link and the ranges of joint motion for the dragon fruit picking robot were designed as
shown in Table 1, where Link 6 refers to the end effector mentioned earlier.

Table 1. Lengths of each link and ranges of joint motion.

Length Joint Variables Variable Range
Link 1 dq 01 —180-180 degree
Link 2 I17 (114 mm) Ad 70-650 mm
Link 3 12 (130 mm) 03 —180-180 degree
Link 4 I (412 mm) 04 —90-90 degree
Link 5 I31 (168 mm) 05 —144-144 degree
Link 6 I35 (332 mm) 06 —180-180 degree

4. Kinematic and Dynamic Modeling of the Dragon Fruit Picking Manipulator
4.1. Kinematic Modeling Based on Screw Theory

Compared to the D-H method, which requires establishing local coordinate systems at
each joint, using screw theory for kinematic analysis involves establishing joint axis vectors
to construct the manipulator’s motion model, thereby simplifying the kinematic analysis of
the robot. When the joint positions are [0°, 0 mm, 0°, 0°, 0°, 0°], the dragon fruit picking
manipulator is in its initial pose. A schematic of the manipulator in its initial pose is shown
in Figure 3.
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Figure 3. The initial position of the manipulator.

The motion screw coordinates ¢ of a rigid body are composed of linear velocity v and
angular velocity w. Motion screws are divided into rotational joints and prismatic joints, as
shown in Equation (1):

)

where w; is the unit vector along the motion screw axis, v; is the unit vector in the direction
of translation, and r; is any point on the axis.

According to Chasles’ theorem, the screw motion of a rigid body can be represented
using the matrix exponential form of the motion screw, as shown in Equation (2):

[ e (I —e“%)(w x v) + wwTvh ] w40
D @)
l I 06 ] w—0
01

Substituting the manipulator parameter data into Equation (2), Equations (3)—(8) are
obtained.

1 —$§1 0 0
&6, s;. ¢ 00
“"T1o 0 10 ©)
0 0 01
1 0 0 O
&0 01 0 O
¢ 001 A )
00 0 1
1 0 0 0
5 0 ¢ s —dys
&35 _ 3 53 153
¢ 0 —s3 c3 di(l1—c3) ©
0O O 0 1
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Cyq 0 54 —11(1 - C4) — d154
&by _ 0O 1 0 0
¢ —s4 0 ¢4 —IDisg+ dl(l — C4) ©)
0O 0 0 1
cs 0 s5 (Lh+1Ip)(cs—1)—diss
£ 0 1 0 0
G505 7
¢ —s5 0 cs —(ly+1)s5+di(1—cs) @
0 0 O 1
1 0 0 0
&0 _ |0 c6 s6  —dise
¢ 0 —s¢ ¢ di(1—ce) ®)
0 O 0 1

where s; = sinf;, ¢; = cost;, 0; (i =1, 3, 4, 5, 6) is the rotation angle of each link, and Ad is
the displacement of the second link on the lifting platform.

By combining the initial position of the manipulator with the parameter data obtained
from Equations (3)—(8), the POE form of the forward kinematics equation for the dragon
fruit picking manipulator is derived as shown in Equation (9):

Ny Ox dx Px

) — 610108202 . obebeg 0y = |V Oy Ay Py 9
8st(0) 8st(0) n: 0. A ps )
0 0 0 1

where g¢(0) is the homogeneous transformation matrix of the manipulator’s end effector
relative to the base.

The specific expanded expressions of each term in the forward kinematics equation of
the dragon fruit picking robot manipulator in Equation (9) are shown in Equation (10):

Ny = €1C4C5 + S$18354C5 — €154S5 + $153C455
Ny = 51C4C5 — €15354C5 — 515455 — €153C455

Nz = —C3545

Ox = —81C3C6 — C1C45556 — 5153545556 — C154C556 + 5153C4C556

0y = C1C3C6 — 51C45556 + €153545556 — 5154C556 + C153C4C556

0z = —853C6 1 €3545556 — €3C4C556

Ay = —51C386 1 C1C455C6 + 51535455C6 + €154C5C6 — 5153C€4C5C6 (10)
Ay = C1C356 + 51€455C6 — €1535455C6 + $154C5C6 + €153C4C5C6

Az = —5356 — €35455C6 + C3C4C5C¢

I3¢c18485 — lpcicq — I3c1c4C5 — 2d1010455 — 2d1184C5 — [1c1 — 1515354 — 135183C455 — [3515354C5
—2d151535455 + 2d110455C¢ + 2d1¢154C5C¢ + 2d15153€4C5 — 2d15153C4C5C¢ + 2d151535455C¢

_ 12615354 — 125164 — 1351C4C5 — 2d151C4S5 — 2d15154C5 — l1S1 + 13515455 + 2d1C153S4S5 — 2d1€153C4C5
Py = +2d151¢485C¢ + 2d15154C5C6 + 13¢153€455 + 13€15354C5 + 2d10153¢4C5C6 — 201C1535485C6

pz = lacasy — 2d1c3c4c5 + 1303455 + 13¢354C5 + 2d1035455 + 2d1c304C5C6 — 2d135455¢6 + d1 + Ad

where, s;; = sin(6; + 0;), ¢;; = cos(6; +6;), (i=1,3,4,5,6,j=1,3,4,5, 6).

To validate the correctness of the forward kinematics equation gs(6), the initial po-
sition of the dragon fruit picking manipulator [0°, 0 mm, 0°, 0°, 0°, 0°] was used for
verification. Substituting this initial position into Equation (10) yielded results consistent
with the actual initial position of the manipulator, demonstrating the correctness of the
kinematic mathematical model of the manipulator based on screw theory.

Px =

4.2. Dynamical Modeling Based on Screw Theory
4.2.1. Establishment of the Kane Dynamics Equation Based on Screw Theory

The Kane equation, when dealing with the dynamics of intricate multi-degree of
freedom systems, avoids the computational processes involving differentiation of second-
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order differential equations. This aids in decreasing time and space complexity, enhancing
efficiency, and facilitating implementation on computers. The Kane dynamic equation
derived through the introduction of screw theory is shown in Equation (11):

n

Y Fii+ ) a8l = ) ( <§f,>§z{j) + ) ( (ﬁ%) gij) =0 (11)
i=1 i1 ' i i1 \Vi

i=1

R; R} . . N
where ( Ml > and ( Miﬁ > , respectively, denote the active force screw and inertia force screw
t ci

acting at the center of mass of robot Link i. j Tepresents the Column j element of the object
Jacobian matrix, which corresponds to the partial velocity screw of the generalized velocity
of Link 1.

4.2.2. Calculation of Partial Velocity Screw

As shown in Figure 4, the object coordinate frames T for the robot links are established,
where T; (i = 1, 2, 3, 4, 5, 6) represents the object coordinate frames fixed at the center of
mass of each link, and a4; (i =1, 2, 3, 4, 5, 6) denotes the distances from the link joints to the
respective centroid.

- h e b L |
ad a a, a, a, as ‘
B 7,12 ;»]Q Zy C TN ( 1% T, 1%
BN 5 N2 SN, ey
0, A
- hy Ly
p T, 14
1 1
AL

Figure 4. Schematic diagram of the manipulator.

Based on Figure 4, the instantaneous velocity screw coordinates of Joint j relative to
the coordinate system T; are determined as shown in Equation (12):

=] 0o 10 0o0]"

=] 00 10 a 0]

=] 00 00 00]

=1 0 s3 c3 —diss T111+02)C3 —(I11 +a2)s3 }T

!

g?zf[ 00 00 00] 12
=] -1 0 00 0 0]

m=1[ sa ssca czea —disses  disg+ (h +az)eses — (I 4 az)sacs ]T
=0 00 00 00]

(;/13 = [ —c4 0 s4 0 (lp+az)sy O }T

=0 01 00 0 —a]"
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4.2.3. Calculation of Generalized Active Forces and Generalized Inertial Forces

According to the definition of the Kane equation, the active force screw Fg; of robot
Link i consists of two parts: the active force principal vector R; and the moment vector
of the active force M; about the center of mass of that link. The formula is shown in
Equation (13):

T
Fzi = [R; Mj] (13)

The active force principal vector and the moment vector of the active force for each

joint are shown in Equation (14):

Ri=[0 0 —mg+m ]
Mi=[00 5]

RZZ[O 0 —mpg — T ]T
My=[7 0 0]"

Ry = [ —msgss 0 —m3gC3]T
M3:[*T3 T4 O]T

(14)
Ry=[ —mugsss 0 —mygcay |
M4:[0 T5 — T4 O]T
T
Rs = [ —msgsss 0 T—m5g6345 ]
M5 = [ Te —T5 0 ]
Re = [ —megsause 0 —megcause |
Me=[-1% 0 0]"
The generalized active forces for each joint are shown in Equation (15):
= R + Fhth + Fhth + FLgj + FLth + Fiti
By = Fa8 + Fralap + Fglg ot F,%:sééz + FaeCa
_ ! ! !/ !
FS—F§§33+FQ§ 43+F%§CSS+P§6§63 (15)

k= F%%Cfﬂ + Fessa + FeeG6a
! !

F = F%§CSS + Fz6Ges

Fe = Fge‘:ée

The inertia force screw F of robot Link i consists of two parts: the inertia force
principal vector R}; and the moment vector of the inertia force M; about the center of mass
of that link. The formula is shown in Equation (16):

* - b
Mg; —ILwr — wh x (I, x Wb)

- b
where I(li‘i is the inertia matrix of Joint 7 relative to its inertial axis, V; is the centroid

acceleration of Joint i, and a)l%i and cl)l%i are the corresponding joint angular velocity and
angular acceleration, respectively.

The inertia force principal vector and the moment vector of the inertia force for each
joint are shown in Equation (17):
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=1000]"
. T
Mg =100 —I164]
RE; =100 O]T
T
Mg, =100 - 122261}
0
REs = m3azc391 + m3a2C361 + m3a25391

—T’l’l3ﬂ25391 + 2m3a2535391

Leabs + CSSSIyyC%Gi — €383 Izzsgi
Mes = | c3(Las + Iyys — 1223)9163.7 s3l y301 17)
83(—Lex3 + Iy — 1523)9193 c31:301 , , , R
—Mmyas (94 + s301 ) — m;;% (5493 + C3S4€1) + m4C4”[a3(94 + 5:3‘01) + ﬂ? (549‘? + C3S491A) + 11291]
1My, [133(04 + 5301“— c360103) + 42530301 + a2¢35301 + a3(c403 — c35401) (5463 + 35461)]
RE = | —maapc30y + myans3o;
—mysalaz (04 + (9153)2 + a3 (0354 + C39154) + a26)] — maas (cas —c35401) (5405 + 35461) o
+mysy[az (04 + 5301 — 639193) + 2555301 + a3(cab3 — 35401) (5405 + c35401)] — myaz (04 + 5301 — c30103)
Lea(caB3 + 540304 + 3540104 — c35401 — 53549193) (Iyys — Lz) (5405 + 35401) (04 + 5307)
Mgy = | Lixa(cabs — c35401) (5403 + 35401) — yy4(94 + 5301 — c30103) — Lza(cafls — 635491)(5493 + 635491)
Lyya (a3 — 35401) (04 + 5301) — Laa(cab3 — 35401) (04 +5301) — Lza (5403 — 40304 + 3540104 + 35407 + 535401 03)

Due to the large computational complexity of dynamic modeling for a six degrees of
freedom manipulator, this study presents the calculation results of the inertia force screws
for Joint 1 to Joint 4 only. The inertia force screws for Joint 5 and Joint 6 of the picking
manipulator can be derived analogously to the first four joints.

The generalized inertial forces for each joint are shown in Equation (18):

F* _ F* T§11 F* ngl F* TC3] F* TC4] F* T‘:S] F* Té'él

E _F* S o+ F* S + F* i+ F* T§52+ et
F* _ F* T§33 F* T€43 F* T€53 F* T§63

18
Fy = 544 +F 554 +F ‘364 (19
F = 555 +F ‘:65
Fr = Fi et

Taking the link parameters from Tables 1 and 2 and substituting them into Equations (15)
and (18), and then consolidating and rearranging, the expression for the standard dynamic
is obtained. As shown in Equation (19), by establishing the mapping relationship between
the joint angles and the required torque for driving each joint, the load capacity of the ma-
nipulator can be evaluated in different states. This ensures that the manipulator functions
without overload during the stages of operation, effectively reducing design and testing
costs. ) o ‘

M(0)6+¢(0,0)0 +g(6,0) =1 (19)

where M(0) is the inertia matrix, c(6, ) is the centrifugal and Coriolis force matrix, g(6, )
is the gravity vector, and T is the torque vector.

Table 2. Kinematic parameters of dragon fruit picking manipulator links.

Mass/kg Inertia Tensor/(kg m?)
. 1.237 ~1916 x 107 —0.235
Link1 m =10 L =| -1916x 1076 1292 6.181 x 106
—0.235 6.181 x 107 0.066
Link 2 =3 2.054 —2972x107° —9.087 x 1073
2= L=| —2972x1075 2.060 4851 x 1074

—9.087 x 1073 4.851x10~%  1.848 x 1072
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Table 2. Cont.
Mass/kg Inertia Tensor/(kg m?)
. 0.963 2038 x 1073 0.198
Link 3 my =14 I = | 2038x1073 1.005 8.797 x 1073
0.198 8.797 x 1073 4.354 x 102
. [ 1.439 —5.295x 1073 0.843 ]
Link 4 My =25 Ii= | —5295%1073 1.970 ~8.160 x 103
| 0.843 —8.160 x 1073 0.536
. [ 0.505 —2.283 x 1073  0.439
Link 5 s =07 = | —2283x1073 0.889 2648 x 1073
| 0.439 —2.648 x 1073 0.386 |
. [ 0.710 —3.829 x 1073 0.782
Link 6 e =09 I = | —3.829%10°3 1582 —3.461 x 1073
| 0.782 —3.461 x 1073 0.875

5. Performance Test of the Manipulator
5.1. Establishment of Experimental Platform

An experimental platform for testing the motion characteristics of the manipulator
was constructed using the prototype of the dragon fruit picking robot, as shown in Figure 5.
The testing platform mainly included the prototype of the dragon fruit picking robot, a
36 V lithium-ion battery, a lower machine, an upper machine, and a depth camera. The
testing platform was built using an Intel RealSense D435i depth camera to construct the
visual system of a robotic manipulator, employing a dragon fruit target detection algorithm
developed by the research team for target recognition [36]. The depth camera was connected
to the upper computer via USB, and the ROS system processed the information from
the visual system and ran the control algorithms, with the RRT-Connect algorithm used
to optimize the path planning, enabling the robot to navigate efficiently and collision-
free to the target position in the complex environment of the dragon fruit orchard. An
STMB32F407ZGT6 series microcontroller was used as the lower level controller to control
the movement of the robotic manipulator to the target position for picking. The joints of
the manipulator were powered by DARAN ROBOT’s HCA series motors, which feature
real-time feedback capabilities, allowing real-time monitoring of power, speed, and torque.
Data exchange between the host computer and the lower level controller was conducted
through serial communication. The host computer sent control commands to the lower level
controller, which in turn provided feedback on joint speed, torque, and other parameters to
the host. The host then recorded the feedback data for further analysis.

Figure 5. Schematic diagram of the manipulator. 1. Robot body; 2. Host computer; 3. 36 V lithium-ion
battery; 4. Lower level controller; 5. Depth camera.
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5.2. Performance Testing Plan for the Dragon Fruit Picking Manipulator
5.2.1. Workspace Simulation of the Manipulator

The workspace of the robot is constrained by factors such as the main mechanical
structure and the rotation of each joint motor. A three-dimensional mathematical simulation
model of the dragon fruit picking robot’s manipulator was established using the MATLAB
Robotics Toolbox. The workspace of the designed dragon fruit picking robot body was then
simulated, and the Monte Carlo method was used to solve the robot’s workspace. Based on
the structural parameters of the manipulator in Table 1 and its forward kinematic model,
the MATLAB Rand function was used to conduct a workspace analysis of the dragon fruit
picking robot. This analysis verified whether the manipulator met the requirements for
picking dragon fruit. The random values of each joint variable generated by the Rand
function are shown in Equation (20).

0; = OMin 1 (pMmax — gMiny x Rand(N,1) (20)

where 671 is the minimum value of the angle or range of motion of Joint I, 67 is the
maximum value of the angle or range of motion of Joint I, and N is the number of cycles,
taking N = 10,000.

5.2.2. Performance-Testing Plan for the Manipulator

To investigate the joint motion performance of the manipulator during the dragon fruit
picking operation, the manipulator’s motion was controlled according to different modes
and paths using the motion characteristics testing platform in a laboratory environment.
It is possible to obtain key joint-related parameters such as average power consumption,
rotational speed, and torque.

The motion modes of the manipulator in the experiment were categorized into tra-
jectory planning and non-trajectory planning modes for comparative analysis. Under the
same motion mode, three different picking paths are set to compare the average power
consumption, rotation speed, and torque of the joints. In this study, trajectory planning in-
volves linear motions with uniform acceleration, constant speed, and uniform deceleration.
This method enables the manipulator to generate efficient trajectories under constraints of
velocity and acceleration. It facilitates the coordinated motion of each joint, ensuring simul-
taneous arrival at the target position even when joints rotate at different angles, thereby
minimizing redundant motions during operation.

In the laboratory environment, the selected positions of the dragon fruit growth and
the fruit placement points are shown in Table 3. The dragon fruit picking robot has three
key positions during the picking operation: the pre-picking position, the picking position,
and the fruit placement position. The parameters for each position in the experiment are
based on the origin of the manipulator’s coordinate system, with J1 to J6 representing Joint
1 to Joint 6.

Table 3. Key positions of the manipulator during operation.

Joint Position Parameters Cartesian Coordinates
[Jll 12/ 13/ J4I 151 16] (x, Y, z)/m
Pre-picking position [0°,0.38 m, 0°,90°, —90°, 0°] (—=0.772,0,0.792)
Picking position [0°,0.38 m, 35°, 45°, —45°, 45°] (—1.062,0.192, 0.655)
Fruit placement position [0°,0.38 m, 0°, 15°, —105°, 45°] (—0.670, 0, 0.0137)

Based on the design of the key working points of the manipulator, the dragon fruit
picking process can be divided into three stages: picking (pl), placing the fruit (p2),
and resetting (p3). The pl stage involves moving from the pre-picking position to the
picking position, the p2 stage involves moving from the picking position to the fruit
placement position, and the p3 stage involves returning from the fruit placement position
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to the pre-picking position. MATLAB was utilized to simulate the manipulator’s dynamic
model based on the Kane equation, obtaining torque information for the key joints. These
simulated data were then compared with the data obtained from the motion characteristics
experimental platform to verify the reliability of the dynamic model.

5.2.3. Robotic Manipulator Picking Test Plan

The picking test was conducted on 26 September 2024, at a dragon fruit orchard in
Jianfeng Town, Ledong County, Hainan Province, China. The test was divided into five
areas, and the dragon fruits were picked using the five-point sampling method to verify
the picking performance of the dragon fruit picking robot. The picking time and picking
success rate were used as evaluation indicators to assess the picking performance of the
dragon fruit picking robot.

6. Results and Discussion
6.1. Workspace Simulation Analysis of the Manipulator

Based on the kinematic equations, a model for the dragon fruit picking manipulator
was established, and Monte Carlo simulation was used for motion space simulation. The
simulation results are shown in Figure 6, indicating that the workspace of the manipulator
ranged from —1100 to 1100 mm in the x-direction, —1100 to 1100 mm in the y-direction, and
—700 to 1600 mm in the z-direction. Since the zero point of the z-axis is set at the base, and
considering the height of the base is 580 mm above the ground, the robotic manipulator
can operate within a vertical space of 0 to 2180 mm.

1500
2000 1000
1500 - 500
1000
g
g 500 g 0
N 0 =
-500 =500
-1000 |_
1000 & 100
\\\ ///,(/’
0o e 500 M is00 R —
=500 < 500 —-1500 —1000 —500 0 500 1000 1500
y/mm -1000 —1000 x/mm x/mm
(a) (b)
2000 2000
1500 1500
1000 1000
g
g 500 ésoo
& N
0 0
—~500 Cai i A —=500
-1000 . : ; ; . -1000 . . » :
-1500 —1000 —500 0 500 1000 1500 -1500 -1000 —500 O 500 1000 1500
X/mm y/mm
(c) (d)

Figure 6. Dragon fruit picking robot workspace composite diagram. (a) Three-dimensional workspace;
(b) xoy projection plane; (c) xoz projection plane; (d) yoz projection plane.

Based on the growth range of dragon fruit in the orchard, an analysis of the robotic
manipulator’s workspace for dragon fruit harvesting was conducted. The growth height
of dragon fruit typically ranges from 0.3 m to 1.5 m, while the robotic manipulator can
cover heights from ground level to 2.18 m. This allows it to effectively cover the entire
growth range of the dragon fruit, ensuring the successful harvesting of both upper and
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lower fruits. The typical row spacing for dragon fruit cultivation is between 2 and 3 m,
allowing the robot to cover the planting area of a single row. In scenarios with greater row
spacing, picking can be facilitated by adjusting the robot’s movement path or deploying
multiple robots. Thus, the operational range of the dragon fruit picking robot meets the
spatial requirements for effective picking in agricultural settings.

6.2. Test Results and Analysis of the Manipulator Joint Speed

During the dragon fruit picking process, Joint 1 and Joint 2, which are part of the
base of the manipulator, adjusted the robot’s overall position and height to approximately
reach the working space. Joint 3 to Joint 6 were responsible for ensuring that the end
effector reached specified positions accurately and performed the picking operation. The
motions of these four joints directly influenced the precision and flexibility of the end
effector. Therefore, this experiment focused on analyzing the average power consumption
per second of Joint 3 to Joint 6 during their operational states. As shown in Figure 7, during
one pick operation, the average power consumption of the manipulator was lower under
trajectory planning compared to non-trajectory planning. Taking Joint 3 as an example,
the average power consumption under trajectory planning and non-trajectory planning
was 4.3 W and 11.4 W, respectively, resulting in a 62.28% reduction in power consumption
for the manipulator. Joint 4 and Joint 5 consumed more power compared to other joints
throughout the entire picking process. Without trajectory planning, Joint 4 consumed an
average of 41.4 W, and Joint 5 consumed 20.9 W. Joint 4 alone contributed to more than
65% of the total power consumption among the four joints during picking. The high power
consumption of these two joints was mainly due to the need to overcome high gravitational
forces in the picking process. Due to the smaller load on Joint 6, its total power consumption
was the lowest among Joint 3 to Joint 6, with an average consumption of 2.5 W in both
motion modes. The variation of the average power consumption was less affected during
the entire picking process.
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Figure 7. Joint 3 to Joint 6 average power consumption per second. (a) Joint 3; (b) Joint 4; (c) Joint 5;
(d) Joint 6.
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Therefore, from the perspective of reducing the average power consumption of the
dragon fruit picking robot, trajectory planning reduced unnecessary energy consumption
and was superior to the motion mode without trajectory planning. Among all the joints of
the dragon fruit picking robot, Joint 4 had a relatively higher average power consumption
compared to other joints, indicating a need for optimization in future research and design
of the dragon fruit manipulator.

6.3. Test Results and Analysis of the Manipulator Joint Torque

The analysis in Section 6.2. showed that Joint 4 exhibited the highest energy consump-
tion during the picking procedure. The motion characteristics of this joint had a significant
impact on the overall performance of the manipulator. Therefore, testing was conducted
on Joint 4 using the manipulator motion characteristics experimental platform to obtain the
speed variation curve of the dragon fruit picking manipulator, as shown in Figure 8. From
Figure 8a—c, it is observed that the operation duration of Joint 4 during the p1, p2, and p3
stages with trajectory planning was 3.3 s, 4 s, and 4.3 s, respectively. Without trajectory
planning, the operation duration was 2 s, 1.6 s, and 3 s for the same stages. Under the
same motion stages, the initial acceleration of Joint 4 was greater in non-trajectory planning
compared to trajectory planning. Therefore, without trajectory planning, the time to reach
the target position during the p1, p2, and p3 stages was faster by 1.3 s, 2.4 s, and 1.3 s,
respectively, compared to trajectory planning. The joint speed directly reflected the picking
speed of the dragon fruit picking manipulator, indicating that the picking speed without
trajectory planning was faster than that with trajectory planning. From Figure 8d-f, it can
be seen that the torque variation curve under non-trajectory planning exhibited significant
fluctuations, particularly at the starting position. Due to the high acceleration during this
phase and rapid velocity changes, the manipulator may have resonated, leading to a sharp
increase in torque compared to other positions. Specifically, in the p1, p2, and p3 stages,
the peak torques with trajectory planning were 10.14 N-m, 12.57 N-m, and 16.85 N-m,
respectively. Without trajectory planning, these values increased to 12.51 N-m, 15.69 N-m,
and 22.13 N-m. This indicates that trajectory planning resulted in smoother joint motion
and reduced peak torque spikes on the manipulator. The adoption of trajectory planning
not only enhanced the smoothness of the manipulator’s motions but also improved overall
operational efficiency, providing a theoretical foundation for optimization of the design
of the joint motor and transmission mode of the dragon fruit picking manipulator in the
future.
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Figure 8. Joint 4 velocity and torque curves for each stage. (a) The p1 stage rotational speed; (b) The
p2 stage rotational speed; (c) The p3 stage rotational speed; (d) The p1 stage torque; (e) The p2 stage
torque; (f) The p3 stage torque.
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6.4. Dragon Fruit Picking Manipulator Dynamics Numerical Simulation Validation

To validate the dynamics model, MATLAB R2023b was used to perform simulations
under trajectory planning conditions. These simulations were compared with torque data
obtained from the motion characteristics experimental platform. To ensure comprehensive
data observation and recording for more accurate subsequent analysis, this experiment
focused on the longest motion process, the p3 stage. It involved the simulation and testing
of Joint 3 to Joint 6, as shown in Figure 9.
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Figure 9. Torque variation curves of joints during the p3 stage. (a) Torque based on experimental
platform; (b) Torque based on MATLAB simulation and its error chart.

The results showed that the variation in torques obtained from the model simulation
of each joint and the torques obtained from the experimental platform, based on the motion
characteristics of the manipulator in the laboratory environment, followed the same overall
trend. By calculating the absolute error between the two, Joint 3 reaches its maximum
absolute error of —0.48 N-m at 3.96 s, Joint 4 at —2.76 N-m at 0.36 s, Joint 5 at —1.25 N-m at
3.59 s, and Joint 6 at —0.42 N-m at 0 s. The main causes of these errors were the omission of
factors such as friction in the Kane equations and external environmental influences like
manipulator vibrations and electromagnetic interference, which had a certain impact on
the results. Therefore, the analysis of rigid body dynamics through MATLAB simulations
and experiments based on the motion characteristics experimental platform validated the
correctness of the dynamics model.

6.5. Field Testing of the Dragon Fruit Picking Robot

In the field picking tests, the robot’s motion mode was set to a trajectory planning
mode. A total of 80 dragon fruits were picked during the tests, of which 53 were successfully
picked, resulting in a success rate of 66.25%. The average picking time for a single dragon
fruit was 42.4 s, and the robotic manipulator operated smoothly throughout each picking
process. Approximately 75% of the dragon fruits in the test orchard were located on
the outer side of the stems, while about 25% were obstructed by the stems. Among the
unsuccessful picking attempts, 22.5% failed because the end effector could not reach the
target position due to obstruction of the dragon fruit. Additionally, 11.25% of the failures
occurred because the fruit stem was hidden, leading to difficulty in stem positioning and
resulting in fruit damage during stem cutting. This experiment confirmed that the dragon
fruit picking robot meets the design and operational requirements. The dragon fruit picking
test process is shown in Figure 10.
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Figure 10. Field testing of dragon fruit picking robot. (a) Object recognition; (b) Moving towards the
picking position; (c) Shearing and twisting; (d) Fruit picking.

7. Conclusions and Future Work

This study presented the design of a six degrees of freedom dragon fruit picking robot.
A kinematic theoretical model of the manipulator was established based on screw theory.
Through workspace simulation, the manipulator’s working range was determined to be
—1100 to 1100 mm in the x-direction, —1100 to 1100 mm in the y-direction, and —700 to
1600 mm in the z-direction, verifying its suitability for field dragon fruit picking. The
dynamics model of the manipulator was derived using the Kane equation, and a prototype
of the picking robot was developed. The key joints of the manipulator were evaluated
based on speed, torque, and power consumption across three different motion processes,
comparing trajectory planning with non-trajectory planning. The results showed that under
trajectory planning, the average power consumption of the manipulator during single
picking operations was significantly lower compared to non-trajectory planning. Taking
Joint 3 as an example, the average power consumption under trajectory planning and non-
trajectory planning was 4.3 W and 11.4 W, respectively, resulting in a 62.28% reduction in
power consumption for the manipulator. Due to the influence of gravity, Joint 4 accounted
for over 65% of the total energy consumption of the four joints during picking, making
it a key joint for future optimization. During the picking, placing the fruit, and resetting
stages, the peak torque of Joint 4 under trajectory planning was 10.14 N-m, 12.57 N-m, and
16.85 N-m, respectively. Under non-trajectory planning, the peak torque was 12.31 N-m,
15.69 N-m, and 22.13 N-m, respectively. This indicated that the manipulator operated with
less impact and smoother motion under trajectory planning. During the resetting stage,
MATLAB simulation and the motion characteristics experimental platform measured a
maximum absolute error of —2.76 N-m for the torque generated by each joint, confirming
the correctness of the dynamic equations. Through field picking experiments, it was verified
that the machine’s picking success rate was 66.25%, with an average picking time of 42.4 s
per dragon fruit. The manipulator operated smoothly during each picking process. In
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the study, the dragon fruit picking manipulator exhibited good stability, providing the
theoretical foundation and technical support for intelligent dragon fruit picking.

Based on the results of the field picking experiment, the primary reason for the failure
of the dragon fruit picking robot is that the dragon fruit stems obstruct the end effector
from reaching the target position, and there are also difficulties in accurately positioning
the fruit stem. To address these issues, future research will integrate the agricultural
practices of dragon fruit cultivation to design a standardized planting model suitable for
mechanical picking. By managing the pruning process, the spacing and arrangement
of branches can be optimized to facilitate robot operation and reduce the likelihood of
the fruit being obscured. Additionally, sensors (such as force sensors, infrared sensors,
etc.) will be added to the end effector. By combining these sensors with algorithms, the
robotic manipulator can more intelligently identify and locate the fruit stem, adjusting
its actions based on real-time feedback to ensure low-damage picking. Path planning
and trajectory optimization are essential for the stability and efficiency of the robotic
manipulator during the picking process. Future research will integrate innovative trajectory
planning algorithms, such as deep learning- or reinforcement learning-based path planning,
to create smoother trajectories. By accounting for the spatial distribution of dragon fruit
stems, the manipulator can intelligently avoid obstacles, reducing unnecessary adjustments
and enhancing overall picking efficiency. Additionally, incorporating dynamic obstacle
avoidance features based on real-time feedback from the vision system will allow the robot
to adjust its path intelligently, minimizing collisions and further improving success rates.
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