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This paper presents a systematic approach to optimizing the structural
parameters of a 4-degree-of-freedom (DoF) strawberry harvesting
manipulator to minimize its workspace. Unlike previous research that
primarily concentrated on the spatial needs related to fruit distribution areas,
this work addresses the spatial dynamics of different stages of the fruit-
picking process. This is achieved by combining the workspace model
method, mathematical modeling, and the GlobalSearch algorithm in the
optimization process. A comprehensive verification was conducted using the
Denavit-Hartenberg method to simulate the workspace of the optimal
manipulator structure. This ensured that the manipulator effectively covered
the entire harvesting space. The research design involves exploring an
optimal trajectory planning method by adopting a modified sine jerk profile
that minimizes overall trajectory duration while maintaining good
smoothness. The effectiveness of this method is demonstrated through a
simulation of the trajectory of the four joints to drive the end effector from
the initial position to the position of the strawberry. This approach yields
execution times up to 27% shorter than in previous studies. The proposed
method is useful for optimizing the physical and trajectory design of the
harvesting manipulator that operates in confined and restricted environments
to enhance efficiency, adaptability, and safety in harvesting operations.
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1. INTRODUCTION

Research has shown great interest in the development and implementation of harvesting robots.
Most studies have focused on the identification and positioning of mature crops [1]-[3] and automatic
navigation systems [4]-[6], while the design of the robot body is less affected. The manipulator is one of the
main components of the harvesting robot; it must detach the fruit from the plant without damaging either the
fruit or the plant. It's common to use industrial robotic arms that perform multiple tasks [7]. For example,
Xiong et al. [8] used a robust Mitsubishi (RV-2AJ, Japan) industrial manipulator to harvest the strawberries.
But its high price makes it inappropriate for use in agricultural fields. In addition, the small environment of
tabletop cultivation restricted the robot adaptation, with a harvest success rate of 50% [9]. Industrial
manipulators are generally very large, expensive, and complex to control [10], [11]. The development of a

Journal homepage: http://beei.org


https://creativecommons.org/licenses/by-sa/4.0/
mailto:inas.saoud@etu.uae.ac.ma

Bulletin of Electr Eng & Inf ISSN: 2302-9285 O 3949

well-designed strawberry harvesting robot that adapts to the narrow operating space of tabletop cultivation
and meets the requirements of selective harvesting significantly enhances picking success. The performance
of the manipulator is affected by the size of its parameters [12]. So the optimization of the manipulator’s
structural parameters is a prerequisite for its design in terms of performance indexes, which include accuracy,
workspace, and energy consumption [13].

Sun et al. [14] optimized the structure parameters of a remote center-of-motion (RCM) mechanism
by analyzing the kinematic performance and reachable space of the mechanism and then selecting the
optimal mechanism parameters using the particle swarm optimization (PSO) algorithm. Xiong et al. [13]
aimed to minimize the invalid workspace and achieve a compact structure by optimizing the structural
parameters of the dual-apple-picking manipulator. First, they analyzed the relationship between the
configuration parameters of the dual manipulator and its workspace. Then, they used the non-dominated
sorting genetic algorithm 11 (NSGA-II) and the CRITIC-TOPSIS method to find the best solution. Zhang et
al. [15] selected the workspace model method to optimize the structure parameters of tomato-picking
manipulators. The optimization toolbox of MATLAB was used to generate the optimal solution. Zhu et al.
[16] proposed a combined index that considers the area of the actual workspace and energy consumption to
optimize the structure parameters of the hexapod walking robot leg. The combined index was minimized
using the genetic algorithm.

Positioning accuracy and workspace minimization are important indexes for harvesting fragile fruit
in a confined environment. However, combining various performance criteria in the optimization model
necessitates a multi-stage process and extensive computational resources and time for achieving optimal
results. This complexity may limit practical application, particularly as the complexity of the manipulator
system rises, leading to increased computational and time requirements. The optimization of the
manipulator’s structural parameters to minimize its workspace is crucial, particularly in environments with
limited space, such as between tabletop cultivation rows. This optimization is essential for enhancing
efficiency and safety. Furthermore, improvements in the speed and accuracy of the manipulator's motion can
be achieved through trajectory planning control.

The above studies adopted two methods to optimize the robot's workspace, which are the parameter
analysis method [14] and the workspace model method [15]-[17]. The parameter analysis method examines
individual parameters independently, neglecting their interdependencies and potentially ignoring constraints
crucial for optimization. In contrast, the workspace model method globally models the robot's workspace,
taking into account the interactions between parameters to determine the manipulator's workspace more
efficiently. From the discussions, we begin by utilizing the workspace model method to define the spatial
requirements for the harvesting task and analyze the manipulator's workspace configuration. This involves
identifying the space needed for harvesting and ensuring it is enclosed within the manipulator's workspace.
Using the information gathered from the workspace model method, we construct a mathematical model of the
manipulator's workspace. This model incorporates structural parameters (link lengths and joint angles) and
defines the workspace area and boundary constraints mathematically. This process facilitates the formulation
of optimization objectives and constraints. Subsequently, the GlobalSearch algorithm is deployed to search
for the optimal structural parameters that minimize the workspace area.

Various trajectory-planning approaches have been employed in harvesting manipulators. These
approaches focus on smoothing the trajectory to minimize jerky movements and improve positional accuracy.
Zhang et al. [15] used the cycloid trajectory method to generate joint movements of the tomato harvesting
manipulator. This trajectory method improved the smoothness of the robot's motion by ensuring the
continuity of the acceleration profile. Wu et al. [18] adopted fifth-order polynomial interpolation to generate
the trajectory in the joint space of the picking manipulator. Cao et al. [19] selected quintic B-spline trajectory
planning to obtain a smooth path for the 6-degree-of-freedom (DoF) series manipulator. Even though the
cycloid and fifth-order polynomial trajectories ensure the continuity of the acceleration profile, higher levels
of continuity are recommended for the harvesting manipulator as this task requires high precision. According
to the study above, B-spline trajectory planning improves the continuity of the trajectory up to the jerk level,
but it may impose heavy computation loads and require more travel time. Considering the earlier discussion,
this work implements a trigonometric S-curve trajectory with the modified sine jerk model. This new
trajectory planning method, which has not yet been used by the picking manipulators, enables a compromise
to be found between smoothness, speed, and computational complexity.

2. METHOD
2.1. The configuration of the picking manipulator

The strawberries are cultivated in parallel rows on a tabletop. The fruits grow on both sides of the
table, as shown in Figure 1. The platform moves along the centerline of the aisle between the plant rows and
stops at the picking position to drive the manipulator to harvest the ripe crops one by one. The fruits are well
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exposed, allowing a visual sensor to detect and locate them and a manipulator to access and detach them.
Therefore, a small, lightweight, and compact four-DoF arm robot can complete the harvesting task between
parallel rows because it occupies less space with a maximum workspace envelope [20]-[22].

r; =360 mm W=200mm

>
mrgs7=H

g T T

Figure 1. The structure of the agriculture robot and the strawberry distribution

l1, Iz, 13, and l4 represent the lengths of the first link vertical to the base, upper arm, lower arm, and
end-effector, as depicted in Figure 1. The [01min, O1max], [02min, 82max], [O3min, 0], and [Bamin, Bamax] are the joint
limits of the waist, shoulder, elbow, and wrist, respectively. The angles 61 and 0, consider the positive
direction of the horizontal x-axis as a reference, and 03 takes the extension of the upper arm as a reference.
During the picking process, the end-effector is always maintained horizontally. We set the counterclockwise
rotation as the positive direction of the rotation angles.

2.2. Kinematics model of the articulated manipulator
2.2.1. Forward kinematics

The forward kinematics modeling of the articulated manipulator was driven using the Denavit
Hartenberg method [23], [24]. This method is commonly used to calculate the forward kinematics equation
of the multijoint manipulator. There are three main steps in the Denavit Hartenberg method. The first step is
to assign the coordinate frame to each joint in the kinematic diagram of the manipulator according to the
frame rules of the Denavit-Hatenberg convention [25], as shown in Figure 2.

Figure 2. Kinematic diagram of the manipulator

In the second step, we fill in the Denavit-Hartenberg parameters in Table 1 using the kinematic
diagram of the manipulator. The four parameters are 0y, dn, I'n, and an. 0, is the angle between X,-; and X,
measured around Z,-1. oy i the angle between Z,- and Z, measured around X. ry is the distance along the X,
direction from the origin of frame n-1 to the origin of frame n. d, is the distance along the Z,-; direction from
the origin of frame n-1 to the origin of frame n.
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Table 1. Denavit Hartenberg parameters of the manipulator
Jointn  0,(°)  on(°) ry(meter) d, (meter)

1 01 90° 0 Iy
2 0 0 I, 0
3 93 O |3 0
4 04 0 ly 0

The third step of the Denavit Hartenberg method is to insert the four parameters of Table 1 into the
homogenous transformation matrix from frame n-1 to frame n,

cos8, -—sinb, cosa, sinf, sina, r1,cosf
n n n n n n n

gn-1— |Sin6, cosfncosa, —cosb, sina, T,sinb,|_ Rt Tn-1 (1)
n 0 sinay, cos a, d, 0 00 1
0 0 0 1

Where T*~1 represents the displacement vector from frame n-1 to frame n, and R*~! is the rotation matrix
from frame n-1 to frame n. The homogenous transformation matrix from frame 0 to frame 4 is expressed
as (2):

H? = H) x H} x HZ? X H} )

From the displacement vector T, of the matrix HY, we can determine the position of the end-effector relative
to the base as (3):

X4 (I, xcos(0,)+ 13 xcos (6, + 65)+ 1, Xcos (0, + 05+ 6,)) X cos (6,)
T) = |va| = | (I, X cos (8;) + 13 X cos (0, + 03)+ 1, X cos (0, + 05+ 0,)) X sin(0;) (3)
Zy L+, X sin(6,)+1l;xsin (0, + 65) +1, xsin (0, + 0;+ 6,)

2.2.2. Inverse kinematics

We use the geometric method to solve the manipulator's inverse kinematics [26], [27]. The joint
angular positions that correspond to the target end-effector position (Xs, ya, z4) were determined by
considering that the end-effector keeps a horizontal orientation. By employing this methodology, the
expressions of joint angular positions are given,

6, = tan~1%
X4
2
0. = 1 Za—l -1 l%+(\/x42+y42—l4) +(Ze-1)*- 1§
R e = )
21l \/( x42+y42—l4) +(Za=11)? 4)
2
0. = — cos‘l(_l%_l§+ (\/X42+Y42—l4) +(Z4—l1)2)
3~ 20,13
04_ = — 92 - 93

2.3. Workspace optimization
2.3.1. Identify the manipulator's harvesting zone

Identifying the spatial requirements for each step of the fruit-picking cycle is crucial for determining
the reachability requirements of the manipulator. This ensures that the manipulator can access the distribution
space of the strawberries effectively and perform the fruit-picking cycle efficiently. Each picking cycle of the
arm robot consists of a sequence of steps: the displacement of the end effector from the initial position
towards the ripe fruit. After detaching the strawberry from the plant, the end-effector steps back horizontally
by 100 mm from the plant to prevent collision while transporting the harvested strawberries to the container.
Once the fruit is released into the container, the end-effector returns to its initial position to complete the
harvesting cycle.

The distribution of ripe strawberries in a plant is defined as follows: the height range (on the z-axis)
is 850-1100 mm, with a width of 200 mm (on the x-axis) and a length of approximately 350 mm (on the
y-axis), as shown in Figure 1. Based on the growth characteristics of the fruits, we consider that the
distribution space of the strawberries has the shape of a cuboid, with length (L), width (W), and height (H)
equal to 350 mm, 200 mm, and 250 mm, respectively. The dimensions of the cuboid are adjusted to
accommodate the spatial requirements of the fruit-picking cycle, which include approaching the target
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strawberry from the initial picking position and stepping back the end-effector after detaching the harvest.
The end-effector's initial picking position is at least 100 mm away from the planting row and facing the
opposite direction of the row. This involves expanding the cuboid to new dimensions LxW'xH, with
W'=300 mm, to ensure it encloses the necessary volume for the manipulator's movements.

2.3.2. Analyzing the enclosure of harvesting space by manipulator workspace

The problem of enclosing the cuboid with dimensions LxW'xH within the manipulator's workspace
can be simplified by addressing the enclosure of a rectangle with dimensions W"xH in the vertical plane
(x0z), as shown in Figure 3(a), and the rotation of the waist joint around the z-axis with a corresponding

angular range A1, as depicted in Figure 3(b). This allows the manipulator to cover the entire cuboid
effectively [18], [28]. A6: and W" are given as (5):

L
AB, =2 % tan‘l(%)
1

. ()
W = rn—-n

The r1 and r; represent the arc radius of the actual manipulator workspace limit on the xy-plane, as

represented in Figure 3(b); r1 is the distance between origin O and the left periphery of the cuboid,
r;=260 mm. Completing the calculation, we obtain AB;>68° and W"=327 mm.

Workspace Boundary
] - Link 2 wr
P — Link 3

1 B Harvesting zone

N Bg&
“‘_ 2max P
r \ - ——.“R

W

(@) (b)

Figure 3. Target picking area: (a) view in the xz plane and (b) view in the xy plane

The objective of this study is to determine the minimal workspace dimensions of the manipulator
while ensuring it covers the entire picking space. The manipulator's working space size depends on the length
of the links and the angle range of the joints. To proceed with the optimization design process, in this part we

simplified dealing with the target harvesting zone in order to facilitate the construction of the mathematical
model.

2.3.3. Mathematical model of the optimization problem

The objective is to search for the minimum area of the actual workspace P1P2P3P4 that contains
the rectangle ABCD by optimizing the structural parameters of the manipulator. First, we have to determine
the area for P1P2P3P4 (Sp1p2p3pas)- From Figure 3(a), the formula of Spqp,p3ps IS given,

2 2
S _ (ap1—apy) X15p, — (ap2 — ap3) X 15p3
P1P2P3P4 —

2
= (92max - 92min) X lz X 13 X (1 — Cos (93min)) (6)
Where i is the angle between the positive direction of the x-axis and the vector 0.

The optimization problem has been presented by a mathematical model, defining the kinematic
parameters as optimization variables, Sp1p,p3ps @S the objective function that should be optimized, and the
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enclosure of the rectangle ABCD within the manipulator's workspace boundaries as constraint functions.
This presentation of the problem will facilitate achieving an optimal solution, and it is given by;

Optimization variables: the area Sp;pap3ps 1S @ function of I, I3, O2min, O2max, and Bamin. The length of the first
link primarily influences the vertical position of the workspace. The length of the last link primarily
influences the horizontal position of the workspace. These two parameters affect the length of other links and
the angular range of the joints. The length of the first and last links may indirectly influence the area of the
manipulator's workspace. But their impact would likely be minimal compared to other structural parameters.
So, the designed kinematic parameters of the manipulator that need to be optimized are five,

X = [x1, %2, %3, X4, Xs] = [ 12,13, 02min, O2maxs O3min] )

The objective function: the objective function is expressed by,
min f(x) = min (Spypzp3psa) (8)

The constraints: the rectangle ABCD must be enveloped by the four arcs P1P4, P4P3, P1P2, and P2P3.
According to the specific functional and operational requirements of strawberry harvesting, l4 is equal to 150
mm. As the height range of strawberry distribution is 850—1100 mm and the height of the platform on which
the robotic manipulator was placed was around 500 mm, the length of the first link was set at 300 mm so that
the robotic manipulator could face the picking area. The shoulder joint center was taken as the coordinate
origin; combined with Figures 1 and 3(a), the x and z coordinates of the four points in the rectangular ABCD,
A (a,b), B (c,b), C (a,d), and D (c,d), are equal to a=110 mm, b=300 mm, c=437 mm, and d=50 mm. There
are four constraints to be respected, each associated with an arc. We add the fifth constraint, corresponding to
the length of the upper arm being equal to the length of the lower arm, to obtain a compact and flexible
manipulator structure [18].

Constraint (1): in the arc P1P4 at z=h, Vb2 4+ c? < rgp;.

Constraint (2): in the arc P4P3 at z=d, xy + 15 X cos (B) = ¢, where p = tan~1({zXsin02min) - dy

¢ —13 x cos(62min)
Constraint (3): in the arc P1P2 at z=zy, Xxn+l3 < a.

Constraint (4): in the arc P2P3 at z=d, rop, < VaZ + d2

Constraint (5): Io=ls.

2.3.4. GlobalSearch algorithm

The genetic and PSO algorithms are known for their robustness in finding global minima, but they
may not always guarantee finding the global optimum. The effectiveness of each algorithm may vary
depending on the specific characteristics of the optimization problem. It is recommended to analyze the
nature of the optimization problem before selecting any optimization algorithm.

We have a smooth problem with smooth objective and constraint functions. The problem's objective
function is nonlinear, multivariable, and non-convex. The GlobalSearch algorithm was adopted because it is
specifically designed to handle this type of problem (smooth, nonlinear, and non-convex optimization
problems with multiple constraints) [29]. The GlobalSearch solver from MATLAB's global optimization
Toolbox was used. It locates the global minimum solution by using a precise and fastest local solver,
fmincon, with the sequential quadratic programming algorithm (SQP) [29]. There are a moderate number of
decision variables and constraints in the optimization problem. The SQP algorithm performs well for
medium-sized problems. The GlobalSearch starts by running fmincon from the provided starting point, Xo. In
stages 1 and 2, the solver generates a random set of starting points. After that, it filters them before running
the fmincon solver. Table 2 sets out the simulation parameters. Figure 4 presents a summary diagram of the
GlobalSearch solver steps. For a more detailed description of the GlobalSearch algorithm, see [29], [30].

Table 2. The values of the simulation parameters

Parameters Value
Algorithm SQP
Number of trial points 2000
Number of trial points in stage 1 200
The maximum time that GlobalSearch runs  Infinity
Xo [0.4 m, 0.4 m, 0.35rad, 1.2 rad, -1.92 rad]
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First Step:
Run fmincon from the specified Xo

y

Stage 1:
- Generate 200 random start points
- Run the best Stage 1 point

v

Stage 2:
- Generate trial points
- Analyze each start point in turn
- Run fmincon if the point satisfies the
basin and score criteria

v

Final Step:
Generate a solution vector of the
local minima value

Figure 4. Flowchart of the GlobalSearch solver steps

2.4. Trajectory planning

The motion of the manipulator during each step of fruit picking is conducted in joint space. A
trigonometric S-curve trajectory planning with the modified sine jerk model [31] is adopted to generate the
joint path from the start pose to the desired pose. This trajectory model compromises between motion
smoothness, speed, and computational complexity. It is able to generate faster trajectories while respecting
joint limits; its execution time is up to 12% and 7% shorter than that of the trigonometric S-curve trajectory
approach with a three-phase sine jerk motion profile and the 4-5-6-7 polynomial method, respectively [31].
This trajectory-planning approach maintains smooth motion, leading to improved tracking accuracy, which is
important for handling fragile strawberries in confined environments. The motion profile consists of fifteen
segments that present the equational variation of jerk. The modified sine jerk profile is defined as (9):

Jpear Sin (lelri), to < t <ty t;, < t <t
Jpeak t) S t< ty t13< t< ty,
Jpeaic Sin (g (1+ %)) ty < t<ty ty, < t< tig
j@® = {0, t3 < t< ty t; < t<tg t1; < t< tyy 9)
—Jpeak Sin (;TTITL-), t, < t<tg tg < t<tg
—Jpeak ts < t<tg tg < t <ty

~Jpeak Sin <§(1 + ;—i)) te < t <ty tyg < t <ty

Jpeak 1S the peak value of jerk. For every segment, ti (i=0, 1, ..., 15) is the time boundary. The interval of time
of each segment is Ti=ti—tiy (i=1, ..., 15), and 1i=t—ti.1 is the time relative to the commencement of the
interval [ti.1, ti] (i=1, ..., 15). The acceleration, velocity, and displacement functions of the trajectory are
given by integrating the jerk function,

a(t) = a(t) + [, j(t)dt
v(t) = v(e) + [ a(t)de (10)
d(t) = d(&) + [iv(t)de
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3. RESULTS AND DISCUSSION
3.1. The workspace optimization

The proposed optimization process was conducted on a 4-DoF articulated manipulator. The
GlobalSearch solver successfully determines the optimal structural parameters of the manipulator,
minimizing the area of the workspace. The results of the optimization are summarized in Table 3. To
accommodate the step of transferring fruit to the container placed on the mobile platform, the base of the
manipulator must be rotated 90°. This will guarantee that the manipulator successfully completes every step
of the fruit-picking cycle. Additionally, the manipulator will harvest the fruits grown on both sides of the
robot by rotating the waist joint 180°. These adjustments expand the angle range of 61 from [-34°, 34°] to
[-34°, 214°]. Table 4 presents the values of all structural parameters.

Table 3. Optimization results

Parameters Values
X=[ly, I3, O2min, O2max, Ozmin] [0.265 m, 0.265 m, 0.6 rad, 2.2 rad, -2.7 rad]
The workspace’s area Spypap3ps 0.2125 m?

Table 4. Structural parameters of the harvesting manipulator
i Linkilength (mm) Range of joint angle i

1 300 [-34°, 214°]
2 265 [34.4°, 126°]
3 265 [-155°, 0°]

4 150 [-126°, 121°]

We simulate the workspace of the robot using the forward kinematics equation to ensure coverage
of the picking zone. Figure 5 presents the simulation of the manipulator workspace. The cuboid in
Figure 5(a) represents the harvesting space, and the rectangle in Figure 5(b) represents its projection in the
xz-plane. From the simulation results, the optimal design of the manipulator can effectively cover the
designated harvesting area. The robot will generate the same workspace in the left and right plant rows.

1.0

—— Manipulator workspace boundary
B harvesting zone
0.8
P 10
- 0.8 _ 06
_ e
YN 06 E o
‘\\\\\\ 0l o N
- \\\\\\ 04 N 04
= mn\\*\
I 0.2
0.0 0.2
0.4
0.0 0.2
0.1p2 _0'20.0 \“\\ 00 i i . i :
Xo [m] 0596 07 —-0.4 ~o -0.2 0.0 0.2 0.4 0.6 ‘o [mo],a
(@) (b)

Figure 5. The manipulator workspace boundary simulation results in; (a) the workspace in 3 dimensions and
(b) the workspace projection in the xz-plane

This study focuses on the spatial requirements of the fruit-picking cycle, aiming to understand the
spatial dynamics beyond the fruit distribution area. Previous research primarily focused on fruit distribution
areas but overlooked other critical stages of the fruit-picking process [13], [15], [17], [28]. Even if we
address the spatial needs of several steps of harvesting at once, the workspace model method facilitates the
optimization of the manipulator structure parameters. This optimization not only minimizes unnecessary
movements but also reduces the risk of collisions and damage to both the manipulator and surrounding crops,
and the manipulator movements can be better optimized.

Design optimization and trajectory planning of a strawberry harvesting manipulator (Inas Saoud)
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3.2. Trajectory planning

We simulate a path in joint space to demonstrate the effectiveness of this trajectory planning model.
Specifically, we guide the manipulator's gripper from the initial position Po (x4=0.227 m, y4=0 m, 2,=0.39 m)
to the target fruit position P1 (x4=0.56 m, y4=0.175 m, 2,=0.589 m). The joint angular positions for points P,
and P, are calculated using inverse kinematics and are given in Table 5. The joint motion profiles were
obtained by simulation with MATLAB software. Figures 6(a) to (d) illustrates the displacement, velocity,
acceleration, and jerk curves of the four joints. The generated trajectory ensures higher levels of continuity up
to jerk during the whole motion. Thus, the arm robot tracks the generated trajectory without any abrupt
change. It is beneficial to suppress the vibrations of the robot’s movement and enhance position accuracy.

Table 5. Angular joint position for target points
Joint 1 2 3 4
Position Py (rad) 0 22 27 03
Position P, (rad) 0.3 0.73 -0.3 -0.43

————— Joint 1
— — — Joint 2
= 2.4 e 2.7 - o Joint 3
© i > 5 " Joint 4
= 1.6 - :-%' 18 s *,
c -~ s LY
o 0.8 o = & kY
E ’_4"’ p——_ L] E’_“ 09 4 o et 'c‘
R =< S opssT e
F-0s8 T~ S 209p T L
(] e — — —
-1.6 -1.8
0 0.3 0.6 0.9 1.2 15 0 0.3 0.6 0.9 1.2 15
Time (s) Time (s)
(@ (b)
& 9 = B0 = -
b ; -,“ a5t i P
W, PN - 30f 1 M Faa
S o /J-—q..r__{______-—-? = o -_'—-!,‘H-_:":_zu-..—;:!__—f—'\--"i
S alh kY £ =15y 1 % i i I
o v_ ' / o g HEE
S .6 — 7 -.“ ".' = 30y s i i L
<9 et 45 i 1]
60 [ LF
0 0.3 0.6 0.9 1.2 15 0 0.3 0.6 0.9 1.2 15
Time (s) Time (s)
() (d)

Figure 6. The resulting motion profiles of the four joints obtained by modified sine jerk trajectory planning
are: (a) displacement, (b) velocity, (c) acceleration, and (d) jerk

We calculate the time trajectory for four generated paths from the initial position to the target fruit
position; the results are presented in Table 6. By adopting the modified sine jerk model in the optimal design
of the manipulator, the average time to approach the fruit from the initial position is 1.1 s. The time required
to approach the target fruit in other studies is about 1.5 s [7], [32]. The execution time is reduced by
approximately 27%. This approach can reduce the execution time of each step of the picking cycle, which
reduces harvesting time and improves productivity.

Table 6. Fruit approaching time
Fruit position (m)

Execution time (s)

X4 Ys

04 017 05 0.95691
036 01 056 0.97765
0.56 0 0.35 1.3743
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4. CONCLUSION

This study addressed the issue of optimizing both the structural parameters of the robotic
manipulator and its trajectory design. We propose an approach for optimizing the manipulator’s structural
parameters to minimize its workspace, which combines the workspace model method, mathematical
modeling, and the GlobalSearch algorithm. By addressing the spatial requirements of different stages of the
fruit-picking cycle in the optimization process, we ensure that the manipulator’s workspace can effectively
cover the picking area while occupying the smallest possible physical space. This guarantees better
performance, adaptability, and safety in harvesting operations. After that, we explore the optimal trajectory
planning method, which compromises between motion smoothness, speed, and computational complexity by
adopting a modified sine jerk model. The effectiveness of this method was demonstrated through the
simulation of the joint trajectories to drive the end effector from the initial position to the position of the
strawberry. This approach yields execution times up to 27% shorter than previous studies. Even though this
optimization approach was initially developed for a 4-DoF articulated robot, its fundamental techniques are
sufficiently general to be used with a wider variety of robotic systems with different joint configurations.

Our present research has primarily focused on kinematic aspects in the design and trajectory
planning of manipulator systems; incorporating dynamics considerations can significantly improve the robot
system's capabilities and performance. In future work, it is important to address dynamics-related gaps in our
study findings. This involves developing dynamic models and designing control algorithms that account for
dynamic effects. By combining dynamic issues, we can produce more effective solutions that are more
adapted to the requirements of the actual agricultural environment.
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