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Abstract: Aiming at the robotic pruning of tomatoes in greenhouses, a new PRRPR configuration
robotic arm consisting of two prismatic (P) joints and three revolute (R) joints was designed to
locate the end effector to handle randomly growing branches with an appropriate posture. In view
of the various spatial posture of the branches, drawing on the skill of manual pruning operation,
we propose a description method of the optimal operation posture of the pruning end effector,
proposing a method of solving the inverse kinematics of the pruning arm based on the multi-objective
optimization algorithm. According to the spatial distribution characteristics of the tomato branches
along the main stem, the robotic arm structure is compact and the reachable space is maximized
as the objective function, and a method of optimizing the key geometric parameters of the robotic
arm is proposed. The optimal maximum length of the arm’s horizontal slide joint was determined
to be 953.149 mm and the extension maximum length of its telescopic joint was 632.320 mm. The
verification test of the optimal structural parameter showed that the optimized robotic arm could
reach more than 89.94% of the branches in the pruning target area with a posture that meets the
pruning requirements. This study is supposed to provide technical support for the development of a
tomato pruning robot.

Keywords: agricultural robot; tomato pruning; manipulator; structural optimization

1. Introduction

The tomato is extensively cultivated globally with enormous demands for consump-
tion and a large cultivation scale [1,2]. The tomato is a herbaceous plant with sympodial
branching, where each leaf axil can produce lateral buds to form branches, on which
secondary branches can grow, and so forth [3–5]. Without proper pruning, plants can
become overly bushy, affecting ventilation and light penetration, even leading to pests
and diseases. It also consumes ample nutrients, inhibiting fruit growth and quality. So,
redundant branches need timely removal [6–8].

In industrial greenhouse, plant pruning is performed for almost the entire tomato
production cycle, which lasts around 8–9 months. This work is complex with a low
efficiency and mechanization rate, consuming 40–60% of the total labor costs. Therefore,
developing a tomato defoliation pruning robot to replace manual pruning is of great
significance to improve the economic benefits of greenhouse tomatoes [9,10].

Pruning robots for crops like grapevines [11], fruit trees [12–14], poplar [15], cherry
tomato [16], rose bushes [17], bell pepper [18], etc. are current hot topics in agricultural
robotics. The key component, the robotic pruning arm, is responsible for positioning the
end effector at the target. Considering the random and irregular pose of branch growth,
the spatial reachability of the pruning arm significantly impacts the robot’s performance.
Current pruning robots mainly employ standard industrial arms. However, the limited
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space between dense tomato bushes for robot operation and the need for low-cost arms
in agricultural robots pose difficulties for industrial arms to meet both operational space
and structural compactness requirements in greenhouses with randomly distributed plants.
Therefore, a dedicated tomato pruning arm must be designed with optimized structure
parameters to enable the precise and efficient operation of tomato pruning robots [19].

There have been extensive studies by numerous researchers at home and abroad on
designing and optimizing robotic arm configurations for agricultural applications. To
facilitate camellia pollen harvesting using a group of 4-DOF RRRR robotic arms, Zhao,
qing et al. simplified the target space and optimized the upper arm length, forearm length
and forearm rotation angle by minimizing the harvesting space interval. Using the interior
point method in an optimization toolbox, they obtained optimal arm lengths of 592 mm
and 638 mm, and a minimum forearm rotation angle of 16◦ [20]. To effectively cover the
large workspace of tall fruit trees using a compact dual-arm mechanism, Xiong et al. set
the optimization objectives as minimal workspace redundancy and compact arm structure.
They adopted the NSGA-II algorithm to optimize the extension lengths and maximum pitch
angles of two PPP-configured apple harvesting robotic arms, obtaining optimized lengths
of 1119.3 mm and 898.7 mm for the two arms, and horizontal pitch angles of 39.4◦ and
26◦, respectively [21]. Targeting cucumber harvesting needs in fields, Feng et al. analyzed
the workspace of a 5-DOF cucumber harvesting robot, and optimized the upper arm,
lower arm and end effector lengths by maximizing the effective workspace and minimizing
structural lengths. Using graphical geometry optimization, they obtained optimized lengths
of 236 mm, 443 mm and 370 mm, respectively [22]. Faezeh Molaei modeled orchard
environments, focusing on the manipulability and isotropy of arms, and optimized the
second and third link lengths of a 7-DOF industrial robotic arm for grapevine pruning using
NSGA-II, resulting in equal lengths of 0.7 m for both links [23]. Ali Roshanianfard et al.
optimized a robotic arm for harvesting heavyweight crops. Considering the depth of the
field and cost, they designed a 4-DOF PRRR arm and chose the second, third and fourth
link lengths as 500 mm, 1200 mm and 1200 mm, respectively, for workspace coverage [24].

However, current agricultural robotic arms abstract the target object simply as a
specified point in space during their design, with the sole goal of reaching the spatial point.
For tomato branches, on top of avoiding fruit and main stem damage, the cut surface must
closely conform to the main stem to prevent pests and diseases. The target growth direction
must also be considered comprehensively based on the working point.

Targeting the intelligent pruning needs in factory tomato cultivation, this paper de-
signs a dedicated tomato pruning robotic arm. Considering the reliable operation re-
quirements for branches with different poses, factors like the branch operation posture,
reachability and compactness are synthetically taken into account to determine the optimal
geometric parameters using multi-objective optimization algorithms, providing insights
for the development of tomato pruning robots. The main contributions are as follows:

(1) A dedicated PRRPR configuration robotic arm for tomato plant pruning was designed,
according to the branch growth form and the manual pruning operation requirement.

(2) In view of the requirement of pruning at the branch’s bottom with less stubble to
avoid incision infection, the optimal pruning posture of the robotic arm end was
defined, which has not been addressed in the current research related to this topic.
With the optimal pruning posture as the objective, the kinematic model of the robotic
arm was established based on the objective optimization algorithm, so as to obtain a
better pruning efficiency.

(3) With the most compact structure and the highest reachability as the objective, the
key link length parameters of the robotic arm were determined, and the optimal
configuration was verified through simulating the end effector’s reachability for the
branches with various postures.
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This paper is organized as follows. The tomato pruning operation principle is pre-
sented in the next section. A robotic arm is designed according to this principle, and its
configuration and kinematic model are described in Section 3. In Section 4, the structural
parameters of the robotic arm are optimized and the effectiveness of the optimization
results is verified by experiments in Section 5. Finally, some conclusions are given, and
the limitations of the current scheme and the next steps of work and improvement are
introduced. The overview of the research in this paper is shown in Figure 1.
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2. Tomato Pruning Operation Principle
2.1. Industrial Greenhouse Environment

Greenhouse tomato cultivation environments are characterized by factory-based, inten-
sive and standardized features. As shown in Figure 2a, the greenhouse tomato cultivation
environment has a row spacing of 915 mm and plant spacing of 250 mm, facilitating
robot maneuvering on the rail between rows. When tomato plants grow to 40–50 cm in
height, trimming is required. Afterwards, tomato growth maintains a certain regularity
and stability, with the pruning area stably keeping within 1630–1880 mm above the ground,
providing necessary environmental conditions for researching tomato automation.
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2.2. Pruning Operation Requirements

Branches grow staggered along the main stem with varied poses and shapes, as shown
in Figure 2b. Occurring below main stem nodes, branches grow in a disorderly manner
around the stem. Through manual measurement in the greenhouse, and also taking into
account the pruning requirements of the greenhouse, we obtained that the branches that
need pruning open 30◦–90◦ relative to the main stem, with diameters of 5–10 mm. To avoid
long stubble infecting plants, Pruning Process Standards require pruning tightly against the
plant’s main stem with stubble less than 5 mm, and smooth residue-free cross-sections. To
meet these horticultural requirements while ensuring cutting success, the branch direction
needs to be determined when considering the pruning point.

2.3. Branches Spatial Pose

Robotic pruning requires not only position but also spatial pose information of the
branches. Thus, a spatial vector is used to represent the branch pose, as shown in Figure 3.
The vector origin D(xt, yt, zt) is 5 mm away from the main stem along the branch, which
is also the pruning point. The end point M(xm, ym, zm) is 3 cm outward along the growth

direction from D. Connecting D and M gives vector
⇀

DM, which, after normalization,
produces the unit direction vector of the branch:

⇀
l (mx, my, mz)
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Based on the point D and the direction vector
⇀
l of the branch, the pose of the branch

in the camera field of view can be defined to further solve the pose matrix of the robotic
arm end effector.

2.4. Description of Optimal Grasping Posture

The desired end effector pose matrix can be obtained based on the defined branch pose.
To ensure pruning reachability, the angle between the pruning shear plane and branch
direction should be maximized, i.e., the larger the angle between the plane vectors, the
easier it is to obtain a smooth shear plane without residues, and the higher the reachability.
Meanwhile, the branch receives minimum positive tension on the normal plane of the
shears, making it easier to cut. Considering the requirement that the shear tip must coincide
with the pruning point, the optimal end effector pose for a branch pose in pruning is defined
as follows: the opening direction Z5 of the pruning shear has the maximum angle α with

the branch direction vector
⇀
l ; the X5 axis on the pruning shear plane is perpendicular to

⇀
l ,

i.e., 90◦; the pruning point D coincides with the pruning shear point O5.
Based on the end effector pose: when the angle between the tomato branch and shear

plane is greater than 30◦, the end effector can effectively complete branch pruning. When
the angle is less than 30◦, the reachability and effect of pruning decrease significantly. Thus,
an absolute value greater than 30◦ for the end branch angle α is set as a necessary condition
for pruning.

The desired end effector pose is defined by the expressions of the three axial unit
vectors of the coordinate system {U} attached to the arm end against the base coordinate
system, as shown in Figure 3. In the end effector coordinate system O5-X5Y5Z5, O5 coincides

with D. Let the Z5 axis direction vector be
⇀
Z5; the X5 axis is perpendicular to Z5 axis and the

plane containing the branch direction vector
⇀
l , denoted as

⇀
X5 =

⇀
l ×

⇀
Z5; then, the Y5 axis

direction vector
⇀
Y5 =

⇀
Z5 ×

⇀
X5 can be determined. Once the Z-axis direction vector is fixed,

the three main axial vectors O5-X5Y5Z5 can be determined. When the end effector reaches
the target point with O5 coinciding with the pruning point, only the M point coordinates
on the tomato branch are needed to obtain the Z-axis direction vector, thereby deriving the
optimal end effector pose for this branch state.

3. Kinematic Model of Pruning Arm
3.1. Structural Design of Pruning Arm

The pruning arm needs to meet two requirements: first, it must be able to accurately
locate the spatial point of the branch; second, it must be able to prune with a proper
operating posture, with the angle between the end effector and the branch vector greater
than 30 degrees. Therefore, the pruning arm requires at least 4 degrees of freedom. Consid-
ering cost-effectiveness, this paper adopts a 4-DOF manipulator. Since the branches are
distributed over a large height range, the arm needs a relatively large workspace. If all four
joints use rotational joints, the pose of the arm will change as the joints rotate, which can
easily interfere with the dense surrounding plants and affect the pruning efficiency and
safety. On the other hand, the space required to accommodate prismatic joints is limited.
Therefore, this paper selects a robotic arm structure combining prismatic and rotational
joints, so that the manipulator can ensure reachability while improving flexibility and
stability. Additionally, because the tomato branches grow upwards overall, pruning deeply
from the bottom can obtain better operating space. Therefore, an upward-looking PRRPR
robotic arm was constructed to perform the tomato pruning work. (Figure 4a).
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As shown in Figure 5, the direction of the sliding joint is the same as the direction of
the tomato plants’ line. The waist joint rotates the arm left/right while the shoulder joint
elevates it up/down. The telescopic joint extends/retracts the end effector along the depth
direction. The wrist joint rotates the end effector shear plane to better fit the tomato branch.
Finally, the pruning end effector reaches the desired pruning position, and the end effector
performs the pruning of the branches.

According to the robotic principles for establishing coordinate frames, the frames
attached to the joints are set up as shown in Figure 4b. The DH parameters of the robotic
arm are given in Table 1:

Table 1. DH parameters of the pruning robotic arm.

i αi−1 ai−1 di θi

1 −π/2 0 d1 0
2 π/2 0 137.5 θ2

3 −π/2 0 122 θ3

4 π/2 172.5 d4 0
5 0 0 390 θ5

Here, d1 is the movement of the sliding joint, θ2 and θ3 are the rotational angles of the
waist and shoulder joints, respectively, d4 is the movement of the telescopic joint, θ5 is the
rotational angle of the wrist joint, and the numerical range of motion of each robotic arm
joint is 

0 ≤ d1 ≤ 320(mm)
−π/2 ≤ θ2 ≤ π/2
0 ≤ θ3 < π/2
0 ≤ d4 ≤ 440
0 ≤ θ5 ≤ π
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3.2. Forward Kinematic Model

The Z-axis direction vector of the end pose is derived from the joint variables and
pruning point. The coordinate origin O3(d1 + d3cos(θ2), d3cos(θ2), d2) of the shoulder joint
frame is represented in the base frame, which is used to solve the coordinates O4(x4, y4, z4)
of the telescopic joint frame origin in the base frame. When projecting onto the base frame
XOY plane, the projected coordinates of the pruning point are D′(xt, yt, 0); the projected
coordinates of the telescopic joint origin are O4

′(xe, ye, 0); the projected coordinates of the
shoulder origin are O3

′(d1 + d3cos(θ2), d3cos(θ2), 0); the slope of the projection line l1 of the
telescopic joint is

k =

{
tan(θ2 + π/2) (θ2 < 0)
tan(π − θ2) (θ2 > 0)

(1)

Using the point-slope form, the projection line l1 of the telescopic joint is determined
as y = kx + b. Line l1 passes through point O4

′, so the intercept of line l1 can be obtained as

b = d3 sin(θ2)− k(d1 + d3 cos(θ2)) (2)

When the shoulder pitch angle is θ3, the link offset a4 projects onto line l1 as
l2 = a4sin(θ3), which is then used to obtain the coordinates of O4

′, and finally, the co-
ordinates of the telescopic joint origin O4 in the base frame: x4 = (d1 + d3 cos(θ2))∓ l2/

√
1 + k2

y4 = kxe + b
z4 = d2 + a4 cos(θ3)

(3)

Vector
⇀

O4D is the Z-axis direction vector R
5

⇀
Z = (xt − x4, yt − y4, zt − z4) of the end

effector working pose. Normalizing gives the unit Z-axis direction vector
⇀
L= (nx, ny, nz).

Substituting into Equations (1)–(3) gives
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
nx = A∓ B
ny = (yt − d3 sin(θ1))(A∓ B)/A
nz = zt − d2 − a4 cos(θ2)

(4)

where A = xt − d1 − d3 cos(θ2), B = (a4 sin(θ3))/
√
((yt − d3 sin(θ2))

2/A2) + 1.

If the X-axis of the end pose is perpendicular to the Z-axis and the vector
⇀
n of the

branch lies on a plane perpendicular to the Z-axis, then the direction vector of the X-axis is

R
5
⇀
X =

⇀
l ×

⇀
L (5)

The direction vector of the Y-axis can be determined by the X-axis and the Z-axis:

R
5

⇀
Y =

⇀
L × R

5
⇀
X (6)

According to Equations (4)–(6), the vector expressions of
⇀
X,

⇀
Y and

⇀
Z of the end pose

coordinate axis in the robot base coordinate system can be finally determined, and the end
pose matrix 0

5R can be obtained by arranging the three main axis direction vectors:

0
5R =

[
⇀
X

⇀
Y

⇀
Z
]
=


⇀
Xx

⇀
Y x

⇀
Zx

⇀
Xy

⇀
Yy

⇀
Zy

⇀
Xz

⇀
Yz

⇀
Zz


Adding the position component t f = [xt, yt, zt]

T of the end effector to obtain the pose
matrix TF of the end effector of the robot operation based on the pose derivation of the
tomato branch:

TF =

[0
5R t f
0 1

]
=


mynz −mzny ny(mxny −mynx)− nz(mznx −mxnz) nx xt
mznx −mxnz nx(mxny −mynx)− nz(mynz −mzny) ny yt
mxny −mynx ny(mynz −mzny)− nx(mznx −mxnz) nz zt

0 0 0 1


3.3. Inverse Kinematic Model

The establishment of the kinematic model is the basis for controlling the robotic arm.
According to the principle of coordinate transformation and DH parameters, there is the
following transformation relationship between adjacent coordinate systems:

i−1
i T =


cθi −sθi 0 ai−1

sθicαi−1 cθicαi−1 −sαi−1 −sαi−1di
sθisαi−1 cθisαi−1 cαi−1 cαi−1di

0 0 0 1

 (7)

By substituting the DH parameters into Equation (7), the transformation matrix be-
tween adjacent joints can be obtained. In the equation, s = sin, c = cos. By continuously
multiplying the transformation matrices of the adjacent coordinate systems from right to
left, the transformation matrix of the robot end relative to the robot base can be obtained:

0
5T = 0

1T ·12T ·23T ·34T ·45T (8)

Equation (8) is the forward kinematics of the whole branch operation robotic arm.
To control the robotic arm, the inverse kinematics of the robotic arm also need to be
analyzed [25]. The inverse kinematics solution process of the robotic arm is as follows.
After multiplying the inverse matrix of the transformation from joint 1 to joint 0 by the
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forward kinematics transformation matrix from the left, the equation relationship shown in
Equation (9) is established:

(0
1T)

−10
5T = 1

2T2
3T3

4T4
5T (9)

By simplifying and solving Equation (9), the inverse solutions of each joint of the
robotic arm can be obtained. Subject to the configuration and joint limit settings of the
robotic arm, there is only one set of inverse solutions for a given end pose. The inverse
solution results are

d1 = d3c2 + d1 + a4c3s2 + (d4 + d5)s2s3 − [d3c2 + a4c3s2 + (d4 + d5)s2s3]
θ2 = a tan 2(s2s3, c2s3)
θ3 = a tan 2(c2s3, c3c2)
d4 = (d2 + (d4 + d5)c3 − a4s3 + a4s3 − d2)/c3 − d5
θ5 = −a tan 2(s3s5/− c5s3)

(10)

Equation (10) describes the inverse kinematics solutions of the whole branch robotic
arm. At this time, only the desired pose matrix of the end effector needs to be determined to
obtain the amount of motion of each joint. In Section 2.4, according to the optimal grasping
pose defined by the tomato branch pose, it is a series of poses. By optimizing the solution,
the unique optimal end pose matrix for different branch situations can be obtained.

3.4. Inverse Kinematic Model for the Optimal Pruning Posture

The desired end pose of the robotic arm is not unique for different tomato branch
growth forms, and the ideal solution cannot be obtained for special growth situations. At
this time, the theoretical end pose angle α maximum situation is selected as the optimal
solution. The expression form of the Z-axis of the end coordinate system is abbreviated as
follows by Equation (11):

⇀
LZ(nx, ny, nz) (11)

The angle α between the normal vector of the end effector and the direction vector of
the tomato branch can be expressed as

α = cos−1


⇀
l ·⇀m∣∣∣∣⇀l ∣∣∣∣·∣∣∣∣⇀m∣∣∣∣

 (12)

According to Equation (12), the size of the angle α is only related to the pose of the
tomato branch and d1, θ2 and θ3, so the optimization objective for the angle α can be
written as

min fα = −α(d1, θ2, θ3) (13)

As long as d1, θ2 and θ3 are obtained by optimizing and solving Equation (13), the end
pose matrix can be uniquely determined by substituting them into Equation (8), and the
matrix is substituted into Equation (10) to realize the control of the whole branch robotic
arm. According to the actual situation, the constraint conditions of the variables d1, θ2 and
θ3 are

s.t.


0 ≤ d1 ≤ d1max
−π/2 ≤ θ2 ≤ π/2
0 ≤ θ3 < π/2
θ2 = fθ2(d1)
θ3 = fθ3(d1, θ1)

To solve this nonlinear constrained optimization problem, first transform it into an
unconstrained problem by using the penalty function method, and introduce penalty terms
to restrict the solutions that do not satisfy the constraint conditions [26]; use the boundary
phase method to approximate a minimum value interval, input the initial values of each
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variable to obtain an interval containing the global minimum value as the initial value
of the subsequent steps, avoid falling into the local minimum situation, and improve the
solution accuracy and efficiency.

Apply the golden section method to gradually reduce the minimum value and the
minimum value interval in the interval obtained in the previous step, greatly reduce the
calculation amount of the subsequent steps, ensure the convergence speed and accuracy,
and avoid the difficulty of obtaining partial derivatives for complex equations [27]. After
obtaining a smaller interval containing the minimum value, use the average value in the
interval as the function variable, and use the Powell conjugate direction method to solve
the global minimum value point. This method can be applied well to multivariate complex
functions, avoiding the need to obtain partial derivatives [28].

After obtaining a set of optimal value points, it is also necessary to verify whether
they are global minimum value points: directly substitute the initial values into the Powell
method, compare the function values and variable values of the minimum points obtained
twice, judge whether the obtained results are global optimal value solutions, and improve
the overall solution quality and stability of the algorithm. In this way, the results obtained
can comprehensively consider the original problem, where the objective function and the
constraint conditions are both in the optimal state, and obtain the optimal values of the
objective function and each variable.

After the optimization process, a set of values of d1, θ2 and θ3 are obtained, which can
be substituted into Equation (10) to obtain the motion amount of each joint of the robotic
arm, and realize the optimized motion control of the robotic arm.

4. Structural Parameter Optimization of Robotic Arm

Within a certain range of the robotic arm length, longer robotic arm joints can meet
more end pose angle requirements, and have a higher reachability; but at the same time,
it will increase the possibility of damage to the tomato main stem and fruit during the
whole branch machine’s progress, resulting in a loss outweighing the gain. Therefore, it is
necessary to optimize the design of some joints of the robotic arm, to ensure its reachability
to all branch growth forms in the target whole branch space, while making the robotic arm
structure as compact as possible.

The widely used industrial robotic arm groups in the current market meet all the
branch work requirements, in terms of the reachability and compactness, with great diffi-
culty. To complete the tomato branch pruning work efficiently, it is necessary to design a
customized robotic arm configuration based on the working conditions, and the robotic
arm geometric parameters are the key to the robotic arm configuration. Use the specified
spatial position point and the whole branch end pose angle α to measure the robotic arm’s
reachability to the spatial branch growth form, and use the two moving pair lengths d1 and
d4 of the robotic arm to measure the compactness of the whole branch machine.

Optimize the design of d1 and d4: Take the slide rail length d1 and the maximum
extension amount d4 of the telescopic joint as the optimization objectives, and establish
the corresponding mathematical model and constraint conditions. The extension length of
joint 1 is determined by xt, yt and zt together, and the expression of the extension length d1
of joint 1 can be simplified as

f1 = d1(xt, yt, zt) (14)

According to the configuration of the robotic arm and the content in Section 2.2, the
translation distance of joint 4 can be obtained as

d4 =

√
(xt − x4)

2 + (yt − y4)
2 + (zt − z4)

2

where (xt, yt, zt) are the coordinates of the whole branch target operation point, (x4, y4, z4)
are the coordinates of the origin of the coordinate system fixed on joint 4 in the robotic arm
base coordinate system, and according to Equation (3), (x4, y4, z4) are expressed by d1, θ2
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and θ3. Therefore, the extension length of joint 4 is determined by xt, yt and zt together, and
the expression of the extension length d4 of joint 4 can be simplified as

f2 = d4(xt, yt, zt) (15)

Combining Equations (14) and (15), the optimization objective is obtained as

minF(xt, yt, zt) = {d1(xt, yt, zt), d4(xt, yt, zt)}

To solve the optimal solution of the two objective functions in the value space, the
parameters should be restricted according to the actual situation when establishing the
mathematical model. The slide rail length d1 and the maximum extension amount d4 of the
telescopic joint are subject to the following constraints:

1. The angle between the pruning claw and the branch, and the absolute value of the
angle between the Z-axis of the robotic arm end and the branch direction should
be greater than 30 degrees. The theoretical inverse solution method is combined
to eliminate the impossible whole branch work situations, and to avoid extreme
solutions in the optimization process. Where the angle between the two vectors is
greater than 30◦, this can be expressed as the range of the angle between the two
vectors being 30◦–150◦.

2. The motion range of the rotary joint: The robotic arm is composed of multiple ro-
tary joints; each joint has its own motion limit, and the influence of the robotic
arm configuration is considered. This means that when the robotic arm performs
pruning operations, it needs to consider the motion range of the joint, as shown in
Equation (16), to avoid exceeding its allowable range during the motion process.

s.t.


α ⊂ (π

2 ± σ)
d1, d4 ≥ 0
−π/2 ≤ θ2 ≤ π/2
0 ≤ θ3 < π/2

(16)

where σ is the complement angle of 30◦, which is 60◦. Randomly generate 1000 spatial
points in the target whole branch space to characterize all possible whole branch target
points, and for each spatial point, there are 210 fixed spatial vectors to characterize the
possible growth direction of the branch. Use the optimization mathematical model to solve
these situations, and comprehensively obtain the optimal arm length in the global situation.

This model is regarded as a minimax problem, and the optimization is completed by
using the relevant multi-objective optimization function, and a set of minimization points
of the maximum value of the objective function is found. The minimax problem refers
to finding a variable that makes the maximum value of multiple objective functions the
smallest under some linear or nonlinear constraints, and can deal with complex multi-
objective optimization problems under both linear and nonlinear constraints [29]. The
result is d1max = 953.149 mm, d4max = 632.320 mm.

5. Experiment and Result
5.1. Verification of Optimal Structural Parameter

In Section 4, the maximum arm length parameters of the two robotic arms, the slide
rail and the telescopic joint, were optimized, and the optimal values of the two arm length
parameters were determined. To verify the uniqueness and validity of the optimal parame-
ter solution, it is necessary to explore the change relationships between the optimization
objective function and each variable, respectively.

The whole branch reachability v is used as the optimization evaluation index: the
robotic arms with different arm length combinations are used to simulate the whole branch
pruning for 210,000 kinds of branch growth forms, respectively. If the robotic arm end can
reach the specified whole branch space point and the end pose angle can meet the whole
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branch requirements, then this situation is counted as a successful whole branch situation,
and the proportion of the successful whole branch results is calculated, which is expressed
as the whole branch reachability v, to measure the whole branch reachability of the current
arm length through the combination of the whole branch and robotic arm. The experiment
verification process is as follows:

(1) Fix one arm length and explore the effect of the other arm length on the reachability.
(2) Solve the inverse kinematics of the robot for a certain branch position.
(3) Use the robot forward kinematics to solve the end point and end vector based on the

inverse solution.
(4) Use mathematical methods to verify that the shear points coincide and the end branch

angle meets the requirements.
(5) Complete steps (2)–(4) for all branch growth forms, recording the proportion of

reachable situations to measure the reachability of the current arm length combination.
(6) Change the arm length, repeat steps (2)–(5) to obtain the relationship between the

reachability and the arm length change.

Set d1 and d4 as the optimal results, respectively, and examine whether the other
optimization objective changes the whole branch reachability within the value range of
each configuration parameter, so as to transform this multi-objective optimization problem
into a single-objective optimization for comparison verification.

5.2. Workspace Reachability of the Pruning Arm

In Sections 3 and 4, the pruning posture of the tomato pruning robotic arm and two key
structural parameters were optimized, respectively, so that the pose matrix of each branch
could correspond to solve for a unique end effector pose of the manipulator. To verify
the overall reachability of the robotic arm in the target pruning workspace, simulation
experiments are needed to test the effectiveness of the optimization method and whether
the end effector pose of the arm can achieve the expected pruning effect, thereby providing
a theoretical basis for the actual control of the manipulator.

In the simulation experiments, based on the actual spatial position of the branches in
the manipulator coordinate system, the pose of the branches was simulated as the input
parameter of the optimization function to solve for the optimal inverse kinematics of the
robotic arm. The manipulator was then controlled to move based on the inverse solutions.
It only needed to determine whether the end point of the arm could reach the cutting point
of the side branch, and whether the angle between the end effector and the branch vector
met the pruning requirements, to judge the reachability of the manipulator for the current
side branch growth form. Finally, the reachability of the robotic arm for all the branch
directions in the target pruning workspace was merged and summarized to measure the
effective working area of the current arm.

5.3. Results and Discussion

To validate the effectiveness of the optimized robotic arm length, d1 and d4 were fixed
at their optimal values, respectively, while the other variable was varied to examine its
effect on the reachability.

When the maximum sliding joint’s length d1 is fixed at 632.320 mm, the curve of the
whole branch reachability v with the maximum extension length d1 of the telescopic joint is
shown as follows.

As shown in Figure 6, the change in the maximum extension length of the telescopic
joint has a significant effect on the reachability of pruning. When d4 is less than 630 mm, the
reachability of pruning increases significantly as d4 increases. However, when d4 is greater
than 630 mm, the reachability of pruning stabilizes at around 89.98%, indicating that the op-
timal d4 value appears in the range above 630 mm. When d4 = 632.320 mm, the reachability
of pruning v first reached the maximum value of 89.98%. Therefore, d4 = 632.320 is reason-
able. Further increasing the maximum extension length of the telescopic joint can hardly
have a significant impact on the reachability and efficiency of pruning, but it increases
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the volume of the robotic arm and the possibility of damaging the tomatoes’ main stems
and fruits during pruning. Therefore, the current optimized d4 result has been proven to
be effective.
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When the maximum extension length of the telescopic joint is fixed at d4 = 953.149 mm,
the curve of the optimization objective function, the reachability of pruning v, varying with
the maximum travel length of the sliding joint d1, is shown in the figure below.

As shown in Figure 7, when d1 is less than 895 mm, the reachability of pruning fluctu-
ates but shows a slightly increasing trend overall. When d1 is between 895 and 970 mm,
the reachability of pruning stabilizes at around 88.15%. However, when d1 is greater than
970 mm, the reachability decreases instead, indicating that the optimal d1 value appears
in the range of 895–970 mm. Therefore, d1 = 953.149 is reasonable. Further increasing the
maximum travel length of the sliding joint can hardly improve the reachability of pruning,
but it increases the volume of the robotic arm and the possibility of damaging the tomatoes’
main stems and fruits during pruning. Thus, the current optimized d1 result has been
proven to be effective.
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In summary, the two optimization objectives are fixed as constants, respectively, to
explore whether the other optimization objective has a unique optimal solution within
the value range of each configuration parameter. By comparing the result ranges of each
optimal configuration parameter, the final optimized parameter scheme is selected from the
intersection, which can verify the effectiveness of this multi-objective optimization. That is,
when d1 is 953.149 mm and d4 is 632.320 mm, the pruning robot can achieve the highest
reachability in handling all the branch situations within the target pruning space, and the
robotic arm system has the optimal motion performance and precision, better than other
parameter combinations.

After obtaining the optimal combination of structural parameters, the working space
needs to be further verified. Pruning simulations are performed on all possible branch
direction vectors fixed to a point in the target pruning space, and the results of the current
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pruning robot system’s handling of branches in the space are shown in Figure 8. As the
branch vectors in the space change, the angle of the end effector pose obtained by the
pruning system will change accordingly. The reachability of pruning p is 89.94%.
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The situations where the robotic arm is unreachable are mainly distributed in the
vertical direction of the pruning robot: branches facing the pruning robot are concentrated
in the space with a yaw angle of 42◦ and a pitch angle of 6◦, accounting for 1.35%; branches
in the same direction as the pruning robot are concentrated in the space with a yaw angle
of 57◦ and a pitch angle of 48◦, accounting for 8.71%. The branches that can achieve the
optimal results are mostly distributed in the high pitch angle situations on the left, right
and front sides of the pruning robot. The branches that can achieve the optimal results are
mostly distributed in the high pitch angle situations on the left, right and front sides of the
pruning robot.

Considering that the tomato pruning work requires the removal of 2–3 branches above
the mature fruit each time, the current relatively compact robotic arm structure can achieve
close to 90% reachability, which means that there may be one branch that cannot be pruned
for every five tomato plants. However, this could be acceptable, because the impact of a
small number of unpruned branches on light exposure, nutrient uptake and fruit yield
is minimal.

In addition, the optimization method for the robotic arm structural parameters pro-
posed in this paper is based on an important assumption that the main stem of the tomato
is approximately upright. However, in the early research process of developing a visual
identification model for branch pruning operation points [30], it was found that in actual
greenhouse environments, the main stem may bend to some extent due to factors such
as its own weight, plant support mode, and growth stage. This will lead to changes in
the spatial position and orientation of the branches, thus affecting the reachability of the
arm. This issue needs to be tested in the field after the robot is integrated to assess the
pruning performance of the arm in real environments. At the same time, we also need to
consider how to improve the structural design and control strategies of the arm to adapt to
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the bending of the main stem, so as to further enhance the reachability and flexibility of the
robotic arm.

6. Conclusions

A new dedicated PRRPR configuration pruning arm was designed for robotic tomato
pruning, according to the pruning operation used in industrial greenhouses. The kinematic
model of the robotic arm was determined. And the inverse kinematics solution method
was proposed with the max angle between the branch and the end effector as the goal, to
ensure that the branch could be pruned at its bottom with less stubble. With “pruning
reachability” as the performance indicator, an optimization function was established to
optimize the two key structural parameters of the pruning arm. The final optimization
results are as follows: the maximum travel length d1 of the sliding joint is 953.149 mm, and
the maximum extension length d4 of the telescopic joint is 632.320 mm. And the optimal
solutions of the two optimization objectives have unique validity within the value range
of the constituent parameters, achieving the design goals of maximizing the reachability
of the pruning target positions and minimizing the structure size of the tomato pruning
robot. The optimized manipulator could reach 89.98% of the side shoot growth positions in
the pruning space with an end effector posture that meets the pruning requirements. This
study could strongly support the future research and development of pruning robots.
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