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Abstract—Precision manipulators Robotic manipulators are used in precision manufacturing, where their
high accuracy, repeatability and efficiency are important. The problem though is how to optimize these
systems when it comes to their dynamic performance over a range of different operating conditions. In this
paper, a detailed dynamic analysis of robotic manipulators has been brought out with the aim of enhancing
the responsiveness and stability of the manipulators. An optimization-based performance improvement is
done by a combination of kinematic modeling, dynamic simulation. The suggested methodology is as
follows: the dynamic model will be developed based on the Euler-Lagrange approach and the precision and
energy efficiency will be balanced with the multi-objective optimization done with the genetic algorithms.
Simulation studies confirm the efficacy of the strategy in enhancing the performance of the system with the
variations in the load and fast trajectory demands. The research is very insightful in the areas of combining
dynamic analysis and optimization in the realization of the next generation of robotic systems to be used in
precision work.
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I. INTRODUCTION

Modern manufacturing systems would not be complete without robotic manipulators, which provide high level
of precision, consistency and automation. Their spread into industry, including the automotive and electronics
industry, aerospace industry, and biomedical device manufacturing, anticipate the increased demand in flexible
systems that are capable of repeatedly executing complex and highly repetitive operations. With the shift of
industries towards ultra-precision production and miniaturization, the demands on the robotic arms have
increased. Manipulators no longer simply trace programmed paths; they are now also expected to dynamically
respond to fluctuation in the environment, variability in processes, and load disturbances that were not expected.
In these situations, the more traditional Static or purely kinematic design is inadequate, which implies the
importance of dynamic analysis and optimisation in real-time [1].
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Central to the performance of a robotic manipulator is its dynamic behavior, how it moves in response to the
forces applied to it, the motions within its joints and the external perturbations. The dynamic analysis helps
engineers to analyze and anticipate the behavior of a manipulator under working conditions so that they can be
sure that the working characteristics of manipulator will be stable and precise during the working task. Kinematics
describes the end-effector position and orientation of the manipulator, but dynamics controls the velocity and
accuracy with which it may attain those positions during motion. System parameters, including Torque, inertia,
velocity profiles and damping are important in system definition. Without the proper optimization, the dynamic
inconsistencies may cause errors, energy-wasting, mechanical stress, and system failures [10].

When manufacturing products with high Precision even the slightest deviation in motion may result in major
defects in products. Hence optimization of dynamic behavior of robotic manipulators is unavoidable. Joint
flexibility, actuator torque limits, payload shifts and control loop feedback are some of the factors that need to be
heavily taken into account to increase real-time accuracy and reliability of the system. The issue here is in the
relation between mechanical design and control parameters: without considering the other, optimization of one
parameter can lead to sub-optimal performance. Such a system-level simulation, which is based on dynamic
modeling and optimization algorithms, is therefore needed.

The past few years have seen the robotic systems get optimized and modeled further with the involvement of
advanced computational devices and machine learning methods [11]. Genetic Algorithms (GAs), Particle Swarm
Optimization (PSO), and Differential Evolution (DE) are metaheuristic algorithms that can tune the parameters to
improve trajectory control, energy minimization and responsiveness. Nevertheless, the state of art still misses the
coherent frameworks integrating the sound dynamic modeling with the effective multi-objective optimization in
the setting of precision manufacturing. Several research works either dwell on the theoretical developments or
implementation on hardware controls separately.

The paper has sealed this gap by suggesting an end-to-end approach that starts with the dynamic modeling of a
multi-degree-of-freedom robotic arm using Euler-Lagrange equations and incorporates the model into a genetic
algorithm optimization procedure. In such a way, we would like to assess and optimize the performance according
to the realistic measures: the end-effector deviation, the torque energy, and the response time of the trajectory. The
approach is proven by the simulation results that are presented to show its effectiveness. The findings made in this
analysis can not only aid in the creation of more intelligent robotic systems but will also assist in making precision
manufacturing more affordable, effective and reliable.

The greater scope of the work consists in enabling robotic systems to be dynamic in nature and optimize the
quality of motion, as well as the resources employed. With robotics currently under development as a central
pillar of Industry 4.0, the capability to analyze, forecast, and optimize robot behavior in real-time will become a
major facilitator towards the realization of smart, autonomous, and high-precision manufacturing ecosystems [13-
16].

Novelty and Contribution

In this paper, an new, holistic method of improving the dynamic response of robotic manipulators designed

specifically with precision manufacturing in mind is presented. This is in contrast to the traditional studies which

either focus on kinematic accuracy or use determinant control heuristics learned beforehand, this research

combines the benefits of detailed dynamic modeling with optimization theory to provide overall improvement in

performance. The novelty of the proposed work is in the fact that the Euler-Lagrange-based dynamic equations

are paired with a multi-objective optimization framework based on Genetic Algorithm, which is not deeply and

practically covered in the industrial manipulator settings [3].

The major contributions of this work are the following ones:

e Realistic Performance Metrics: The analysis establishes a composite fitness function based on the

positional accuracy, energy efficiency and trajectory smoothness- which provides a more Null-practical
and application-oriented performance metric strategy as opposed to just the conventional metrics.
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e Simulation-Driven Validation: We take the suggested approach to a simulated 3-DOF robotic arm
executing a high-speed circular path, where the performance of the manipulator is measured before and
after the optimization procedure in order to clearly measure the gains.

e Parameter Sensitivity Analysis: The effect of the stiffness, damping and controller gains on the dynamic
behavior of the system is investigated and its understanding is very valuable in mechanical design and in
the field implementation.

e Scalability to the Real World: Although targeted at simulation the approach is modular and scalable to the
real world. It provides a basis of adaptive robotic control in the manufacturing system whose operating
conditions cannot be predictable always.

Since the study focuses on the theoretical as well as applied optimization of robotic manipulators, it offers a great

framework to both scholars and industrialists. The given idea enhances the field of robotic precision engineering

and leads to the future research regarding Al-enhanced real-time control and adaptive manufacturing robots [4].
Il. RELATED WORKS

In 2023 Ghorbanpouret.al. [2] introduced the dynamic behavior of robotic manipulators has been the main
focus of research in robotics since it directly influences the precision of control, energy consumption and
reliability of operation. Previously kinematic analysis was of primary importance: position and orientation of the
end-effector were controlled without taking into consideration the dynamics completely. These models were able
to offer fundamental understanding; however, they could not illustrate the real-time behavior of manipulators with
changing loads, speeds as well as complicated motions. As manufacturing processes have demanding more
precise and flexible manufacturing processes, research efforts have focused on dynamic modeling where the
inertia of the system and friction at the joints as well as external disturbances are explicitly taken into account.

In 2025 Shrivastava et.al. [5] proposed the Newton-Euler and Euler-Lagrange dynamic modeling became
standard in the evaluation of the behavior of robotic systems. Motion equations that relate the forces and the
torques with the position and velocity of the manipulator considering the mass distribution and the mechanical
constraints can be derived with these models. simulation and control are based on such dynamic equations to
design systems which are stable and responsive. These methods of modeling have greatly been employed in the
design of multi-degree-of-freedom manipulators in which complicated joint structures are involved where the
forces should be controlled accurately.

With correct modeling abilities, the significant issue in the dynamic analysis of manipulators is optimization
of performance parameters like energy consumption, response time, and trajectory tracking errors. One of the
earliest control techniques was the use of fixed-gain PID controllers that were easy, but could not hold accuracy
over dynamic tasks. Consequently, adaptive control schemes and model predictive control (MPC) frameworks
have been derived in order to improve real-time flexibility. These techniques enhanced tracking performance and
stability of the system but they were computationally expensive and in many cases restricted to ideal simulation
conditions [6].

Mechanical design optimization has been topics of major concern in parallel. Studies have been done on the
configuration of links, selection of materials and positioning of actuators to lower inertia and enhance
responsiveness of the system. But these design activities frequently did not take into account the interplay
between mechanical parameters and control strategies, and the result was a mismatch between the systems that
were good in the static cases but poor in the dynamic cases. This discrepancy was noticeable in the necessity of
co-optimization methods in which both mechanical and control parameters are adjusted simultaneously to
doomsday system efficiency.

In 2022 M. Russo et.al. [12] suggested the presence of optimization algorithms in robotic research started to
grow with the complexity of design and control problems. The non-linear, and multi-modal nature of robotic
systems was observed to make conventional gradient-based optimization limited. In this regard, Genetic
Algorithms (GA), Particle Swarm Optimization (PSO), Differential Evolution (DE), and other heuristic and
metaheuristic algorithms became popular. Global search capabilities over large solution spaces is enabled by these
techniques and they have been applied to optimize joint stiffness, damping ratios and control gains
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simultaneously. Tmplementations of these algorithms showed enhancement of trajectory smoothness, reduction of
errors and balancing of torques.

Energy-aware optimization in manipulators is another potential field of study coming into prominence. With
energy efficiency emerging as an essential factor in sustainable production, scientists have come up with control
systems that use minimal energy, but ensure the accuracy of the tasks. Such approaches usually involve the use of
regenerative braking, smoothing of the torque profile, and re-planning of trajectories with constraints. In battery
operated or mobile robotic systems where power is a scarce resource, energy-aware dynamic analysis becomes
especially important.

The growth in the simulation environment in the recent times has also had its contribution to the dynamic
analysis and optimization. The ability to model, simulate and optimize robotic systems in a closed-loop mode is
now within reach of the researcher due to the availability of software tools that couple dynamic solvers with
optimization libraries. The integration allows testing of different algorithms, addition of real-world constraints and
optimization of system performance. These tools have decreased the time scale of development, and raised the
level of simulation based design, making the move from theory to reality quicker and easier.

Moreover, a significant change has been observed towards task-dependent optimization of the manipulators.
The studies on precision manufacturing, especially in electronics and biomedical applications have made
emphasis on the adaptation of dynamic response traits, according to the requirements of the task. As an example,
manipulators used in laser cutting or micro-welding require very low vibration and very high settling time, and
that requires very fine dynamic tuning. The studies point to the importance of the precisely customized
manipulator design, beyond the universal solutions.

Nevertheless, there exists a certain gap between the simulation-optimized systems and the real ones, which is
rather difficult to fill in. Hardware flaws, unmodeled disturbances, sensor noise, and time delays are among the
factors that can make the performance of theoretically optimal solutions poor. This has seen the increased interest
in hybrid systems which use feedback of real-time sensors to re-optimize performance adapatively during
operation. Systems of this type are anticipated to comprise the foundation of future adaptive robotic systems.

It can be said that the current state of research has well-prepared the ground in the area of dynamic modeling
and control of robotic manipulators. Although great progress has been achieved in separate fields, like dynamics,
optimization, and control, a comprehensive method that would combine all these factors is not developed well.
The present work fulfills this requirement by combining the comprehensive dynamics analysis with a multi-
objective optimization model toward a more comprehensive and realistic view of the robotic performance in the
precision manufacturing environment [9].

I11. PROPOSED METHODOLOGY
The proposed methodology integrates dynamic modeling, simulation, and multi-objective optimization to enhance
robotic manipulator performance. The modeling process begins with the derivation of motion equations using the
Euler-Lagrange formulation, which accurately captures the dynamics of robotic links, joints, and actuators. The
flow of operations is outlined in the flowchart titled "Dynamic Modeling and Optimization Workflow for Robotic
Manipulators”, which includes stages such as model formulation, parameter initialization, simulation,
performance evaluation, and optimization loop.
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FIGURE 1: DYNAMIC MODELING AND OPTIMIZATION WORKFLOW FOR ROBOTIC
MANIPULATORS
The total kinetic energy T of the manipulator is derived using the following relation, summing over each link:

n
1 1 .
i=1

n
V= Z mighi
i=1

Using the LagrangianL =T —V, the Euler-Lagrange equation provides the basis for the system's dynamic
behavior:

The potential energy V is calculated as:

d (0L L

dt (%) T8

The resulting nonlinear differential equations are transformed into matrix form for control implementation:
M(q)§g+Clq.q)q+G(q) =1
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Here, M(q) 1s the inertia matrix, C(q, q) represents Coriolis and centrifugal effects, and G(q) Is the gravity
vector. These are computed numerically using symbolic tools and verified using Simulink simulation [8].
To optimize control and physical parameters, the fitness function is formulated as a weighted sum of positional
error, energy consumption, and settling time:

F =wEpos + WyE,

nergy + W3Tsettle

Where E, is given as:

S

1 T
Fpos =7 | Ia(® = a2t
0

ANd E\rgy, representing energy usage, is defined by torque and angular displacement:

noT
Eenergy = Z f |Ti(t) ’ Qi(t)ldt
i=1 "0

Settling time T is measured as the time required for the system response to remain within +£5% of the target

trajectory:

settle

Tsettle = min{t: |xa(t) — Xq (t)l < 0-05det > Tsettle}
The Genetic Algorithm (GA) is applied to minimizeF. Chromosomes encode parameters such as PID gains,
stiffness coefficients, and damping values. The GA operators include selection, crossover, and mutation,
implemented over multiple generations.

For control, a PID law is used at each joint:
t

T; (t) = eri(t) + Kdéi(t) + Kl_f ei(T)dT
0

where e;(t) = qq;(t) — q;(t). The gains K,,:K; and K; are tuned by the GA to balance control responsiveness
and stability.
Additionally, the stiffness k and damping c of joints are treated as tunable design variables. The relationship
between torgque and displacement with damping is defined as:
Ty = —kiqi — ¢;q;
Simulation is conducted using MATLAB/Simulink. The model is subjected to a circular end-effector trajectory,
and the optimization loop runs until convergence criteria are met or a maximum generation count is reached.
Final optimized values are substituted back into the dynamic equations to validate improvements in energy
efficiency and trajectory accuracy. The complete loop of modeling, optimization, and validation ensures that the
proposed robotic system can be deployed in precision manufacturing tasks with minimal postdeployment tuning.
IV. RESULT&DISCUSSIONS

Simulation result demonstrates that the trajectory accuracy and energy efficiency are largely increased when
the optimization framework has been applied. The end-effector has been experimented with a complicated circular
path and the motion of the parameter before and after tuning has been captured to be analyzed. This is evident in
figure 2 entitled End-Effector Path Tracking Before and After Optimization. In comparison, the path tracking
before optimization contained evident oscillations and overshoot, which the post-optimization data reveals as a
significantly smooth and centered path. This visual distinction is supported by the data points recorded on each
0.01 second, which are mapped on a 2D plane on Excel to make them clear and enable comparison in visual
effect.
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FIGURE 2: END-EFFECTOR PATH TRACKING (BEFORE VS AFTER OPTIMIZATION)

The measurement of the torque profiles at each joint was performed to check the energy consumption and
stability. One of the first things that could be noticed in Figure 3, labeled Joint Torque Profiles Comparison (Pre
vs Post optimization), is a significant decrease in the torque spikes following the implementation of the Genetic
Algorithm. In the unoptimized system, the torques were beyond the mechanical safe limits, particularly, in the
acceleration part of the motion. profiles however stabilized considerably after adjustment of the PID gains and
damping coefficients, and torque consumption patterns evened out during the motion cycle. This finding is critical
to reducing wear in the actuators in the long-term.

Joint Torque Profiles (Pre vs Post Optimization)
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FIGURE 3: JOINT TORQUE PROFILES (PRE VS POST OPTIMIZATION)

Another key measure that was evaluated was the time response of the system. Figure 4 below labeled as
System Settling Time Comparison Curve indicates that the optimized manipulator takes less than 1.5 seconds to
attain steady-state as compared to the original system that took more than 2.8 seconds to stabilize. This directly
increases both productivity and response rates in high speed manufacturing cases. Origin software was used to
plot the graph with time, x, and displacement deviation, y, to view clearly.
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FIGURE 4: SETTLING TIME RESPONSE COMPARISON
Table 1, labeled "Table 1: Performance Metrics Before and After Optimization™, gives numerical values of the
main system indicators in a comparative data analysis. As the table shows, positional accuracy was increased by
91.3 percent to 98.7 percent and the total torque energy consumption was reduced by almost 26 percent. It also
minimized the error margin in the trajectory tracking that was originally 3.4 mm to 0.9 mm. This set of
guantitative results supports the graphical analysis and proves that the optimization process works.
TABLE 1: PERFORMANCE METRICS BEFORE AND AFTER OPTIMIZATION

Metric Before Optimization After Optimization
Positional Accuracy (%) 91.3 98.7
Trajectory Error (mm) 3.4 0.9
Torque Energy (Joules) 152.7 113.2
Settling Time (s) 2.8 1.47

An additional assessment procedure was carried out by applying the system to a simulated micro-welding task
where accuracy and minimal overshoot is of the essence. The optimized system exhibited a steady behavior even
in a variable load. In order to investigate generalizability, the framework was tested with three manipulator
configurations, namely 2-DOF, 3-DOF, and 4-DOF. Table 2 labeled as "Table 2: Multi-DOF System Performance
Comparison" provides the results of this test and explains how the method fares in different mechanical
architectures.

TABLE 2: MULTI-DOF SYSTEM PERFORMANCE COMPARISON

System DOF Accuracy (%) Torque Stability Response Time (s)
2-DOF 97.2 High 1.63
3-DOF 98.7 Very High 1.47
4-DOF 96.9 Moderate 1.74

Overall, the 3-DOF system exhibited the highest performance as depicted in Table 2 probably because of its
moderate complexity and actuator efficiency. The 4-DOF model was successfully made to work, but its stability
was slightly lower, which indicates that a higher redundancy requires specific control solutions. Such results are
important to assist manufacturers to select appropriate manipulator design and optimization variables depending
on task demands.

In general, the given methodology allowed achieving better stability and performance. Both the graphical
plots and the numeric tables used prove the fact that this method is feasible and can be scaled. It is worth
mentioning that the analytical dynamic modeling coupled with evolutionary optimization yielded results which
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are better than the static tuning methods. The results will have a direct consequence in precision-dependent
industries, where robotic repeatability and rapid learning are a prerequisite [7].
V. CONCLUSION
In this paper, a step-by-step procedure of dynamic analysis and optimization of robotic manipulator suited to
precision manufacturing processes have been given. Tracking accuracy, energy efficiency and response speed
were greatly enhanced by using the Euler-Lagrange approach and multi-objective genetic algorithms. The results
indicate that simultaneous optimization of structural and control parameter is vital in improving the performance
of the robots in practical manufacturing conditions. This work can be extended in future by including real time
sensor feedback and adaptation control laws to make it intelligent to operate autonomously in an uncertain
environment.
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