Industrial Engineering Journal
ISSN: 0970-2555
Volume : 53, Issue 6, No.2, June : 2024
A REVIEW ON ADAPTIVE TOOL PATH GENERATION

Akhilesh N, Students of Dept. of Industrial Engineering and Management, R V College of

Engineering, Bangalore
Mithul Kiruthik M, Students of Dept. of Industrial Engineering and Management, R V College of

Engineering, Bangalore

Priya Raj, Students of Dept. of Industrial Engineering and Management, R V College of
Engineering, Bangalore

K Muni Tanoosh, Students of Dept. of Industrial Engineering and Management, R V College of
Engineering, Bangalore
Prof. Nandini B, Assistant Professor, Dept. of Industrial Engineering and Management, R V College
of Engineering, Bangalore

ABSTRACT

This paper reviews the evolution and impact of adaptive tool path generation in machining operations.
Traditional tool paths often fail to address dynamic machining complexities, relying on pre-established
patterns. In contrast, adaptive tool paths use advanced algorithms, machine learning, and real-time
sensor feedback to optimize based on material properties, tool wear, and machine conditions. This
enhances productivity, reduces machining time, and improves surface quality. Particularly beneficial
in aerospace, automotive, and medical device manufacturing, adaptive tool paths also contribute to
sustainability by minimizing material waste and energy consumption. Despite challenges like
complexity, higher initial costs, and advanced data management needs, future advancements in Al,
IoT integration, and sustainable manufacturing are expected to further enhance these systems. This
review underscores the transformative potential of adaptive tool paths, highlighting their operational
benefits, sustainability impacts, and future prospects in modern manufacturing.
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I. Introduction

The effectiveness and accuracy of machining operations are critical in the field of contemporary
production. The capabilities of machine tools have been greatly expanded by the advent of
sophisticated Computer Numerical Control (CNC) systems, enabling complex and precise operations.
The tool path generation, which controls the tool's movement during machining, is a crucial part of
these developments. Conventional techniques for generating tool paths frequently depend on pre-
established patterns, which might not fully tackle the intricacies of dynamic and diverse machining
environments. As a result, researchers are now investigating adaptive tool path generation approaches,
which seek to maximize machine performance in real time by taking into account a variety of variables,
including material characteristics, tool wear, and machine circumstances.

With the help of sophisticated algorithms and real-time data, adaptive tool path generation may
dynamically modify the tool path, increasing productivity, cutting down on machining time, and
improving the end product's surface quality. These adaptive techniques are especially helpful in sectors
like aerospace, automotive, and medical device manufacture where accuracy and flexibility are
essential. Adaptive tool path systems can react to unforeseen changes in the machining process by
adding machine learning algorithms and feedback mechanisms. This reduces the risk of defects and
increases overall productivity.

Tool Path Generations

The process of determining the path a machine tool will take to complete machining operations on a
workpiece is known as tool path generation. In order to give the workpiece the required form and
surface polish, this process entails figuring out the precise coordinates and movement sequence that
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the tool must follow. It is an essential part of computer-aided manufacturing (CAM) and uses a number
of methods and algorithms to optimize the tool path in terms of effectiveness, accuracy, and rate of
material removal. To provide precise and superior production results, the tool path must take into
account variables including workpiece shape, cutting settings, and machine capabilities.

Adaptive Tool Path Generation

During machining operations, adaptive tool path generation is a dynamic process that involves constant
modification and real-time optimization of tool paths. This method adapts cutting settings and
trajectories based on the state of the material, tool wear, and machine performance by using feedback
from sensors and sophisticated algorithms. The main objective is to increase the precision, adaptability,
and efficiency of machining, which will result in better surface quality, longer tool life, and shorter
production times.

Application of Tool Paths

Computer programs operate automated machining equipment known as CNC machines (Computer
Numerical Control Machines). These devices have the high precision and repeatability needed to carry
out difficult operations like drilling, milling, and turning. Based on numerical data, the computer
program controls the machine's tool movements, enabling precise manufacturing of parts with complex
geometries and close tolerances. Because CNC machines can efficiently generate high-quality,
uniform components, they are frequently employed in manufacturing.

In the manufacturing process of machining, material is removed from a workpiece to give it the
required size and shape. This operation, which is usually carried out with machine tools, includes a
number of processes, including drilling, grinding, milling, and turning. Metals, polymers, and
composite materials are just a few of the materials that can be machined. Machining accuracy and
precision are essential to making parts that fulfill precise specifications for a range of industrial
applications.

In the context of manufacturing and machining, optimization is the process of maximizing the
effectiveness or functionality of a system, design, or choice. Optimization in machining refers to
modifying variables like cutting path, feed rate, and tool speed in order to maximize cost, quality, and
efficiency. By carefully identifying the most advantageous production conditions, the objective is to
improve product quality, decrease waste, and improve the overall performance of the manufacturing
process.

I1. Traditional Tool Path

The term "traditional tool path” describes the predefined path that a cutting tool takes during a
machining operation. This path is usually decided upon before any machining ever takes place.
CAD/CAM (Computer-Aided Design/Computer-Aided Manufacturing) software is used to program
the path based on the design parameters and material properties in traditional tool path development.
Traditional tool pathways' salient features include:

Predefined Paths: Using the geometric model of the product to be manufactured as a guide, the tool
path is planned and set in place prior to any machining operations. To decide on the workflow, tool
movements, and cutting parameters such feed rates and speed, careful planning is required.

Static Nature: During the machining process, the tool path remains unchanged once it is set. It is
predicated on the idea that every circumstance stays the same, such as machine performance, tool wear,
and material behavior. If there are changes in real time, this static nature might occasionally result in
inefficiencies.

Reliance on Operator Expertise: An operator's or programmer's ability and experience have a major
role in how effective a typical tool route is. In order to prevent collisions, maximize cutting forces, and
guarantee the quality of the surface finish, they must foresee possible problems and design the route.
Optimization through Simulation: Simulation software is frequently used to test and optimize the tool
path prior to actual machining. This aids in locating any problems and honing the course to improve
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accuracy and efficiency. But instead of using real-time feedback, its optimization is predicated on static
models and assumptions.

Sequential Machining: Conventional tool paths have a sequential approach, with a step-by-step
planning of each operation. This can occasionally lead to lengthier machining times than more dynamic
methods that modify pathways in real time.

Because of their consistency and the established techniques for creating them, traditional tool paths
are utilized extensively in a variety of industrial processes. They work especially well for:

Simple Geometries: Conventional tool paths are adequate for parts with simple shapes and features,
and they can be effectively programmed and carried out.

High-Volume Production: Conventional tool paths offer consistency and dependability in settings
where the same part is manufactured frequently.

Well-Established Manufacturing Processes: Traditional tool paths are frequently used in industries
with well-defined and stable machining processes.
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Figure 1: Different Tool Paths
However, the limitations of traditional tool paths include:
Inflexibility: They are ill-suited for circumstances requiring in-the-moment modifications to address
dynamic shifts in machining conditions.
Potential Inefficiencies: Conventional tool paths may not always produce the optimal results in terms
of machining speed, tool wear, and material removal rates in the absence of real-time optimization.
Dependency on Initial Accuracy: Defects in the finished product may result from programming errors
or unforeseen changes made during machining.

I11.  Evolution to Adaptive Tool Path

The shift from static, pre-programmed tool paths to dynamic, real-time optimized pathways is a major
development in the realm of machining and manufacturing. This progression increases the precision,
adaptability, and efficiency of machining by utilizing contemporary technologies like machine
learning, sensor integration, and sophisticated algorithms.

The shortcomings of conventional tool paths and the static character of early CNC machining gave
rise to Adaptive Tool Path Generation. Adaptive tool pathways have the following qualities:
Real-Time Adjustments: During the machining process, tool paths are dynamically altered in response
to real-time data.

Sensor Integration: makes use of sensors to keep an eye on things like machine performance, material
qualities, and tool wear.

Advanced Algorithms: These algorithms continuously improve the tool path by utilizing machine
learning and optimization techniques.

Improved Efficiency: Increases machining efficiency by minimizing pointless movements and
optimizing cutting parameters.

Enhanced Precision: Increases precision by adapting to changes in real time and keeping ideal cutting
conditions.
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Extended Tool Life: Adaptive tool pathways can prolong the life of cutting tools by maximizing cutting
conditions and responding to tool wear.

IV. Advantages Of Adaptive Tool Path

Increased Productivity: Throughput is increased and machining time is decreased with real-time
optimization.

Higher Quality: Tighter tolerances and a smoother surface are guaranteed by constant adjustment.
Reduced Waste: By refining cutting techniques, less material waste is produced.

Cost-effectiveness: Lowers operating expenses by extending tool life and minimizing downtime.
Flexibility: Able to work with various material qualities and intricate geometries.

Implementation Challenges

Although adaptive tool path generation has benefits, there are drawbacks to its implementation:
Complexity: Demands complex hardware and software integration.

Initial Investment: Equipment and training will cost more up front.

Data management: Requires the effective handling and processing of substantial volumes of data in
real time.

Technical expertise: To create and manage adaptive systems, qualified workers are needed.

V. Adaptive Tool Path
CNC machining has witnessed significant advancements, thanks to rapid developments in computer
systems. Its precision and repeatability make it indispensable in various manufacturing sectors.
However, traditional programming methods suffer from limitations such as increased time
requirements and reduced accuracy. The advent of computer-aided manufacturing (CAM) software
has addressed many of these challenges, leading to improved efficiency and reduced errors. Tool path
selection is crucial in optimizing machining processes, with various methods available, including zig-
zag, radial, zig, and spiral tool paths. In addition to these traditional methods, adaptive tool path
generation has emerged as a powerful technique. Adaptive tool paths dynamically adjust to the
geometry of the workpiece and the cutting conditions, optimizing material removal rates and
minimizing tool wear.
Evolution of Optimization Methods in Artificial Intelligence:
Al, a branch of computer science, has provided powerful tools for optimizing machining processes.
Genetic algorithms (GA) simulate natural selection processes to find optimal solutions. Artificial
neural networks (ANN) model computational neurons to analyze behavior patterns underlying
machining processes. Artificial immune systems (AIS), inspired by immune function, and ant colony
optimization (ACO), mimicking ants' foraging behavior, are also utilized. Particle swarm optimization
(PSO) simulates swarm behavior to find optimal solutions.
Literature Review on Optimization Methods:
Numerous studies have employed Al techniques for tool path optimization in CNC machining. GA
has been used to develop optimum tool paths, reduce processing time, and optimize cutting parameters.
Similarly, ANN, ACO, PSO, and AIS have been applied to various machining processes to improve
productivity, reduce costs, and enhance surface quality. Metrics such as machining time, production
costs, surface roughness, and tool travel path have been utilized to evaluate optimization outcomes.
Metrics and Evaluation of Optimization Methods:
Optimization methods have been evaluated based on their ability to improve various machining
factors, including cost reduction, machining time, computation time, and tool travel path. GA, PSO,
ACO, ANN, and AIS have demonstrated effectiveness in achieving these objectives, with each method
offering unique advantages in specific machining scenarios.
The review underscores the importance of Al techniques in optimizing tool paths for CNC machining.
GA, PSO, ACO, ANN, and AIS have emerged as powerful tools for enhancing efficiency and reducing
production costs. By evaluating optimization methods based on metrics such as machining time, cost
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reduction, and surface quality, researchers can make informed decisions when selecting the most
suitable technique for specific machining processes.

BGA WANN ®AIS WACO ®PSO

Figure 2: Optimization methods distribution

VI.  Conclusions

The transition from conventional to adaptive tool path generation represents a significant development
in the manufacturing and machining sectors. Despite being fundamental, traditional tool routes are
constrained by their static nature and dependence on operator skill. Although precision and efficiency
were increased with the introduction of CNC technology, pre-programmed pathways that were
inflexible to changes in real time were still followed.

These constraints are addressed by adaptive tool path development, which combines sophisticated
algorithms, sensor integration, and real-time changes. Using a dynamic approach, machining
efficiency, precision, and flexibility are significantly increased by optimizing cutting settings and tool
movements based on the conditions at hand. Enhanced output quality, decreased material waste, longer
tool life, and better productivity are some of the main advantages. These developments are especially
helpful in sectors where accuracy and dependability are crucial, including aerospace and defense.
Adaptive tool route deployment is not without its difficulties, though. These include complexity, a
larger initial outlay, data administration needs, and the demand for technical know-how. Adaptive tool
path creation has a bright future ahead of it thanks to possible developments in artificial intelligence,
Internet of Things integration, and environmentally friendly manufacturing techniques.

Adaptive tool path creation will be essential to satisfying the increasing demands for efficiency,
quality, and customisation as the industrial landscape changes. Manufacturers can get enhanced
performance, sustain a competitive edge, and propel smart manufacturing and Industry 4.0 endeavors
by adopting these technologies.
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