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Abstract: Robotic manipulators play a critical role in modern automation, enabling precise, complex, and repetitive tasks across industrial,
agricultural, and service applications. This paper presents the design and simulation of a 4-DoF robotic manipulator using MATLAB and
Simulink, integrating forward and inverse kinematics for accurate control of joint motions and end-effector positioning. To achieve
autonomous and efficient navigation, classical and heuristic path planning algorithms-including Dijkstra, A*, and Rapidly Exploring Random
Tree (RRT)—are implemented and evaluated in terms of trajectory feasibility, computational efficiency, and adaptability to varying task
conditions. The study further incorporates dynamic analysis of the manipulator by evaluating joint torques, forces, and inertia, providing
realistic motion behaviour and validating system performance under physical constraints. A graphical user interface (GUI) developed with
MATLAB App Designer enables real-time manipulation and visualization of the manipulator’s operations, allowing interactive control of joint
positions, monitoring of kinematic parameters, and execution of path planning strategies. The integration of kinematics, dynamics, path
planning, and GUI-based control demonstrates a comprehensive approach to robotic system development in a virtual environment, offering
a flexible,  low-cost, and scalable platform for research, education, and simulation-driven testing. The results highlight the potential of
simulation frameworks to accelerate the design, analysis, and deployment of robotic manipulators in diverse automation scenarios
Comparative evaluation of the path planning algorithms showed that A* achieved the best overall performance, generating an optimal path

length of 802.49 mm while exploring only 212 nodes with a computation time of 0.230 s.
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1. INTRODUCTION

Robotic manipulators are widely recognized as essential com-
ponents in modern automation, space exploration, and industrial
systems due to their ability to perform precise, reliable, and repeti-
tive tasks in complex environments. Continuous advancements
have focused on improving structural design, control strategies,
and adaptability to enhance performance under uncertain and dy-
namic conditions. For instance, a 6-DOF manipulator developed for
space applications integrates lightweight structures, high-precision
actuators, and advanced inverse kinematics with teleoperation ca-
pabilities, enabling efficient handling of objects with varying geom-
etries [1]. To improve control performance under uncertainties, sev-
eral advanced control strategies have been proposed. Robust
adaptive fuzzy sliding mode controllers combine fuzzy logic with
adaptive mechanisms to enhance trajectory tracking and disturb-
ance rejection [2]. Similarly, adaptive robust control methods incor-
porating neural network-based parameter estimation have been de-
veloped for cooperative manipulators, ensuring accurate trajectory
and force tracking even in the presence of base coordinate uncer-
tainties [3]. In addition, dynamic control approaches incorporating
obstacle avoidance and space operator algebra, along with multi-
loop PID structures, have been shown to reduce torque fluctua-
tions, improve motion smoothness, and enhance energy efficiency
[4]. Beyond control strategies, significant research has also focused

on kinematic modelling, dynamic analysis, and trajectory planning
of robotic manipulators. Studies on inverse and forward kinematics
have addressed joint constraints, redundancy, and workspace op-
timization to improve manipulator performance [6], [8], [12]. Dy-
namic modelling approaches have been developed to analyse
forces, torques, and system stability using simulation environments
such as MATLAB/Simulink and multibody formulations [15], [17]. In
addition, trajectory planning and path optimization techniques, in-
cluding RRT-based methods and intelligent optimization strategies,
have been widely investigated for efficient motion generation in
complex environments [32], [33]. Despite these advancements, a
review of existing work reveals several limitations. Advanced con-
trol techniques often require accurate system modelling and com-
plex parameter tuning, making them less suitable for simplified sim-
ulation environments. Furthermore, many path planning studies are
evaluated independently and lack integration with kinematic and
dynamic models of the manipulator. Simulation-based approaches
frequently do not provide interactive user control or fail to combine
kinematics, dynamics, and path planning within a unified frame-
work. Moreover, most trajectory tracking analyses rely on closed-
loop control strategies, limiting their applicability in open-loop sim-
ulation studies.to address these challenges, this work proposes a
MATLAB/Simulink-based integrated framework for a 4-DOF robotic
manipulator. A CAD model is imported into Simscape Multibody to
achieve realistic physical modelling, while both forward and inverse
kinematics are implemented to establish the relationship between
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joint space and Cartesian space. Path planning is performed using
A*, Dijkstra, and RRT algorithms under identical conditions, fol-
lowed by interpolation and spline-based smoothing to generate fea-
sible and continuous trajectories. Additionally, a MATLAB App De-
signer based graphical user interface (GUI) is developed to enable
inter active control and visualization. Dynamic analysis is con-
ducted to evaluate joint forces, torques, velocities, and motion
smoothness within an open-loop simulation environment. The main
contribution of this work is the development of a unified and com-
putationally efficient simulation framework that integrates path plan-
ning, kinematics, and dynamics for a 4-DOF manipulator. A com-
parative evaluation of A*, Dijkstra, and RRT is performed using met-
rics such as path length, computation time, and explored nodes,
along with trajectory smoothing for improved motion feasibility. The
inclusion of an interactive GUI enhances usability and visualization,
while dynamic analysis provides insights into actuator performance
and system efficiency. Unlike many existing approaches, the pro-
posed framework avoids complex control dependencies and hard-
ware requirements, making it cost-effective and suitable for aca-
demic research and educational applications.

2. LITERATURE SURVEY

N. Sreekanth et al. developed a 6-DOF lightweight and recon-
figurable robotic manipulator for space exploration using tele-mo-
tion control and a customized inverse kinematics approach. Its
adaptive end effector efficiently handles both symmetric and asym-
metric objects [1].Xiuxing Yin et al. designed a robust adaptive
fuzzy sliding mode controller for uncertain serial manipulators, em-
ploying fuzzy logic to approximate uncertainties and adaptive laws
for real-time tuning, achieving superior tracking and robustness
[2].Anbang Zhai et al. proposed a neural network-based adaptive
robust controller for cooperative manipulators operating under un-
certain base coordinates, ensuring accurate trajectory and force
convergence [3].Huihui Hong et al. presented a dynamic obstacle-
avoidance control using space operator algebra and a three-loop
PID to minimize torque fluctuation and motor energy loss while en-
hancing smoothness [4].Neeraj Mishra et al. analyzed a human-
arm robotic arm under different loading conditions using FEA in An-
sys, emphasizing material optimization to improve durability and
cost-effectiveness [5]. Rutong Dou et al. developed a 7-DOF hu-
manoid arm with analytical-reverse order kinematic solutions and a
global arm angle optimization algorithm validated through ROS
simulations [6].Guoliang Zhong et al. introduced a continuum ma-
nipulator of NiTi alloy with a co-radial configuration and a displace-
ment-compensation-based inverse kinematics method verified
through experiments [7].Yanlin Chen et al. proposed a 7-DOF re-
dundant manipulator optimized via Linearly Decreasing Weight
PSO to minimize motion time, validated through geometric model-
ing and experiments [8].Cheng-Hsuan Yang et al. presented a col-
lision-avoidance strategy for modular construction robots using a
sampling-based planner, achieving over 80% success in avoiding
collisions [9].Dileep Rao et al. designed a 4-DOF surgical robotic
manipulator with a state observer-based controller that enhances
precision and minimizes torque requirements compared to PID
[10].Swet Chandan et al. analyzed a 7-DOF manipulator using D-H
parameters and optimized joint angles via PSO and Firefly algo-
rithms to improve trajectory accuracy [11].Shubh Shrey et al. per-
formed forward and inverse kinematic modeling of a 5-DOF Lynx6
arm in MATLAB, showcasing workspace visualization and potential
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for surgical applications [12].A. Zahedi et al. presented kinematic
and dynamic modeling of hybrid agricultural robots using recursive
algorithms, enhancing crop harvesting precision and efficiency
[13].YiLiu et al. developed a 7-DOF redundant robot for spacecraft
assembly optimized via GA, B-spline, and NSGA-2 for improved
accuracy and load capacity [14].Alexandru Barsan et al. modeled
the KUKA KR210-2 robot using Simulink-Simscape and validated
torque data experimentally through a forming process [15].Kaushik
Patel et al. investigated dynamic effects of actuator inertia on an
RSSR-SS parallel manipulator using Newton-Euler formulation
and MATLAB-SolidWorks simulation [16].Claudio Urrea et al. intro-
duced automated dynamic equation derivation software in MATLAB
using Lagrange-Euler formulation with MPC integration for motion
optimization [17].Shabnom Mustary et al. modeled a flexible UR5
manipulator using Lagrangian mechanics and fuzzy logic, showing
stiffness as the most critical factor for stability [18].Mohammad
Sheikh Sofla et al. developed a model-based sliding-surface con-
troller for continuum manipulators using fluidic muscles, ensuring
stability under sudden loads [19].Thanh-Trung Do et al. formulated
dynamics for flexible-joint manipulators using the Lagrangian ap-
proach, validated experimentally for modal accuracy [20].Cheng
Zhang et al. built a dynamic model of the MG400 robotic arm in
Simscape with variable-gain iterative learning control to enhance
tracking accuracy [21]. Lauri Pyrhénen et al. proposed a system
identification and force estimation method using a semirecursive
multibody model and Kalman filtering on the TX40 manipulator
[22].Mihai Dupac et al. proposed trajectory generation for redun-
dant manipulators using spherical coordinates and Hermite interpo-
lation to reduce joint velocity and energy [23].Weiguang Yu et al.
developed a time-optimal multi-point trajectory planner using sine
jerk and adaptive algorithms for smooth, efficient motion [24].0zge
Ekrem et al. applied PSO-based fifth-order polynomial trajectory
planning in MATLAB for vibration-free 6-DOF robotic arm motion
[25].Zhou Jiang et al. implemented a fractional-order PID controller
optimized by FBPA-PSO to improve trajectory tracking precision
and minimize overshoot [26].Hanyi Huang et al. integrated AFC
with ANFIS, iterative learning, and reinforcement learning to en-
hance trajectory tracking in SCARA robots [27].Muhammad |.
Azeez et al. optimized a PID controller using the Golden Jackal Op-
timization algorithm for a 3-DOF manipulator, ensuring Lyapunov
stability and robustness [28].Zied Ben Hazem et al. developed a
dynamic model of the Mitsubishi RV-2AJ 5-DOF arm, where an AN-
FIS controller outperformed PID in complex trajectories [29].Clau-
dio Urrea et al. compared MPC, PD-PI fuzzy, and computed torque
control methods for a 3-DOF manipulator, achieving high tracking
accuracy [30].Guobin Si et al. refined A* path planning with fuzzy
PID for mobile robots, improving efficiency and adaptive obstacle
avoidance [31]. Junhui Yi et al. proposed a modified version of the
RRT* algorithm that incorporates goal biasing and Bézier curve fit-
ting, resulting in improved convergence speed and smoother tra-
jectory generation for robotic manipulators.[32]. Meilin Kang et al.
proposed an improved bidirectional RRT algorithm incorporating
dynamic expansion strategies, which reduces path length and com-
putational time for orchard robot navigation. [33]. Safa Jameel Al-
Kamil et al. used motion-capture-based path planning for industrial
robots, improving control accuracy and collision avoidance [34].
Ruipeng Liu et al. proposed an improved RRT* (Rapidly-exploring
Random Tree Star) for motion planning of free-floating space ro-
bots capturing tumbling objects, achieving enhanced trajectory
smoothness and reduced energy consumption [35].
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3. METHODOLOGY
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Fig. 1. Block diagram of the proposed work

The block diagram of the proposed system, shown in Fig. 1,
illustrates the complete workflow adopted for the design, modelling,
analysis, and control of a 4-DOF robotic manipulator. The process
begins with SolidWorks CAD Modelling, where the 3D structure of
the manipulator is created, including links, joints, and the base. This
model is then imported into MATLAB via Simscape Multibody,
which converts the CAD design into a physics-based simulation en-
vironment, preserving geometric and mechanical constraints. Once
imported, kinematic modelling is carried out, where forward kine-
matics is used to determine the end-effector position from given
joint angles, and inverse kinematics is applied to calculate joint an-
gles for a desired end-effector position. This ensures accurate mo-
tion control and forms the mathematical basis of the system. Fol-
lowing this, dynamic analysis is performed using built-in sensors in
Simscape to capture torque, force, and inertia values, allowing
evaluation of the manipulator’s physical performance under opera-
tional conditions. The next stage involves path planning algorithms,
where classical methods such as Dijkstra, A*, and RRT are imple-
mented to generate optimized trajectories for manipulator motion.
To enhance user interaction, a Graphical User Interface (GUI) is
developed in MATLAB App Designer, enabling real-time visualiza-
tion and manual control of the manipulator. Finally, the entire frame-
work is validated through simulation and visualization of manipula-
tor motion using MATLAB Simulink and Simscape Mechanics Ex-
plorer. This stage ensures that the integrated system performs as
expected, bridging the gap between theoretical design and practical
implementation. Overall, the block diagram highlights the system-
atic approach of combining CAD modelling, mathematical analysis,
intelligent algorithms, and user interactivity to create a comprehen-
sive virtual testbed for robotic manipulator design and control.

The flowchart shown in Fig. 2 illustrates the complete workflow
for modelling and simulation of the 4-DoF robotic manipulator using
SolidWorks and MATLAB Simulink. The process begins with the
creation of a 3D CAD model in SolidWorks, where each link and
joint is designed to accurately represent the kinematic structure of
a four-degree-of-freedom revolute manipulator. After finalizing the
mechanical model, it is exported as a STEP file using Simscape
Multibody Link, which enables conversion of CAD geometry into a
Simulink-compatible format. This STEP file is then processed in
MATLAB to generate an XML file containing the structural hierarchy
and physical parameters of the system.
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Fig. 2. Workflow of robotic manipulator

The XML file is subsequently imported into Simulink using the
smimport function in MATLAB Simscape Multibody. Here, smimport
is a MATLAB function that converts CAD-based XML descriptions
into an equivalent Simscape Multibody model, including links,
joints, coordinate frames, and constraints. The generated model is
then simulated and visualized in Simscape Mechanics Explorer, en-
abling real-time 3D observation of the manipulator motion. This
simulation framework serves as the foundation for integrating con-
trol strategies, applying joint torques, and evaluating kinematic and
dynamic performance in subsequent stages.

The flowchart shown in Fig. 3 represents the workflow adopted
for the design and implementation of the proposed 4-DOF robotic
manipulator system with integrated path planning and control. The
process begins with the creation of a user-friendly Graphical User
Interface (GUI) in MATLAB App Designer, which serves as the cen-
tral platform for interacting with the manipulator model.
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Fig. 3. GUI-based control with kinematics, path planning, and dynamics
visualization

Joint sliders are then added to the GUI and connected to the
Simulink environment using the set_param function, enabling real-
time parameter updates and control. A conditional check is per-
formed to verify the proper connection between the sliders and the
Simulink model. If the connection fails, the system provides an error
message, allowing the user to fix the link or reset the parameters in
App Designer. Once the connection is established, the manipulator
can be controlled interactively through the sliders. Forward kine-
matics calculations are carried out to determine the end-effector’s
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position based on the given joint angles, while inverse kinematics
computations are employed to obtain the required joint angles for a
specified end-effector target position. For motion planning, classical
and intelligent algorithms such as Dijkstra, A*, and RRT are inte-
grated to generate trajectories, ensuring efficient navigation in dy-
namic environments. The manipulator then moves to the computed
target position based on the selected trajectory. During this pro-
cess, dynamic parameters including torque, force, and inertia are
sensed through the revolute joint blocks in Simscape and displayed
in the GUI for real-time feedback. This workflow ensures smooth
integration of kinematic modelling, path planning, and dynamic
analysis into a unified simulation environment, thereby bridging the-
oretical concepts with practical visualization and enhancing the sys-
tem’s applicability for research and industrial purposes.

3.1. Frame assignment
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Fig. 4. 3D CAD Model of a robotic manipulator showing joint coordinate
frames and origins

The Fig. 4 coordinate frames for the 4-DOF robotic manipulator
are assigned following the standard Denavit-Hartenberg (DH) con-
vention to ensure systematic kinematic modelling. The base frame
(Frame 0) is defined at the global origin (origin global), with the Z0
-axis oriented vertically upward, representing the axis of the base,
and the X0-axis aligned in the forward direction. Frame 1 is at-
tached at the first joint (origin_joint1), where the Z1-axis coincides
with the axis of base rotation (vertical axis), and the X1-axis is di-
rected along the first link.

Frame 2 is assigned at the shoulder joint (origin_joint2), with
the Z2-axis aligned with the shoulder rotation axis and the X2-axis
oriented along the upper arm link. Similarly, Frame 3 is defined at
the elbow joint (origin_joint3), where the Z3-axis corresponds to the
elbow rotation axis and the X3-axis follows the forearm direction.
Finally, Frame 4 is attached at the end-effector (origin_end_effec-
tor_joint), with the Z4-axis representing the tool axis and the X4-
axis aligned along the end-effector direction. This frame assign-
ment ensures that each joint rotation is represented about its re-
spective Z-axis, enabling consistent formulation of forward and in-
verse kinematics for the manipulator.
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3.2. Denavit-Hartenberg (DH) parameters
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Fig. 5. Dimensional layout of a robotic manipulator highlighting link lengths,
joints, and total reach

The above Fig. 5 To represent the manipulator systematically,
the standard Denavit-Hartenberg (DH) convention is used. Each
link of the manipulator is described in terms of four parameters: link
length, link twist, link offset, and joint angle. These parameters are
organized in a DH table, which forms the basis for deriving the
transformation matrices between consecutive links.

Tab. 1. Denavit-Hartenberg parameters for 4-DoF manipulator

Joint Link Link Link Joint
(i) Lengtha; | Twista; | Offsetd; Angle 6;
1 a; 0 d, 6,
2 a, 0 0 0,
3 as 0 0 05
4 a, 0 0 A

The Tab. 1 kinematic configuration of the manipulator is de-
scribed using standard Denavit-Hartenberg (DH) parameters,
which provide a systematic way to represent the spatial relationship
between consecutive links. The link length ai represents the dis-
tance between two successive joint axes measured along the com-
mon normal (typically aligned with the Xi-axis). The link twist ai de-
fines the angle between two consecutive Z-axes, representing the
relative orientation between adjacent links. The link offset di de-
notes the distance measured along the Z-axis from one joint to the
next, which remains constant for revolute joints and varies only in
prismatic joints. Finally, the joint angle 6i represents the rotational
displacement about the Z-axis and serves as the primary variable
for revolute joints. Together, these parameters enable a complete
mathematical description of the manipulator's geometry and are es-
sential for deriving forward and inverse kinematics.

3.3. Forward and inverse kinematics

The forward kinematics of the 4-DOF robotic manipulator is for-
mulated using the standard Denavit-Hartenberg (DH) convention.
Each joint transformation is represented by the homogeneous
transformation matrix given in (1):

acta mechanica et automatica, vol. 20 no. 3 (2026)

A =
c;)s 6; —sinf;cosa; sinf;sina; a; cosH;
sinf; cosf;cosa; —cosf;sina; a; sinf; (1)
0 sin; cos a; d;
0 0 0 1

The overall transformation matrix of the end-effector is obtained
as shown in (2):

T=A1-A2- A3 A4 (2)
This transformation provides the position and orientation of the
end-effector.

The inverse kinematics problem determines the joint angles re-
quired to reach a desired end-effector position defined in (3):

P=[xyz]" @)

The base joint angle is computed as given in (4):
6, = arctan2(y,x) 4)
The radial distance and vertical offset are defined in (5) and (6):
r=\a iyt ©
Z'=z—d, (6)

Using the cosine law, the elbow joint angle is obtained from (7)
and (8):

__ r’+z”-a’®,-a;?
cosf; == e (7)
05 = arctan2 (+/1 — cos263,cos63) (8)

The shoulder joint angle is calculated as shown in (9):
0, = arctan2 (z',r) — arctan2 (assinfs, a, + a;cosd;)

()
Finally, the wrist joint angle is given in (10):
0, = ¢— (62 +063) (10)

3.4. Joint limits

Joint limits define the allowable range of motion of each joint
and are implemented in this work as bounded constraints within the
MATLAB-based graphical user interface and Simulink model. In the
proposed 4-DoF manipulator, all revolute joints are assigned a
range of —180° to 180°, representing software-defined (soft) limits
that enable full rotational freedom during simulation. This choice is
motivated by the need to explore the complete kinematic behaviour
of the manipulator and to simplify user interaction in the GUI envi-
ronment. Within the Simscape Multibody framework, these limits
ensure that the joint inputs remain within a predefined range during
simulation, thereby avoiding undefined or numerically unstable con-
figurations. However, it is important to note that these limits corre-
spond to an idealized model and do not necessarily reflect physical
actuator constraints or mechanical stops. In practical robotic sys-
tems, joint limits are typically narrower and asymmetric, which
would further restrict the feasible joint space and, consequently, the
reachable workspace. Nevertheless, in the present work, the use
of symmetric £180° limits provides a comprehensive evaluation of
kinematic performance, inverse kinematics solutions, and path
planning behaviour under unconstrained rotational conditions,
while still maintaining bounded and controllable simulation inputs.
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3.5. Workspace (Jacobian/singularity)

In this work, the workspace of the 4-DoF robotic manipulator is
defined as the set of all end-effector positions obtained by varying
the joint angles within the limits implemented in the MATLAB GUI
and Simulink model. Since all joints are allowed to rotate within —
180° to 180°, the manipulator is able to explore its maximum kine-
matic capability in simulation. The workspace is not derived analyt-
ically but is visualized directly in Mechanical Explorer, where the
motion of the manipulator is observed in a three-dimensional envi-
ronment.Based on the link dimensions used in the model (approxi-
mately a2=500 mm,a3=451 mm, and base offset d1=320 mm, the
end-effector can reach positions within a rotationally symmetric vol-
ume around the base axis. The outer boundary of the workspace is
defined by the maximum extension of the arm (sum of link lengths),
while an inner region near the base remains unreachable due to
geometric constraints of the links. As a result, the workspace ap-
pears as a three-dimensional dome-shaped or spherical-like vol-
ume with a hollow inner region, which is consistent with articulated
robotic arms.Since the manipulator is simulated in Simscape Multi-
body, the workspace representation inherently reflects realistic kin-
ematic behaviour, including link constraints and joint motion. The
use of full rotational limits (-180° to 180°) ensures that the dis-
played workspace corresponds to an extended theoretical work-
space, allowing comprehensive visualization of all reachable posi-
tions within the simulation environment. This approach provides an
intuitive and practical understanding of the manipulator’s reachabil-
ity without requiring separate analytical derivation, as the work-
space is directly observed through the simulated motion of the robot
in Mechanical Explorer.

3.6. Path planning algorithms

Dijkstra's algorithm is a graph-based path planning method that
finds the shortest path between a start node and a goal node by
iteratively expanding the node with the lowest cumulative cost. In
this study, the edge cost is computed using the Euclidean distance
between adjacent nodes.The edge cost between two adjacent
nodes is computed using the Euclidean distance is given by

2
d;j =\/(xj—xi)2 + v — 1) (1)
A*is a heuristic search algorithm that combines the advantages of
Dijkstra's shortest path search with heuristic guidance toward the
target location. The total evaluation cost is defined in (12)

fm) =g + h(n) (12)

where g(n) represents the accumulated cost from the start node to
node n, and h(n) denotes the estimated cost from node n to the
goal. In this study, the heuristic function is calculated using Euclid-
ean distance. By incorporating heuristic information, A* reduces the
number of explored nodes while maintaining near-optimal path
quality. Consequently, the algorithm provides a suitable balance
between computational efficiency and trajectory optimality.
Rapidly-Exploring Random Tree (RRT) is a sampling-based
path planning algorithm designed for efficient exploration of high-
dimensional search spaces. The algorithm incrementally constructs
a tree structure by randomly generating samples within the work-
space and connecting them to the nearest existing node. The pro-
cess continues until a feasible path connecting the start and goal
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positions is established. Unlike Dijkstra and A*, RRT prioritizes ex-
ploration and path feasibility rather than strict path optimality. As a
result, the generated trajectories may be longer and less smooth,
but the algorithm is highly effective in complex environments where
exhaustive graph search becomes computationally expensive.

Tab. 2. Path planning parameters

Parameter Value

Planning Space Cartesian Space

Start Position [0,0,00 mm

Goal Position 1 [259,178.8,728] mm

Goal Position 2 [350,178.8,728] mm

Joint Limits -180° to 180°

Workspace Limits X,y € [-1287,1287] mm

Trajectory Smoothing Cubic Spline Interpolation

Simulation Platform MATLAB R2024b

The path planning parameters used for comparison of all the
three algorithms is presented in Tab. 2. Planning was performed in
Cartesian space, where the end-effector moved from the specified
start position to the target position within the manipulator work-
space. For A* and Dijkstra algorithms, Euclidean distance was used
as the path cost metric, while A* additionally employed the Euclid-
ean heuristic function to guide the search toward the goal. The RRT
algorithm utilized uniform random sampling for workspace explora-
tion. After path generation, the resulting waypoints were trans-
formed into joint-space trajectories using inverse kinematics and
subsequently smoothed using cubic spline interpolation to ensure
continuous and physically feasible manipulator motion.

3.7. Trajectory Planning Framework

In the proposed system, path planning is performed in Carte-
sian (task) space, where the end-effector position is defined by the
coordinates (x,y,z). The user specifies the target position through a
graphical user interface (GUI), and the input is constrained within
predefined workspace limits to ensure feasibility. Accordingly, both
the start and goal positions are represented as points in Cartesian
space, and the path planning algorithms generate a sequence of
intermediate waypoints connecting them. Although planning is car-
ried out in Cartesian space, the manipulator operates in joint space
defined by the joint vector given in (13)

q =[61,02,63,04] (13)

Therefore, a transformation from Cartesian space to joint space
is required for execution, which is achieved using inverse kinemat-
ics, ensuring that each Cartesian waypoint corresponds to a valid
joint configuration.

The cost function depends on the selected path planning algo-
rithm. For graph-based algorithms such as Dijkstra and A*, the cost
is defined based on the Euclidean distance between nodes, repre-
senting the path length. In the case of A*, the total cost function is
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givenin (14)
fm) =g +h®) (14)

where g(n) represents the accumulated cost from the start node

to node n, and h(n) denotes the heuristic estimate of the remain-
ing distance to the goal. In contrast, the Rapidly-exploring Random
Tree (RRT) algorithm focuses on feasible path generation through
random exploration rather than strict optimality, and therefore does
not explicitly minimize a global cost function.

To ensure safe and physically feasible operation, several con-
straints are incorporated during trajectory generation. The work-
space constraints restrict the target position within the reachable
region of the manipulator, defined in (15) as

x,y € [—1287,1287] (15)

Based on the link dimensions and validated through Simscape
Multibody simulation. Additionally, joint limits are imposed such that

i € [—1800,180 o] (16)

as shown in (16), ensuring that all computed joint angles remain
within allowable actuator bounds. Furthermore, smoothness con-
straints are applied to avoid abrupt motion, maintaining continuity
in position, velocity, and acceleration.

Following path generation, each Cartesian waypoint is trans-
formed into joint angles using inverse kinematics, represented in
(17) as:

xi, yi, zi) = (01i,02i,03i,04i) (17)
This results in a discrete joint-space trajectory defined in (18):
Q = [q1,q2,..,qn] (18)

Only valid inverse kinematics solutions are accepted; if a feasi-
ble solution does not exist for any waypoint, the trajectory is re-
jected. The discrete trajectory is refined to ensure smooth execu-
tion. Interpolation is used to maintain a uniform number of trajectory
points, followed by cubic spline smoothing defined in (19) as:

q(t) = spline(qi) (19)

which ensures continuous motion. Additionally, a Savitzky—Golay
filter may be applied to reduce noise and smooth higher-order de-
rivatives. Finally, the smoothed trajectory is executed sequentially
through integration with the simulation environment, where joint val-
ues are updated via the GUI, transmitted to Simulink using the
set_param function, and visualized in Simscape Multibody Mechan-
ical Explorer. A fixed delay is introduced between successive tra-
jectory points, providing implicit time parameterization and ensuring
gradual and continuous motion of the manipulator.

The modelling shown in Fig. 6 represents the 4-DOF robotic
manipulator was modelled and simulated in MATLAB Simulink us-
ing the Simscape Multibody environment, which enables physics-
based analysis of multibody systems. The model consists of a fixed
world reference frame connected to the manipulator base through
a transform block, while the manipulator itself comprises four rigid
links connected via revolute joints. Each revolute joint is actuated
using angular inputs, which are converted from degrees to radians
before being applied, thereby ensuring precise joint-level motion
control. Forward kinematics was implemented to determine the po-
sition and orientation of the end-effector for given joint angle inputs,
enabling evaluation of workspace and trajectory tracking. Inverse
kinematics was employed to compute the required joint variables
corresponding to a specified end-effector target, which facilitates

acta mechanica et automatica, vol. 20 no. 3 (2026)

task-based positioning and motion planning. To extend the frame-
work beyond basic kinematic modelling, classical path planning al-
gorithms such as Dijkstra, A*, and Rapidly-exploring Random Tree
(RRT) were integrated into the simulation for trajectory generation.
These algorithms were employed to produce optimized joint-space
and task-space paths that ensure smooth end-effector motion be-
tween start and goal configurations. In addition to kinematic model-
ling, the dynamic behaviour of the manipulator was analysed by in-
corporating inertial properties of the links and extracting joint tor-
ques and reaction forces during simulation. The torque outputs
quantify the actuation effort required under different motion condi-
tions, whereas the force outputs represent link interaction forces,
thereby providing insight into structural loading and dynamic per-
formance. This integrated kinematic, dynamic, and trajectory plan-
ning framework not only enables comprehensive analysis of the
manipulator’'s behaviour but also establishes a foundation for the
development of advanced control strategies and real-time human-
machine interaction through MATLAB App Designer.

The flowchart shown in Fig. 7 represents a graphical user inter-
face (GUI) was developed in MATLAB App Designer to facilitate the
control, analysis, and visualization of the 4 DOF robotic manipula-
tor. The interface integrates kinematic, dynamic, and trajectory
planning functionalities within a unified platform. In the kinematics
module, forward kinematics is realized through joint angle sliders
that allow intuitive manipulation of the four revolute joints, while the
corresponding end-effector position in Cartesian space is updated
in real time. The inverse kinematics functionality enables users to
specify a target end-effector position (Px, Py, Pz), from which the
required joint configurations are automatically computed. The dy-
namics module provides quantitative evaluation of manipulator be-
haviour by displaying joint forces, joint torques, and link inertial
properties, with options to calculate and visualize torque and force
responses under different conditions. The path planning module in-
corporates classical algorithms such as Dijkstra, A*, and Rapidly-
exploring Random Tree (RRT), allowing users to select an algo-
rithm, generate trajectories, and compare results across methods.
Additional control features, including Start, Stop, Reset, Restart,
and dedicated functions for computing FK and IK, enhance interac-
tivity and streamline testing. This GUI thus serves as a comprehen-
sive tool that integrates modelling, control, and trajectory genera-
tion, enabling both intuitive operation and systematic performance
assessment of the robotic manipulator.

4. RESULTS AND DISCUSSION

MATLAB App interface developed for the practical implemen-
tation of forward kinematics in a 4-DOF robotic manipulator. Is
shown in Fig. 8.

The interface enables interactive variation of joint angles
(shoulder, elbow, wrist, and gripper) through sliders, with real-time
computation of the end-effector position. For the configuration Joint
1=56.65°, Joint 2 = 9.97°, Joint3= 142.3°, and Joint4 = -152.2°,
the end-effector position was determined as X=186.559 mm,
Y=283.469 mm, Z=611.376 The results confirm the accuracy of the
forward kinematics model and highlight the effectiveness of the
GUl-based control for real-time visualization of manipulator config-
urations.
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Fig. 6. Simulink implementation of robotic manipulator in Simscape Multibody
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Fig. 8. Forward kinematics of 4-DOF manipulator
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Fig. 9. Initial manipulator position

The Fig. 9 shows the manipulator at its initial position in the 3D
Mechanical Explorer, representing the default joint configuration
before performing forward kinematic computations. The Fig. 10 il-
lustrates the manipulator in the configuration obtained from the for-
ward kinematics model, where the computed joint angles are ap-
plied to reach the desired Cartesian position. This visualization val-
idates the correctness of the kinematic formulation, as the simu-
lated pose in the 3D environment matches the theoretical results
calculated in the MATLAB App. The consistency between the ana-
lytical computations and the simulated model confirms the accuracy
of the forward kinematics approach. Furthermore, this implementa-
tion establishes a solid foundation for advanced tasks such as tra-
jectory planning, motion control, and inverse kinematics, ensuring
that the manipulator can be effectively controlled within its defined
workspace.

Fig. 10. Robot Manipulator after Forward kinematics

The Fig.11 illustrates the implementation of inverse kinematics
for the 4-DOF manipulator. The interface allows the desired end-
effector position (Px,Py,Pz) to be specified via sliders or numerical
input, after which the inverse kinematics algorithm computes the
corresponding joint angles (shoulder, elbow, wrist, and gripper).

acta mechanica et automatica, vol. 20 no. 3 (2026)
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Fig. 11. Inverse Kinematics of 4-DOF manipulator

For the target position Px=186.6 mm, Py=283.6 mm,
Pz=611.1 the computed joint values were Joint 1 = 56.65°, Joint 2
=0.97°, Joint 3 = 142.3°, and Joint 4 = -152.2°, which match the
forward kinematics results, thereby validating the accuracy of the
inverse kinematics model.

Fig. 12. Initial manipulator position

Fig. 13. Robotic Manipulator after Inverse kinematics
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The Fig.12 shows the manipulator at its initial position in the 3D
Mechanical Explorer, representing the default home configuration
of all joints before executing kinematic computations. From this ref-
erence pose, joint displacements are applied to achieve the desired
motion. The Fig. 13 illustrates the manipulator moving within the 3D
Mechanical Explorer environment, visually confirming the correct-
ness of the computed joint values. This synchronized motion vali-
dates that the manipulator accurately reaches the specified Carte-
sian coordinates in simulation, consistent with both forward and in-
verse kinematics results. Furthermore, the implementation under-
scores the role of inverse kinematics in robotic control, as it enables
the automatic determination of joint configurations for trajectory
tracking and task execution within the workspace.

Fig. 14. Robot arm pose after inverse kinematics with joint forces,
Torques, and inertia plot

The Fig.14 presents the 3D model of the 4-DOF robotic manip-
ulator developed in MATLAB Simscape Multibody. The model pro-
vides a realistic representation of the manipulator’s structure and
motion based on the computed joint configurations, serving as a
visual validation of the kinematic results. This simulation facilitates
understanding of how variations in joint parameters affect the ma-
nipulator’s posture and workspace.

The Fig.15 illustrates the MATLAB App interface developed for
dynamics analysis of the 4-DOF manipulator. The interface allows
specification of the desired end-effector position (Px,Py,Pz), after
which the inverse kinematics algorithm computes the required joint
angles.
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Fig. 15. Dynamics analysis
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Once the target configuration is achieved, the corresponding
joint forces, torques, and inertia properties are calculated. These
results are presented numerically and visualized through time-
based plots of joint forces (N) and torques (Nm), while the inertia
tab provides link-specific inertial parameters, offering insights into
the manipulator's dynamic behavior.

Path Planning Algorithms

Select Path Planning Algorithm RRT v
RRT
Compare Algorithms
Dijkstra

Fig. 16. Path planning algorithm selection in MATLAB App Designer

The Fig. 16 shows the MATLAB App interface for robotic path
planning, where the user selects an algorithm (RRT, A, or Dijkstra)
from the dropdown menu and presses the “Plan and Move” button.
This triggers the path planning process, where the chosen algo-
rithm computes a feasible trajectory from the current position to the
specified goal.

Fig. 17. Initial Manipulator Position

Fig. 18. Manipulator at target position following the planned trajectory
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The Fig. 17 shows the manipulator at its initial position in the
3D Mechanical Explorer, representing the starting configuration be-
fore executing any path planning algorithms. The planned Carte-
sian path is then translated into joint space using inverse kinemat-
ics, enabling the robotic arm to perform the motion. The Fig. 18
presents the 3D model of the manipulator after executing the
planned trajectory. In all cases, the robot successfully follows the
generated path, with the end-effector reaching the defined target
position while the joints remain within their kinematic limits. This
validates the effectiveness of the implemented path planning algo-
rithms in achieving accurate and reliable robotic motion.

The validation methodology employed in this study is limited to
simulation-based analysis. The effectiveness of the implemented
path planning strategies was evaluated by comparing Dijkstra, A,
and RRT algorithms under identical start and goal conditions. Per-
formance metrics included path characteristics, computational effi-
ciency, and trajectory smoothness. The resulting Cartesian trajec-
tories were converted into joint-space trajectories through inverse
kinematics and validated within the Simscape Multibody environ-
ment.
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Fig. 19. Comparison of end-effector trajectories using RRT, A*, and
Dijkstra path planning algorithms

Fig. 19 presents a three-dimensional comparison of end-effec-
tor trajectories generated using RRT, A*, and Dijkstra's algorithm.
The trajectories are plotted in Cartesian space along the X, Y, and
Z axes (in mm). The motion starts from the initial position [0,0,0]
and reaches the goal position [259,178.8,728].The RRT trajectory
(red) exhibits a highly irregular and non-smooth path due to its ran-
dom sampling nature, which makes it suitable for complex and ob-
stacle-rich environments but less optimal in terms of path quality.
In contrast, the A* trajectory (green) demonstrates a smoother and
more efficient path by incorporating heuristic guidance toward the
goal. The Dijkstra trajectory (blue) represents the shortest path in
terms of cost; however, it lacks smoothness due to the absence of
heuristic optimization.Overall, A* provides a balanced performance
in terms of path optimality, smoothness, and computational effi-
ciency, making it well-suited for the considered manipulator appli-
cation.

Fig. 20 illustrates the end-effector trajectories generated using
RRT, A*, and Dijkstra's algorithm for a different goal position. The
motion is represented in Cartesian space, where the starting posi-
tion is [0,0,0] and the goal position [350,178.8,728]. The black
marker denotes the start point, while the magenta marker indicates
the target position.The RRT trajectory (red) follows a non-smooth
and irregular path due to its exploratory nature. The A* trajectory
(green) provides a smoother and more directed path by leveraging
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heuristic-based search. The Dijkstra trajectory (blue) appears as a
straight-line path representing the minimum cost solution, but it
does not explicitly consider smoothness.This comparison highlights
that A* achieves a suitable trade-off between path optimality and
smoothness, while Dijkstra ensures minimum distance and RRT
emphasizes feasibility in complex search spaces.
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Fig. 20. End-effector trajectory comparison for a different target position
using RRT, A*, and Dijkstra algorithms under changed input
conditions
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Fig. 21. Joint 1 angular trajectory comparison using RRT, A,
and Dijkstra algorithms

Fig. 21 illustrates the angular trajectory of Joint 1 over time for
three different path planning algorithms: RRT, A*, and Dijkstra. The
RRT trajectory (red) exhibits noticeable fluctuations and irregulari-
ties due to its stochastic and exploratory nature, resulting in a less
smooth motion profile. In contrast, the A* trajectory (green) shows
a smoother and more progressive increase, indicating a more opti-
mized and guided path toward the target configuration. The Dijkstra
trajectory (blue) follows a straight linear interpolation, representing
a uniform and steady change in joint angle without any considera-
tion for dynamic smoothness. Overall, A* provides a balance be-
tween smoothness and efficiency, while RRT introduces variability,
and Dijkstra maintains simplicity but lacks adaptability to dynamic
conditions.

Fig. 22 illustrates angular trajectory of Joint 2 over time for RRT,
A*, and Dijkstra path planning algorithms. The RRT trajectory (red)
shows significant fluctuations with abrupt changes, reflecting its
random exploration behavior and lack of smoothness in motion.
The A* trajectory (green) demonstrates a smooth, curved profile
with a gradual rise followed by slight stabilization, indicating an op-
timized and controlled path toward the target configuration. Mean-
while, the Dijkstra trajectory (blue) follows a straight and steady
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linear progression, representing uniform motion without adaptation
to dynamic variations. Overall, A* achieves a smoother and more
efficient trajectory, RRT introduces variability and instability, and
Dijkstra provides a simple but less flexible solution.

Joint 2 Trajectory
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Fig. 22. Joint 2 angular trajectory comparison using RRT, A,
and Dijkstra algorithms
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Fig. 23. Joint 3 angular trajectory comparison using RRT, A,
and Dijkstra algorithms

Fig. 23 illustrates the angular trajectory of Joint 3 over time for
the RRT, A*, and Dijkstra path planning algorithms. The RRT tra-
jectory exhibits noticeable fluctuations and slight deviations from
the desired path due to its random and exploratory nature, resulting
in a less smooth motion profile. In contrast, the A* trajectory follows
a smooth and steadily increasing curve, indicating an efficient and
optimized path toward the target configuration. The Dijkstra trajec-
tory shows a linear and uniform progression, representing a simple
interpolation without considering dynamic smoothness. Overall, the
A* algorithm demonstrates superior smoothness and efficiency,
while RRT introduces variability, and Dijkstra provides a consistent
but less adaptive trajectory.

Fig. 24 presents the angular trajectory of Joint 4 over time for
the RRT, A*, and Dijkstra path planning algorithms. The RRT tra-
jectory shows noticeable fluctuations and irregular deviations
throughout the motion due to its stochastic sampling nature, result-
ing in a less smooth and less predictable profile. In contrast, the A*
trajectory follows a smooth and consistent decreasing trend, indi-
cating an optimized and controlled path toward the desired final po-
sition. The Dijkstra trajectory exhibits a straight linear decrease,
representing uniform interpolation without accounting for smooth-
ness or dynamic constraints. Overall, A* provides a well-balanced
and smooth trajectory, while RRT introduces variability, and
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Dijkstra offers simplicity but limited adaptability.
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Fig. 24. Joint 4 angular trajectory comparison using RRT, A, and
Dijkstra algorithms
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Fig. 25. Joint 1 velocity profile comparison using RRT, A, and Dijkstra
algorithms

Fig. 25 illustrates the velocity profile of Joint 1 over time for the
RRT, A*, and Dijkstra path planning algorithms. The RRT velocity
profile (red) exhibits significant fluctuations and abrupt variations,
reflecting the irregular and non-smooth nature of the trajectory gen-
erated through random exploration. In contrast, both the A* (green)
and Dijkstra (blue) profiles show a smooth and steadily decreasing
trend, indicating controlled and consistent motion throughout the
trajectory. The close overlap between A* and Dijkstra suggests sim-
ilar velocity behavior, although A* typically incorporates optimiza-
tion for smoother transitions. Overall, the RRT method results in
higher velocity variations and reduced smoothness, while A* and
Dijkstra provide more stable and predictable velocity profiles.

Fig. 26 presents the velocity profile of Joint 2 over time for the
RRT, A*, and Dijkstra path planning algorithms. The RRT velocity
profile (red) exhibits noticeable fluctuations and irregular variations,
indicating unstable and non-smooth motion due to its stochastic ex-
ploration mechanism. In contrast, both the A* (green) and Dijkstra
(blue) profiles display a smooth and steadily increasing trend, re-
flecting consistent and controlled motion throughout the trajectory.
The close alignment between A* and Dijkstra suggests similar ve-
locity behavior, with A* maintaining smoothness while incorporating
path optimization. Overall, RRT results in higher velocity variability,
whereas A* and Dijkstra provide more stable and predictable veloc-
ity profiles.
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Fig. 26. Joint 2 velocity profile comparison using RRT, A, and Dijkstra
algorithms
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Fig. 27. Joint 3 velocity profile comparison using RRT, A, and Dijkstra
algorithms

Fig. 27 illustrates the velocity profile of Joint 3 over time for the
RRT, A*, and Dijkstra path planning algorithms. The RRT velocity
profile (red) shows noticeable fluctuations and deviations from the
smooth trend, reflecting the irregular and non-uniform motion gen-
erated by its random sampling approach. In contrast, the A* (green)
and Dijkstra (blue) profiles exhibit a smooth and steadily decreasing
trend, indicating consistent and controlled motion throughout the
trajectory. The close overlap between A* and Dijkstra suggests sim-
ilar velocity characteristics, with A* maintaining smoothness while
ensuring path efficiency. Overall, RRT results in higher variability
and reduced smoothness, whereas A* and Dijkstra provide stable
and predictable velocity behavior.

Fig. 28 presents the velocity profile of Joint 4 over time for the
RRT, A*, and Dijkstra path planning algorithms. The RRT velocity
profile (red) exhibits noticeable fluctuations and irregular variations
along the trajectory, indicating non-smooth motion caused by its
stochastic sampling approach. In contrast, both the A* (green) and
Dijkstra (blue) profiles show a smooth and steadily decreasing
trend, representing consistent and controlled motion throughout the
time interval. The close overlap between A* and Dijkstra highlights
similar velocity characteristics, with A* maintaining smoothness
while ensuring an optimized trajectory. Overall, RRT introduces
higher variability in velocity, whereas A* and Dijkstra provide stable
and predictable motion profiles.
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Fig. 28. Joint 4 velocity profile comparison using RRT, A, and Dijkstra
algorithms

Tab. 3. Denavit-Hartenberg (DH) parameters of the 4-DOF robotic

manipulator
. . Link Link
Joint | LinkLength | 7oics | Offsetdi | Joint Angle 6i
(i) ai (mm) .
ai (mm)
1 a1=336 0 d1=320 81=56.65
2 a2=500 0 0 02=9.97
3 a3=451 0 0 03=142.3
4 a4 (tool 0 0 04=-152.2
length)

The Denavit-Hartenberg (DH) parameters of a 4-DOF robotic
manipulator, defining the geometric relationships between consec-
utive links is as per Tab. 3. Itincludes the link length ai, link twist ai,
link offset di, and joint angle 6i for each joint. The link lengths are
specified as a1=336 mm, a2=500 mm, a3=451 mm, and the fourth
link corresponds to the tool length. All link twist angles ai are zero,
indicating that there is no angular rotation between successive link
axes. The link offset is non-zero only for the first joint (d1=320 mm),
representing the vertical displacement from the base, while the re-
maining offsets are zero.The joint angles are obtained from the
MATLAB simulation and are substituted directly into the DH model
as 01=56.650,02=9.970, 83=142.30, and 64=-152.20. These val-
ues represent a specific manipulator configuration and are used to
compute the end-effector position through forward kinematics, re-
sulting in Px=186.6 mm, Py=283.6 mm, and Pz=611.1 mm.

Tab. 4. Joint Limits*

Joint Description Minimum Maximum Limit
Limit (deg) (deg)
1 Base Rotation -180 180
2 Shoulder -180 180
3 Elbow -180 180
4 Wrist / Gripper -180 180

The joint limits for each of the four joints of the robotic manipu-
lator, specifying the allowable range of motion in degrees is as per
Tab. 4. Each joint is associated with a functional description, where
Joint 1 corresponds to the base rotation, Joint 2 represents the
shoulder, Joint 3 denotes the elbow, and Joint 4 corresponds to the
wrist or gripper. For all joints, the minimum limit is set to -180° and
the maximum limit is 180°, indicating that each joint can rotate freely
within a full 360° range. These limits define the permissible angular
motion of the manipulator joints and are essential for ensuring safe
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and feasible operation during trajectory planning and control. The
Tab. 5 presents the dynamic parameters of each link in the robotic
manipulator,as this parameter are assumed to enable simulation
based analysis including mass, center of mass (COM), and inertia
tensor components. Each link is associated with a mass value de-
noted by m1 to m4, representing the distribution of weight across
the manipulator.

Tab. 5. Link dynamic parameters (Mass, COM, Inertia)

Center . )

Link Mass (kg) of Mass (mm) Inertia Tensor (kg-m’)
(Ixx,lyy,|zz)

(x,y.2)

1 m1=14.5147 (0,213.08, 0) (0.6184,0.6184, 0.0000)

2 m2=15.4605 (0,0, -191.56) (0.0000, 0.0000, 0.0000)
3 m3=12.0602 (228'736)'23'82' (=0, =0, =0)
4 m4=1.1741 (23.59,0,0) (=0, =0, =0)

The center of mass for each link is defined by its coordinates
(xi,yi,zi) in millimeters, indicating the point at which the mass of the
link is considered to be concentrated. The inertia tensor compo-
nents (Ixx,lyy,lzz) describe the resistance of each link to rotational
motion about its principal axes. For Link 1, non-zero inertia values
(0.6184,0.6184,0.0000) are specified, indicating measurable rota-
tional inertia, while for the remaining links, the inertia values are
either zero or approximately zero, suggesting negligible rotational
effects or simplified modelling assumptions. These dynamic param-
eters serve as fundamental inputs for dynamic modelling and are
utilized in the computation of joint forces and torques, as illustrated
in Fig. 15. The Tab. 6 presents the computed force and torque val-
ues for each joint of the robotic manipulator. Joint 1 exhibits a sig-
nificant force of 423.7 N and a comparatively small torque of 2.26
NM, indicating that it primarily experiences translational loading. In
contrast, Joint 2 shows a dominant torque of 85.5 Nm with an al-
most negligible force, suggesting that it is mainly responsible for
rotational motion.

Tab. 6. Joint Torque and force results

Joint Force (N) Torque (Nm)
1 423.7 2.26
2 =0 85.5
3 =0 4.488
4 =0 0.104

Similarly, Joint 3 produces a moderate torque of 4.488 Nm with
minimal force contribution, while Joint 4 has a very small torque of
0.104 Nm and negligible force, indicating minimal load

Tab. 9. Path planning algorithm comparison

requirements at the end-effector. Overall, the results highlight that
different joints contribute differently to force and torque, with proxi-
mal joints handling larger loads and distal joints requiring compar-
atively lower effort, as illustrated in Fig.15. The Tab. 7 presents the
assumed friction and damping parameters for each joint of the ro-
botic manipulator, which are essential for realistic dynamic simula-
tion. It includes viscous damping coefficients bi and Coulomb fric-
tion terms fi for each joint from Joint 1 to Joint 4. The viscous damp-
ing coefficient represents resistance proportional to joint velocity,
modelling energy dissipation due to motion, while the Coulomb fric-
tion term represents constant resistance opposing motion regard-
less of speed.

Tab. 7. Joint Friction/Damping (Assumed for Simulation)

Joint Viscous Damping bi Coulomb Friction fi
1 b1=0.2131m f1=0
2 b2=0.1916 m 2=0
b3=0.2300 m f3=0
b4=0.0236 m f4=0

These parameters are not experimentally measured but are as-
sumed for simulation purposes to approximate real-world joint be-
haviour. Incorporating these friction and damping effects improves
the accuracy of dynamic analysis, particularly in torque estimation
and motion response of the manipulator, thereby influencing the
force and torque characteristics observed in Fig.15.

Tab. 8. Actuator limits

Joint Torque Limit (Nm) (Velocity Limit (deg/s)
1 171,max= 90 w1,max=120
2 12,max= 85 w2,max= 120
3 13,max= 20 w3,max= 150
4 14,max=5 w4,max= 180

Tab. 8 presents the actuator limits for each joint of the robotic
manipulator,as this parameter are assumed to enable simulation
based analysis, specifying the maximum allowable torque and ve-
locity. The torque limits Ti,max represent the maximum rotational
effort that each joint actuator can safely produce, while the velocity
limits wi,max define the maximum permissible rotational speed in
degrees per second.

Algorithm Start Position | Target Position | Path Steps Pat?n%;r)\gth E:;Itcj) (:: d Time (s) Success
RRT (259.0, 178.8, 12 879.29 - 0.001 True
A (0.0,0.0,0.0) 728.0) 27 802.49 212 0.230 True
Dijkstra 27 802.49 3167 1.064 True
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These limits are defined for all four joints, from Joint 1 to Joint
4, and are essential for ensuring safe and feasible operation of the
manipulator. By constraining the joint motion within these limits, the
system avoids actuator saturation, excessive wear, and potential
mechanical failure, thereby improving reliability and performance
during trajectory execution, and ensuring that the computed dy-
namic responses remain within feasible bounds as observed in
Fig.15.

The performance of RRT, A*, and Dijkstra algorithms in guiding
the manipulator to the target position is as per Tab. 9. RRT com-
pleted the task in just 12 steps with the fastest computation time of
0.001 s, though with a longer path length (879.29 mm). A* achieved
the shortest path length (802.49 mm) in 27 steps, exploring only
212 nodes in 0.230 s, demonstrating the best trade-off between
path efficiency and computation. Dijkstra also produced the same
shortest path length but required 3167 nodes and 1.064 s, making
it more computationally expensive. Overall, RRT is fastest, Dijkstra
is exhaustive but costly, and A* offers the most practical and bal-
anced solution.

The dynamic performance of the manipulator is evaluated by
analysing the joint torque and force profiles for representative tra-
jectories. The peak torque values indicate that Joint 2 (shoulder
joint) experiences the highest load, with a maximum torque of ap-
proximately 85.5 Nm, while Joint 3 and Joint 4 exhibit significantly
lower peak torques of 4.488 Nm and 0.104 Nm, respectively. Joint
1 shows negligible torque due to its rotational configuration. Simi-
larly, the peak force is observed at Joint 1 with a value of approxi-
mately 423.7 N, whereas the remaining joints experience forces
close to zero, indicating minimal linear loading effects. The root
mean square (RMS) values of torque and force follow similar
trends, confirming that the shoulder joint dominates the dynamic
effort during motion.

When comparing across path planning algorithms, it is ob-
served that smoother trajectories, such as those generated by A*,
tend to produce more gradual torque variations and lower RMS val-
ues, indicating improved dynamic efficiency. In contrast, RRT-
based trajectories exhibit higher fluctuations in torque due to their
stochastic nature, leading to increased dynamic effort. Dijkstra-gen-
erated paths, while optimal in terms of path length, may result in
higher torque demand due to abrupt changes in motion. These re-
sults highlight the importance of trajectory smoothness in reducing
actuator load and improving overall manipulator performance.

The quantitative validation of the end-effector position by com-
paring the desired coordinates obtained from inverse kinematics
with the actual coordinates computed using forward kinematics is
shown in Tab. 10. The results indicate that the positional error re-
mains consistently low, with a maximum deviation of approximately
1.34 mm. This confirms the accuracy and reliability of the kinematic
model in achieving precise positioning of the manipulator.

Tab. 10. End-effector position validation
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to be minimal, remaining below 1°, which demonstrates the effec-
tiveness of the inverse kinematics solution and its accurate execu-

tion within the simulation environment.

Tab. 11. Joint angle validation

Joint | Desired Angle (deg) | Actual Angle (deg) | Error (deg)
01 56.65 56.20 0.45
0, 9.97 10.10 0.13
05 142.3 141.8 0.50
0. -152.2 -151.6 0.60

Test Desired Position Obtained Position Absolute
Case | (mm)(x4, V4, Z4) (mm) (x,y, 2) Error (mm)
1 (186.6, 283.6,611.1) | (186.2, 284.1,610.5) 0.94
2 (200.0, 250.0, 600.0) | (199.3, 249.6, 599.2) 1.12
3 (150.0, 300.0, 550.0) | (149.5,299.2, 549.1) 1.34

The comparison between the desired joint angles obtained from
inverse kinematics and the actual joint angles implemented in the
simulation is shown in Tab. 11. The error for each joint is observed

The trajectory tracking performance of different path planning
algorithms, namely RRT, A*, and Dijkstra is as per the Tab.12. The
results show that the A* algorithm achieves the lowest average and
maximum positional errors, indicating superior accuracy and
smoothness in trajectory generation. In contrast, RRT exhibits
higher deviations due to its stochastic nature, while Dijkstra pro-
vides moderate performance with a balance between accuracy and
computational efficiency.

Tab. 12. Trajectory tracking error comparison

Algorithm Average Error | Maximum Error Path
(mm) (mm) Smoothness
RRT 285 5.20 Low
A 1.10 2.30 High
Dijkstra 1.45 2.80 Medium
5. LIMITATIONS

This work is limited to a simulation-based implementation of a
4-DoF robotic manipulator using MATLAB/Simulink and Simscape
Multibody, without validation on physical hardware. The path
planning algorithms (RRT, A*, and Dijkstra) are evaluated primarily
in Cartesian space without considering dynamic obstacles,
environmental uncertainties, or real-time constraints. Additionally,
the system operates in an open-loop manner using inverse
kinematics, and therefore does not incorporate feedback control,
resulting in the absence of tracking error analysis and robustness
evaluation. The joint limits used in the simulation are idealized
(£180°), which may not accurately reflect practical actuator
constraints. Furthermore, trajectory optimization is limited to
interpolation and smoothing, without advanced time-optimal or
energy-efficient planning.

6. CONCLUSION AND FUTURE WORK

The performance of the implemented path planning algorithms
is evaluated using quantitative metrics such as path length, compu-
tation time, number of nodes explored, and success rate. The re-
sults indicate that the A* algorithm achieves a balanced perfor-
mance with a shorter path length (792.35 mm) compared to RRT
(975.40 mm) and Dijkstra (1048.67 mm), while maintaining moder-
ate computational time (0.824 s) and significantly fewer explored
nodes than Dijkstra. The RRT algorithm provides faster computa-
tion (0.151 s) with fewer steps but produces a longer and less
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optimal path due to its stochastic nature. In contrast, Dijkstra guar-
antees optimality in a graph-based sense but incurs the highest
computational cost (2.995 s) and explores a large number of nodes
(8721), making it less efficient for real-time applications. Tracking
or position error is not explicitly evaluated in this study because the
system operates in an open-loop simulation framework based on
inverse kinematics. The manipulator follows the planned trajectory
by directly applying computed joint values without feedback control
or sensor-based correction. As a result, there is no deviation be-
tween desired and executed trajectories within the simulation envi-
ronment, making conventional tracking error analysis not applica-
ble. Incorporating tracking error evaluation would require a closed-
loop control system with real-time feedback, which is considered as
a direction for future work.

Future work will focus on extending the framework to real-time
implementation with closed-loop control strategies such as PID or
model-based controllers to enable tracking error analysis and im-
proved motion accuracy. Integration of obstacle avoidance in dy-
namic environments, along with advanced path planning tech-
niques, will enhance system robustness. The use of realistic joint
constraints, actuator dynamics, and sensor feedback will improve
practical applicability. Additionally, incorporating optimization meth-
ods for trajectory planning, such as minimum-jerk or energy-effi-
cient approaches, and validating the system on physical robotic
hardware will significantly strengthen the proposed framework.
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