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Abstract: To address collision risks and spatial limitations of hydraulic booms in in-cabin palletizers operating within confined cargo 

holds, this study proposes a safety framework integrating kinematic analysis and collision detection. The method constructs a kinematic 

model mapping hydraulic cylinder displacements to boom rotation angles, incorporating geometric constraints from cylinder parameters 

and boom cross-sectional dimensions. Forward/inverse kinematic solutions generate motion trajectories compliant with workspace 

boundaries. Obstacle geometric models embedded in the kinematic framework enable real-time collision detection and automatic safety 

braking during operation. Monte Carlo-based stochastic sampling quantifies the boom's reachable workspace in dynamic cargo stacking 

scenarios. Point-cloud distance field visualization reveals spatial relationships with obstacles, providing intuitive collision risk 

assessments. Experimental validation confirms the method's effectiveness in evaluating motion feasibility under complex loading 

conditions, offering theoretical support for scenario-specific system adaptation and environmental optimization. This research enhances 

in-cabin logistics automation reliability by addressing constrained-space motion planning and dynamic load compensation. The proposed 

approach ensures safe operation while improving workspace utilization compared to traditional methods.  

 

Keywords: Hydraulic, Collision detection, Kinematics, Work space.  

 

1. Introduction 
 

Ports serve as critical nodes in the integrated transportation 

chain and are vital for enhancing regional economic 

competitiveness and driving regional development [1-3]. The 

efficiency of cargo handling at docks is a key factor in 

improving port transportation capacity, with in-cabin 

operations representing the starting point of the entire dock 

workflow. Optimizing the mechanical performance of 

in-cabin machinery to meet production requirements remains 

a longstanding and evolving research topic. 

 

In-cabin palletizers are medium-to-heavy-duty loading / 

unloading machinery commonly operating in the cargo holds 

of bulk cargo ships. They are widely applied to handle various 

cargos on cargo ships, such as cold-rolled coils, steel plates, 

and wire rods. The boom installed on the palletizer is its core 

mechanical structure. During operation, apart from its own 

gravity, the boom bears multiple complex loads—including 

dynamic cargo loads and inertial impact loads. Issues like 

boom sinking, downward deflection, lateral bending, and 

even web plate wavy deformation or fracture often occur. 

Meanwhile, due to the narrow operational space in cargo 

holds and changes in cargo stacking, the boom's operational 

space is frequently restricted. Since the reachable range of 

hydraulic cylinders, boom cross-sectional dimensions, and 

in-cabin operational space constraints must be considered, the 

boom's motion characteristics differ from both traditional 

high-speed lightweight manipulators and low-speed 

heavy-duty configuration equipment. Therefore, accurately 

analyzing the motion characteristics of the in-cabin 

palletizer's boom is of significant reference value for 

enhancing the reliability of in-cabin logistics automation 

systems. 

 

Currently, research on kinematics modeling, motion 

simulation, and workspace analysis for high-speed light-load 

manipulators is already quite comprehensive. However, 

studies on the kinematics of in-cabin machinery are relatively 

limited. For instance, Liu Yan et al. conducted design research 

on heavy-load assembly robots in spatial cabins. They 

addressed the contradiction between spatial constraints and 

load-bearing via innovative mechanical structures, optimizing 

the robot's posture adjustment accuracy and motion stability 

in narrow spaces [4]. Literature performed kinematics 

modeling for artillery robotic arms, calculating motion 

variables of each arm and joint within the confined space of 

artillery channels, significantly enhancing the motion 

flexibility of traditional excavation equipment in confined 

spaces [5]. Literature proposed a self-reconfigurable spatial 

robotic arm system based on telescopic rods, analyzed and 

simulated telescopic rod mechanism parameters and layouts, 

and conducted motion planning simulation for target working 

conditions in narrow spaces. Results show that the 

cross-sectional telescopic design can improve the flexibility 

of the robotic arm system [6]. 

 

This paper takes into account kinematic pair dimension 

parameters, boom cross-sectional parameters, and in-cabin 

space limitation factors. Starting from the basic structure and 

working principle of the palletizer boom, it deduces the 

geometric relationships among components, establishes a 

forward kinematics model for the series-connected boom 

equivalent mechanism, and derives the mapping relationship 

between hydraulic cylinder displacement and boom rotation 

angle. Furthermore, the Monte Carlo method is employed to 

analyze the motion space of the hydraulic boom under the 

effect of cargo stacks, offering theoretical support for the 

subsequent design of the actual mechanical structure of the 

hydraulic boom and the determination of operational 

parameters. 

 

2. Forward Kinematic Analysis of the Boom 
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2.1 Coordinate System Establishment for the Boom 

 

The boom structure consists of a box-shaped configuration 

with a two-section folding boom combined with a single 

telescopic stage, actuated by three sets of drive hydraulic 

cylinders. This design enables complex motions such as 

load-bearing amplitude variation, closely resembling the 

structure of a manipulator with arms, joints, and an 

end-effector. Among coordinate system establishment 

methods, the standard Denavit-Hartenberg (DH) model has 

been widely adopted [7]. However, with increasing 

complexity in manipulator structures and rising precision 

requirements, modified DH models have gained prevalence. 

This study employs the modified Denavit-Hartenberg (MD-H) 

method to develop the forward kinematic model of the 

manipulator [8]. 

 
Figure 1: The DH coordinate system of the boom 

For the hydraulic boom under study, the corresponding 

coordinate system was established using the MD-H method, 

as shown in Figure 1. The MD-H parameters of the boom are 

listed in Table 1.  

Table 1: Nominal values of MDH parameters of the boom 
Joint 

Number 

Link Twist 

Angle 𝛼𝑖−1/(°) 

Link Length 

𝛼𝑖−1/(°) 

Link Offset 

𝑑𝑖/(mm) 

Joint Angle 

𝜃𝑖/(°) 

1 0 0 2 0 

2 -90 0 0 90 

3 0 -4.5 0 0 

4 90 0 𝑑4 0 

 

2.2 Forward Kinematic Solution of the Boom 

 

Based on the established MD-H coordinate system and the 

MD-H parameter table of the actual hydraulic manipulator 

joint dimensions, the homogeneous transformation matrix for 

each joint can be calculated using the following formula (1): 

 𝑇𝑖
𝑖−1 = [

𝑐𝜃𝑖 − 𝑠 𝜃𝑖 0 𝛼𝑖−1

𝑠 𝜃𝑖 𝑐𝛼𝑖−1 𝑐𝜃𝑖𝑐𝛼𝑖−1 − 𝑠 𝛼𝑖−1 − 𝑠 𝛼𝑖−1 𝑑𝑖

𝑠 𝜃𝑖 𝑠 𝛼𝑖−1 𝑐𝜃𝑖 𝑠 𝛼𝑖−1 𝑐𝛼𝑖−1 𝑐𝛼𝑖−1𝑑𝑖

0 0 0 1

]

 (1) 

The transformation matrix of the boom end is obtained by 

multiplying the homogeneous transformation matrices of each  

 

 

 

 

joint, as shown in Formula (2): 

 𝑇0
4 = 𝑇0

1 𝑇1
2 𝑇2

3 𝑇3
4 = [

𝑛𝑥 𝑜𝑥 𝑎𝑥 𝑝𝑥

𝑛𝑦 𝑜𝑦 𝑎𝑦 𝑝𝑦

𝑛𝑧 𝑜𝑧 𝑎𝑧 𝑝𝑧

0 0 0 1

]  (2) 

3. Inverse Kinematic Analysis of the Boom 
 

Hydraulic cylinders, as the driving components of the boom, 

have displacement strokes that affect the overall design of 

boom hinges, joint rotation angles, and arm lengths. The 

inverse kinematic solution involves solving the 

transformation from the pose space to the joint rotation angles 

and hydraulic drive space. Inverse kinematic analysis can 

establish the relationship between joint rotation angles and 

hydraulic cylinder lengths under different postures. Based on 

the pose of the boom end coordinates [𝑥 𝑦 𝑧 𝜃𝑤] in the 

base coordinate system, the corresponding joint variables and 

hydraulic cylinder lengths are solved, that is, {𝑥 𝑦 𝑧 𝜃𝑤} 

→ {
{𝜃1, 𝜃2, 𝜃3, 𝜃4}

{𝜆1, 𝜆2, 𝜆3}
}  [9]. Methods for solving inverse 

kinematics usually include the algebraic method, geometric 

method, and iterative method [10]. The algebraic method 

requires a large amount of matrix operations, resulting in high 

computational complexity, while the convergence of the 

iterative method is difficult to guarantee. The hydraulic boom 

belongs to a 4-degree-of-freedom robotic arm. Given its 

simple structure and object characteristics, the geometric 

method is adopted. 

 

Inverse kinematics solution approach [11]: 

 

(1) Initialize the boom end pose vector [𝑥 𝑦 𝑧 𝜃𝑤], and 

solve for 𝜃1 

 

(2) Calculate the translated coordinates (𝑥′, 𝑦′, 𝑧′)  of the 

boom end position in the base coordinate system 

 

(3) Determine the position coordinates (𝑥3, 𝑦3, 𝑧3) of point 𝑂3 

in the new base coordinate system. 

 

(4) Calculate 𝛼 and 𝛽 based on geometric relationships. 

 

(5) Compute 𝜃2 and 𝜃3 

 

Assume the position coordinate of the boom end in the 

coordinate system 𝑂4 − 𝑋4𝑌4𝑍4 is 𝑅 
4 = [0 0 0 1], then 

its coordinate in the base coordinate system 𝑂0 − 𝑋0𝑌0𝑍0 is 

𝑅 
0 = 𝑇0

4 𝑅 
4 , from which the boom end position coordinates 

can be obtained: 

 {

𝑥 = 𝑑4𝑐1𝑐23 − 𝑎2𝑐1𝑠2

𝑦 = 𝑑4(𝑠2𝑠3 + 𝑐2𝑐3) − 𝑎2𝑐2 + 𝑑1

𝑧 = 𝑑4𝑐23 + 𝑎2𝑠2 + 𝑑1

  (3) 

During the lifting process, 𝜃1 and 𝜃4 often remain unchanged. 

Thus, the direction angle of the boom end is uniquely 

determined by 𝜃𝑤 = 𝜃2 + 𝜃3, and the pose of the boom end is 

[𝑥 𝑦 𝑧 𝜃𝑤]. 
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Figure 2: Schematic diagram of the linkage coordinate 

system 

 
Figure 3: Schematic diagram of the computational geometry 

of the inverse kinematic solution 

If the boom end pose is known as [𝑥 𝑦 𝑧 𝜃𝑤] , then 

according to Figure 2, the spatial geometric relationship is 

derived: 

 𝜃1 = 𝑎𝑟𝑐𝑡𝑎𝑛 (
𝑦

𝑥
)  (4) 

Translate the origin 𝑂0 of the base coordinate system to 𝑂2, 

and assume the translated base coordinate system is 𝑂′ −
𝑥′𝑦′𝑧′. Then, based on the coordinates and angles shown in 

the following figure, it can be concluded that: 

 {
𝑥′ = 𝑥
𝑦′ = 𝑦

𝑧′ = 𝑧 − 𝑑1 − 𝑑2

  (5) 

In the translated base coordinate system: 

 [𝑥3 𝑦3 𝑧3 1] = 𝑇0
1 𝑇1

2 𝑇2
3 [0 0 0 1]𝑇 −

[0 0 𝑑1 + 𝑑2 0]𝑇  (6) 

Substituting Equations (1), (2), and (3) into Equation (9) 

yields: 

 {

𝑥3 = −𝑎2𝑐𝜃1𝑠𝜃2

𝑦3 = −𝑎2𝑠𝜃1𝑠𝜃2

𝑧3 = −𝑎2𝑐𝜃2 − 𝑑2

  (7) 

From Equations (8), (10) and 𝜃𝑤 = 𝜃2 + 𝜃3, we obtain: 

 {

𝑥3 = 𝑥′ − |𝑂3𝑂4| 𝑐𝑜𝑠 𝜃1 𝑐𝑜𝑠 𝜃𝑤

𝑦3 = 𝑦′ − |𝑂3𝑂4| 𝑠𝑖𝑛 𝜃1 𝑠𝑖𝑛 𝜃𝑤

𝑧3 = |𝑂3𝑂4| 𝑠𝑖𝑛 𝜃𝑤

  (8) 

Here, |𝑂2𝑂3|  represents the length of the basic arm, and 

|𝑂3𝑂4| denotes the length of the folding arm. 

 

As shown in Figure 3, |𝑂2𝑂4| = √(𝑥′)2 + (𝑦′)2. Calculate α  

 

and β based on geometric relationships. These angles serve as 

crucial intermediate variables for establishing the connection 

between joint rotation angles and the end pose, with solutions 

derived as: 

 {
𝛼 = 𝑎𝑟𝑐𝑐𝑜𝑠

|𝑂2𝑂3|2+|𝑂2𝑂4|2−|𝑂3𝑂4|2

2|𝑂2𝑂3||𝑂2𝑂4|

𝛽 = 𝑎𝑟𝑐𝑡𝑎𝑛 (
𝑧′

𝑥′)
  (9) 

Calculate θ2 and θ3 based on the geometric relationships in 

Figure 4. The solution of these two joint angles is a key result 

of the inverse kinematic analysis. They directly determine the 

movement angles of each boom joint, thus determining the 

overall posture of the boom. 

 {
𝜃2 = 𝛼 + 𝛽

𝜃3 = 𝑎𝑟𝑐𝑐𝑜𝑠
|𝑂2𝑂3|2+|𝑂3𝑂4|2−|𝑂2𝑂4|2

2|𝑂2𝑂3||𝑂3𝑂4|

  (10) 

4. Mapping Relationship between Hydraulic 

Cylinder Displacement and Boom Rotation 

Angle 
 

4.1 Coordinate System Establishment of the Boom 

 

Hydraulic cylinders serve as the actuators of the hydraulic 

boom. As shown in Figure 4, the length 𝜆𝑛 of the hydraulic 

cylinder determines the magnitude of each joint rotation angle 

𝜃𝑛 . Obtaining joint rotation angles from the actuator 

mechanism’s length is called forward transformation, while 

calculating the actuator mechanism’s length from joint 

rotation angles is termed inverse transformation [12]. The 

length of the hydraulic cylinder can be represented by the 

distance between working hinges of the hydraulic arm, with 

specific solution steps as follows: 

 
Figure 4: Schematic diagram of boom coordinates 

 
Figure 5: Schematic diagram of hydraulic cylinder and joint 

of basic arm 

4.2 Relationship between the Length 𝝀𝟏of the Basic Arm 

Hydraulic Cylinder and the Joint Variable 𝜽𝟐 

 

As shown in Figure 5, in triangle 𝑂2𝐴𝐵: 
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𝜆1 = |𝐴𝐵|

= √|𝑂2𝐵|2 + |𝑂2𝐴|2 − 2|𝑂2𝐵||𝑂2𝐴| 𝑐𝑜𝑠 ∠ 𝐴𝑂2𝐵
  

(11) 

where 𝑂2𝐴 and 𝑂2𝐵 are known values: 

 

𝜃2 = ∠𝐴𝑂2𝐵 − ∠𝐴𝑂2𝑃

= 𝑎𝑟𝑐𝑐𝑜𝑠
|𝑂2𝐵|2+|𝑂2𝐴|2−𝜆1

2

2|𝑂2𝐵||𝑂2𝐴|
− ∠𝐴𝑂1𝑃

  (12) 

4.3 Relationship between the Length 𝝀𝟐  of the Folding 

Arm Hydraulic Cylinder and the Joint Variable 𝜽𝟑 

 
(a) 

 
(b) 

Figure 6: Schematic diagram of hydraulic cylinder and joint 

of the folding arm without considering the influence of cross 

section 

4.3.1 Relationship between the Length 𝜆2  of the Folding - 

Arm Hydraulic Cylinder and the Joint Variable 𝜃3  without 

Considering Cross - Section Influence 

 

As shown in Figure 6 (a), based on the geometric relationships 

in the figure: 

 
𝜆2 = |CD|

= √|𝑂3𝐶|2 + |𝑂3𝐷|2 − 2|𝑂3𝐶||𝑂3𝐷| 𝑐𝑜𝑠 ∠ 𝐶𝑂3𝐷
  

(13) 

Where 𝑂3𝐶 and 𝑂3𝐷 are known, and 𝜃3 = ∠𝐶𝑂3𝐷. Then it 

can be solved as: 

 𝜃3 = ∠𝐶𝑂3𝐷 = 𝑎𝑟𝑐𝑐𝑜𝑠
|𝑂3𝐶|2+|𝑂3𝐷|2−𝜆2

2

2|𝑂3𝐶||𝑂3𝐷|
  (14) 

4.3.2 Relationship between the Length 𝜆2 of the Folding Arm 

Hydraulic Cylinder and the Joint Variable 𝜃3  Considering 

Cross - Section Influence 

 

Figure 6 (b) shows the boom cross - sections CM, DN, and the 

known distances between hinge points MO3, NO3. Based on 

the geometric relationships in the figure: 

 |𝐶𝑂3| = √|𝐶𝑀|2 + |𝑀𝑂3|2  (15) 

 ∠𝐶𝑂3𝑀 = 𝑎𝑟𝑐𝑡𝑎𝑛
|𝐶𝑀|

|𝑀𝑂3|
  (16) 

 |𝐷𝑂3| = √|𝐷𝑁|2 + |𝑁𝑂3|2  (17) 

 ∠𝐷𝑂3𝑁 = 𝑎𝑟𝑐𝑡𝑎𝑛
|𝐷𝑁|

|𝑁𝑂3|
  (18) 

 
𝜆2 = |𝐶𝐷|

= √|𝐶𝑂3|2 + |𝐷𝑂3|2 − 2|𝐶𝑂3||𝐷𝑂3| 𝑐𝑜𝑠 ∠ 𝐶𝑂3𝐷
  

(19) 

 ∠𝐶𝑂3𝐷 = 𝑎𝑟𝑐𝑐𝑜𝑠
|𝐶𝑂3|2+|𝐷𝑂3|2−𝜆2

2

2|𝐶𝑂3||𝐷𝑂3|
  (20) 

It can be solved that: 

 𝜃3 = ∠𝑀𝑂3𝑁 = ∠𝐶𝑂3𝑀 + ∠𝐶𝑂3𝐷 + ∠𝐷𝑂3𝑁 = 𝑎𝑟𝑐𝑡𝑎𝑛
|𝐶𝑀|

|𝑀𝑂3|
+ 𝑎𝑟𝑐𝑐𝑜𝑠

|𝐶𝑂3|2+|𝐷𝑂3|2−𝜆2
2

2|𝐶𝑂3||𝐷𝑂3|
+ 𝑎𝑟𝑐𝑡𝑎𝑛

|𝐷𝑁|

|𝑁𝑂3|
 (21) 

5. Workspace Solution of the Hydraulic Boom 
 

The workspace of a robotic arm is determined by the 

movement range of its joints. Through inverse solution, the 

target position in the task space can be mapped to the joint 

space, enabling the robotic arm to complete various tasks as 

efficiently as possible within its reachable workspace [13]. As 

a key indicator of in-cabin palletizers, analyzing the 

workspace of hydraulic booms mainly aims to verify whether 

the boom meets the narrow operation space of the ship cabin 

during design and adapts to cargo stack changes. 

 

The internal operation environment of the ship cabin is a 

typical limited-space scenario. Its complex structure and 

limited space dimensions severely restrict the movement of 

heavy-duty robotic arms. The ship cabin’s interior is equipped 

with various supporting structures, pipelines, and installed 

ventilation devices. When the in-cabin palletizer operates, the 

robotic arm’s movement is limited in multiple directions. For 

example, the height direction is restricted due to the ship’s 

ceiling structure. This requires the robotic arm to adjust joint 

angles reasonably to complete tasks during high-altitude 

operations instead of moving freely like an open-space robotic 

arm. From a horizontal perspective, the supporting structures 

and fixed equipment in the cabin also divide the space, 

meaning the robotic arm’s movement range in both translation 

and rotation is strictly limited. 

 

The hydraulic boom is installed on the crawler chassis 

platform of the palletizer to lift steel plates, with its boom base 

joint 2m above the ground. Multiple cargo stacks are 

distributed in the cabin. By using boundary condition 

equations to describe the movement range limitations of the 

robotic arm’s joints, and considering the position/shape of 

obstacles as well as the cross-sectional dimensions of the end 

effector, a geometric model of obstacles is established and 

incorporated into the kinematics model. Motion trajectories 

are then generated to ensure the robotic arm does not collide 

with obstacles during movement. 

 

The Monte Carlo method is adopted to analyze the movement 

space of the hydraulic boom under cargo stack influence. By 

randomly generating a large number of sample points within 

the value range of each joint variable of the hydraulic boom, 

setting the robotic arm’s dimension parameters, joint 

movement range, and assembly space boundary conditions, 

these sample points at the end position are converted into the 

end executor’s position coordinates in the cartesian space 

through forward kinematics [14]. Points close to obstacles are 

filtered out. Finally, collision detection is repeated— 
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searching for positions in the reachable space that do not 

collide with obstacles in the given environment, and further 

considering tolerance compensation for re-collision detection, 

so as to more accurately determine the robot’s safe reachable 

space.  

 

The end executor’s workspace point cloud map of the boom 

under cargo stack occlusion conditions and the theoretical 

workspace point cloud map without obstacles, obtained under 

the same conditions, are shown in Figure 7. The 

distance-based visualization intuitively demonstrates the 

corresponding relationship between the hydraulic boom’s 

different postures and obstacles. By evaluating the workspace 

connectivity and safety of the in-cabin palletizer’s movement, 

it is confirmed that the robotic arm avoids collisions in the 

workspace and reasonably plans movement paths through 

obstacle avoidance algorithms for cargo stack obstacles, 

ensuring the integrity of the boom and arm’s cross-sectional 

dimensions. The workspace point cloud circumvents 

obstacles to form avoidance areas, with some areas showing 

"air gaps" to reduce coverage, which is a direct manifestation 

of route optimization. 

 

 
(a)Workspace diagram with obstacles 

 

 
(b)Workspace diagram without obstacles 

Figure 7: Point cloud diagram of hydraulic boom workspace 

6. Conclusion 
 

This paper considers the influence of hydraulic cylinder 

installation positions, movable spaces, and boom 

cross-sectional parameters in the hydraulic boom of large 

in-cabin palletizers. By analyzing the geometric relationships 

among components of the in-cabin palletizer’s working 

device, a mapping relationship between hydraulic cylinder 

displacement and boom rotation angle was established. 

Distance-based visualization intuitively displays the hydraulic 

boom’s positional relationship with obstacles at different 

positions, aiding in evaluating the motion feasibility and 

safety of the in-cabin palletizer to ensure collision-free 

movement. The obtained point cloud diagram exhibits a 

relatively dense, uniform, and compact distribution, 

confirming that the hydraulic boom’s joints meet the 

working-radius design requirements. Observing changes in 

reachable space and collision risks can provide a basis for 

selecting practical application scenarios and environmental 

modifications for in-cabin palletizers, ensuring stable 

operation in complex and dynamic real-world environments. 

However, further exploration of workspace-influencing 

factors is still needed. The cross-sections of boom members 

and their rotational-angle ranges significantly impact the 

robotic arm’s workspace, and optimizing these rotational 

ranges remains an ongoing challenge. 
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