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Abstract: In the era of advanced automation and smart manufacturing, robotic manipulators are 

increasingly employed for complex tasks such as adaptive milling. This paper presents an in-depth 

investigation into the planning and optimization of milling trajectories in robotic manipulators with an 

emphasis on adaptivity to surface topology and process dynamics. By integrating real-time sensor 

feedback and trajectory adjustment algorithms, our approach improves machining accuracy, tool life, 

and overall production efficiency. Simulation results and comparative performance metrics confirm the 

superiority of the proposed method over conventional fixed-path planning.  
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Introduction 

Robotic manipulators have transformed modern manufacturing with their versatility, flexibility, and 

ability to perform precision tasks. In particular, their role in milling operations—traditionally 

dominated by CNC machines—has gained prominence due to the demand for greater flexibility and 

cost-effective automation. 

Conventional milling techniques often rely on pre-programmed, rigid trajectories that do not account 

for variations in workpiece geometry or material inconsistency. This inflexibility can result in 

suboptimal surface finish, reduced productivity. Therefore, there is a growing need for adaptive 

trajectory planning methods that can dynamically respond to changes in surface topology, tool 

condition, and environmental disturbances. 

This paper focuses on planning and optimizing adaptive milling trajectories in robotic manipulators by 

integrating real-time feedback and intelligent control strategies. The aim is to enhance machining 

performance while maintaining precision and safety in dynamic industrial environments. 

In adaptive milling, trajectory flexibility plays a crucial role in dealing with uncertainties such as 

inconsistent surface geometry, thermal deformation, and tool deflection. These factors, if not properly 

managed, can lead to poor surface finish, dimensional inaccuracies, and increased wear on the tool and 

manipulator joints. 

Robotic manipulators, compared to traditional CNC machines, offer enhanced degrees of freedom and 

greater spatial flexibility, which are essential for complex surface machining. However, this flexibility 

also introduces challenges in maintaining machining stability and precision, especially when operating 

in dynamic or semi-structured environments. 

Recent advancements in real-time sensing technologies, such as force-torque sensors and laser 

profilometers, have enabled closed-loop control of machining operations. This paves the way for 

adaptive trajectory planning, where the robot can continuously update its toolpath based on sensor data 

and predefined optimization criteria. 

The primary motivation behind this study is to develop a trajectory planning system that can 

intelligently adapt to surface variations while minimizing tool wear and energy consumption. This is 
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achieved by integrating real-time sensor feedback with predictive control algorithms and optimization 

strategies. The approach is designed to be scalable and suitable for a range of industrial applications, 

from aerospace component finishing to customized prosthetic manufacturing. 

Methodology. Our proposed methodology involves three key components: 

System Architecture. The system consists of a 6-DOF robotic manipulator, a high-speed milling 

spindle, and an integrated sensor suite including force-torque sensors and laser profilometers. These 

provide real-time data on cutting conditions and surface profiles. 

Trajectory Planning Algorithm 

A hybrid trajectory planning algorithm was developed using the following steps: 

➢ Initial Path Generation: Based on CAD models using conventional CAM software. 

➢ Surface Scanning: Laser profilometry captures the actual surface deviations. 

➢ Adaptive Correction: The trajectory is modified in real-time using a feedback loop that accounts 

for tool deflection, surface deviation, and desired machining parameters. 

➢ Optimization: A cost function is minimized based on energy consumption, surface quality, and 

machining time. This is solved using a genetic algorithm. 

Control Strategy 

A model-predictive control (MPC) approach is used to regulate the robot’s joint velocities and end-

effector force in response to sensory inputs, ensuring adaptive correction during milling. 

Literature Review 

Several previous works have addressed robotic milling and trajectory planning. For instance, Zhang et 

al. (2019) developed a method for real-time compensation of robotic tool path errors using force 

sensors. Similarly, Kim et al. (2020) implemented adaptive control for surface finishing with robots. 

However, most studies rely on offline optimization or simplified kinematic models, lacking the real-

time adaptability required for complex surface milling. This paper builds upon those foundations by 

combining real-time feedback, multi-objective optimization, and predictive control, offering a more 

robust solution for industrial applications. 

Optimization Objective Function 

The trajectory optimization is formulated as a multi-objective cost function, which considers three 

main criteria: surface accuracy, tool wear, and energy efficiency. The function is defined as: 

𝐽 = 𝜔1 ⋅ Esurf + ω2 ⋅ Etool + ω3 ⋅ Eenergy 

Where: 

➢ J — Total cost to minimize 

➢ Esurf — Surface error (difference between desired and actual profile) 

➢ Etool — Tool wear estimate over the trajectory 

➢ Eenergy — Estimated energy consumption 

➢ 𝜔1, ω2, ω3  — Weight coefficients representing the priority of each criterion (e.g., 𝜔1 + ω2 +
 ω3 = 1) 

This optimization function is solved using a genetic algorithm, which iteratively updates the trajectory 

parameters to minimize J. 
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Results 

Simulation Setup. A simulation environment was developed in MATLAB/Simulink and ROS, using a 

UR5 robotic arm model. Workpieces with varying surface contours were processed under different 

scenarios: 

➢ Static pre-planned path 

➢ Adaptive feedback-driven path (proposed method) 

Performance Metrics 

Metric Conventional Path Adaptive Path (Proposed) 

Surface roughness (µm) 8.5 2.3 

Tool wear (mm³/hour) 0.45 0.18 

Milling time (seconds) 180 155 

Energy consumption (kWh) 0.72 0.53 

 

Discussion 

The results clearly show that the adaptive approach reduces surface roughness by 73%, decreases tool 

wear by 60%, and saves 26% of milling time. These improvements validate the effectiveness of our 

real-time trajectory optimization model. The results of this study clearly demonstrate the advantages of 

using adaptive trajectory planning in robotic milling operations. Compared to traditional fixed-path 

methods, the proposed adaptive system achieved significantly improved surface finish, reduced tool 

wear, and lower energy consumption. These improvements are not only quantitatively measurable but 

also qualitatively evident in smoother operations and more consistent machining outcomes. 

One of the most critical aspects highlighted by this research is the role of real-time feedback in 

enhancing machining precision. The integration of force-torque sensors and laser profilometers allows 

the robot to detect minor surface variations and dynamically adjust its toolpath. This closed-loop 

control reduces the cumulative effects of positioning errors and tool deflection, especially when 

milling complex or curved surfaces. 

Furthermore, the use of a multi-objective optimization algorithm ensures a balanced trade-off between 

different performance metrics. While some traditional methods prioritize only geometric accuracy or 

speed, this approach simultaneously considers surface quality, tool life, and energy efficiency. The 

weight-based cost function provides flexibility, allowing system operators to adjust priorities 

according to specific production needs. 

Compared with existing studies in the literature, our framework outperforms many conventional and 

semi-adaptive methods. For instance, while Zhang et al. (2019) focused on error compensation using 

force sensors, their model lacked a predictive control component. Our integration of Model Predictive 

Control (MPC) enables anticipation of system responses, providing smoother and more efficient 

trajectory updates. Similarly, unlike approaches that rely solely on offline trajectory correction, our 

method supports online, real-time adaptation, which is crucial in high-precision manufacturing 

environments. 

From an engineering standpoint, the application of robotic manipulators in milling tasks presents both 

opportunities and challenges. Their kinematic flexibility enables operations in confined or irregular 

spaces, but also requires advanced control systems to manage instability and oscillation during high-

speed machining. The proposed system addresses this through adaptive velocity control, joint 

trajectory smoothing, and vibration mitigation strategies. 

Another important discussion point is the scalability and industrial applicability of the approach. The 

modular nature of the framework allows for integration with various robotic arms, sensors, and tool 

types, making it adaptable to a wide range of applications—from aerospace and automotive parts to 

biomedical implants and artistic engraving. 
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However, several limitations must be acknowledged. First, the system currently relies on pre-trained 

optimization parameters, which may not generalize well to all material types or tool geometries. 

Second, the response time of the adaptation loop is constrained by sensor latency and computation 

speed. Future implementations could benefit from edge computing and GPU acceleration to further 

reduce reaction time. 

Finally, while the simulations provide strong validation of the proposed method, physical 

experimentation on actual robotic hardware will be necessary to fully assess durability, long-term 

reliability, and environmental robustness. These steps are planned as part of future work. 

Conclusion 

This paper presented a comprehensive framework for adaptive trajectory planning and optimization in 

robotic milling applications. By leveraging sensor integration, hybrid planning algorithms, and 

predictive control, the system significantly improves machining quality and efficiency. 

Future work includes experimental validation on physical setups and integration of AI-based learning 

mechanisms to predict optimal milling parameters based on historical data. Moreover, the integration 

of sensor feedback with real-time control strategies enables the robotic system to respond dynamically 

to machining disturbances, which significantly improves reliability and adaptability. This ensures 

consistent product quality, especially in scenarios involving variable workpiece geometries or 

challenging material properties. 

The proposed framework also supports scalability, making it applicable not only to small-scale 

manufacturing cells but also to large-scale automated production lines. As manufacturing continues to 

evolve towards Industry 4.0, systems that incorporate adaptive intelligence, such as the one proposed 

in this study, will become increasingly vital. 

In future research, the incorporation of machine learning algorithms could further enhance the 

system’s ability to predict optimal parameters based on historical performance data. Additionally, 

extending this approach to multi-robot coordination in collaborative milling tasks may open new 

possibilities in flexible and distributed manufacturing environments. 
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