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ABSTRACT
The rapid evolution of manufacturing industries has created strong demand for
high productivity, improved quality, and flexible production capabilities.
Robotics-assisted machining and Flexible Manufacturing Systems (FMS) have
emerged as key enablers to meet these industrial requirements. Robotics-
assisted machining integrates industrial robots with traditional machining
operations such as milling, drilling, grinding, and finishing, providing
enhanced flexibility, —automation, and cost-effectiveness.  Flexible
Manufacturing Systems, on the other hand, represent an integrated approach
that combines CNC machines, robots, automated material handling, and
computer control to produce a variety of parts with minimal manual
intervention. This review paper presents a comprehensive discussion on the
principles, architectures, and applications of robotics-assisted machining and
FMS. The paper highlights recent developments, system configurations, control
strategies, advantages, and limitations of robotic machining compared to
conventional machine tools. The role of sensors, adaptive control, and digital
integration in enhancing system performance is also discussed. Industrial
applications, challenges in accuracy and stiffness, and future research
directions are addressed. The study aims to provide useful insight for
researchers, academicians, and practicing engineers working in modern

manufacturing environments.
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INTRODUCTION

Manufacturing systems have undergone significant transformation over the past few decades
due to globalization, increasing product customization, and intense market competition.
Traditional manufacturing setups, which relied heavily on dedicated machine tools and manual
operations, are no longer sufficient to meet modern production demands. Industries now
require systems that can quickly adapt to design changes, reduce lead time, and maintain
consistent quality. In this context, robotics-assisted machining and Flexible Manufacturing

Systems (FMS) play an important role in advanced production environments.

Robotics-assisted machining refers to the use of industrial robots to perform or assist machining
operations such as cutting, drilling, trimming, polishing, and deburring. Unlike conventional
CNC machines, robots offer a larger workspace, higher flexibility, and reconfigurability. These
characteristics make robotic machining attractive for low to medium volume production and
complex geometries. However, challenges related to accuracy, stiffness, and vibration still limit

their widespread use in high-precision applications.

Flexible Manufacturing Systems represent a higher level of automation where multiple
machining centers, robots, inspection units, and material handling systems are integrated
through computer-based control. FMS enables the production of a family of parts with minimal
setup changes and reduced human involvement. The integration of robotics into FMS enhances

system flexibility and efficiency.

This paper reviews the fundamentals and recent progress in robotics-assisted machining and
FMS. The objective is to provide a structured understanding of system components, working
principles, benefits, limitations, and future trends. The paper is organized into sections covering
robotic machining concepts, FMS architecture, integration strategies, applications, challenges,

and future scope.

FUNDAMENTALS OF ROBOTICS-ASSISTED MACHINING

Robotics-assisted machining represents a shift from conventional fixed machine tools toward
more flexible and reconfigurable manufacturing solutions. By integrating industrial robots with
machining processes, manufacturers can address complex geometries, large components, and

variable production requirements. This section discusses the fundamental concepts, robot
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types, and tooling aspects involved in robotic machining.

1. Concept and Working Principle

Robotics-assisted machining involves the use of industrial robots, either articulated or parallel,
equipped with cutting or finishing tools to perform material removal operations. In a typical
setup, the robot may carry the cutting tool while the workpiece is fixed on a table, or
alternatively, the robot may manipulate the workpiece relative to a stationary spindle or tool.
The choice of configuration depends on part size, required accuracy, and accessibility of

machining features.

Tool paths for robotic machining are generally generated using CAD/CAM software, similar
to conventional CNC machining. However, these tool paths must be converted into robot-
specific motion commands through offline programming environments. Kinematic
transformations are applied to translate Cartesian tool paths into joint-level robot movements.
Simulation and collision detection are usually performed before actual execution to ensure safe
and efficient operation.

Unlike traditional CNC machine tools, industrial robots possess serial kinematic structures with
multiple revolute joints. This structure provides a high degree of flexibility and a large working
envelope but results in comparatively lower stiffness and positional accuracy. As a result,
robotic machining is commonly applied in operations where cutting forces are moderate or
low, such as trimming of composite components, drilling of thin sections, light milling,
polishing, and surface finishing. Despite these limitations, continuous improvements in control
algorithms, calibration techniques, and sensor integration have significantly enhanced the

machining capability of robotic systems.

2. Types of Robots Used in Machining

Industrial robots employed in machining applications are classified based on their kinematic
configuration, load capacity, and operational characteristics. The most commonly used robot
types are as follows:

 Articulated robots: These robots consist of multiple rotary joints, typically six or more axes,
allowing complex spatial movements. Articulated robots are the most widely used in robotic
machining due to their large workspace, high flexibility, and ability to access complex part
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geometries. They are commonly applied in trimming, drilling, and finishing operations for

aerospace and automotive components.

* SCARA robots: Selective Compliance Assembly Robot Arm (SCARA) robots offer high
speed and good repeatability in horizontal plane movements. Although their workspace is
limited compared to articulated robots, SCARA robots are suitable for high-speed, low-force
machining tasks such as light milling, engraving, and deburring of small components. Their

rigid structure in the vertical direction provides better stability for certain operations.

eParallel robots: Parallel kinematic robots, such as delta or hexapod structures, provide higher
stiffness and accuracy due to their closed-loop kinematic design. These robots are capable of
high dynamic performance and precise motion control. However, their limited workspace
restricts their application to small and medium-sized parts. Parallel robots are often used in

precision machining, micro-machining, and high-speed finishing tasks.

The selection of a suitable robot for machining depends on several factors, including payload
capacity, reach, positional accuracy, stiffness, cutting force requirements, and economic
considerations. In many industrial applications, hybrid solutions combining robots with

auxiliary supports or machine tool components are also adopted to improve performance.

3. Tooling and End Effectors

Tooling and end-effector design play a critical role in the performance of robotics-assisted
machining systems. Common end effectors include high-speed spindles, grinding units,
polishing tools, and specialized cutting attachments. These tools are typically mounted on the
robot wrist, and their weight and inertia directly influence the robot’s dynamic behavior and

accuracy.

High-speed electric spindles are widely used in robotic machining due to their compact size
and ability to achieve high rotational speeds. Proper selection of spindle power, speed range,
and cooling mechanism is essential to match the machining requirements. Tool holders and
cutting tools used in robotic machining are similar to those in CNC systems, but additional
attention is required for tool balancing and vibration control.
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Vibration damping techniques, such as passive dampers, compliant tool holders, and software-
based filtering, are often employed to improve surface quality. In advanced systems, force and
torque sensors are integrated between the robot wrist and the tool to enable adaptive control.
Such sensor-based approaches allow the robot to adjust feed rates and tool paths in real time,

compensating for deflection and improving machining consistency.

Overall, effective integration of suitable robot types, precise motion control, and well-designed
tooling is essential for achieving reliable and efficient robotics-assisted machining

performance.

FLEXIBLE MANUFACTURING SYSTEMS (FMS)

1. Definition and Characteristics

A Flexible Manufacturing System is an integrated manufacturing setup consisting of CNC
machines, robots, automated guided vehicles (AGVSs), storage systems, and a central computer
controller. The main characteristic of FMS is its ability to produce different part types without
major physical changes to the system.

Key features of FMS include:

o Flexibility in product mix and volume
o Reduced setup and changeover time

o Automated material handling

o Centralized monitoring and control

2. Components of FMS

The major components of a typical FMS are:

e Processing stations: CNC machining centers and robotic machining cells
e Material handling system: Conveyors, AGVs, robotic arms

o Storage system: Automated storage and retrieval systems (AS/RS)

e Control system: Computer-based controllers and manufacturing execution systems

3. Control and Communication
Control systems in FMS use hierarchical or distributed architectures. Communication between

machines, robots, and controllers is achieved through industrial networks. Proper coordination

91 Page 87-96 © MANTECH PUBLICATIONS 2025. All Rights Reserved



Journal of Modern Mechanical Systems and Machinin
MANIECH y 0
Publications Volume 8, Issue 2, July-December 2025

is required to avoid bottlenecks and ensure smooth operation.

INTEGRATION OF ROBOTICS IN FLEXIBLE MANUFACTURING SYSTEMS

Robots play a crucial role in enhancing the flexibility and automation level of FMS. They are
used for loading and unloading, tool changing, inspection, and machining assistance. The
integration of robotic machining cells within FMS enables the system to handle complex and

variable production tasks.

Robotic integration allows quick reconfiguration of production lines. For example, a robot used
for material handling can be reprogrammed to perform light machining or finishing operations.

This multi-functionality improves equipment utilization and reduces overall cost.

Figure 1: Conceptual layout of Robotics-Assisted Flexible Manufacturing System (robotic

machining cell, CNC machines, AGV, and central controller).

APPLICATIONS OF ROBOTICS-ASSISTED MACHINING AND FMS

The practical adoption of robotics-assisted machining and Flexible Manufacturing Systems has
increased across various industrial sectors due to their adaptability, automation capability, and
cost efficiency. These systems are particularly beneficial in industries where product variety,
complex geometries, and frequent design changes are common. The following subsections

elaborate key application domains.

1. Aerospace and Automotive Industries

In the aerospace sector, robotics-assisted machining is extensively employed for trimming,
drilling, and milling of large and complex components such as aircraft fuselage panels, wing
structures, and composite skins. Aerospace components are often made from advanced
composite materials like carbon fiber reinforced polymers (CFRP), which require precise but
relatively low-force machining operations. Industrial robots, with their large working envelope
and multi-axis freedom, are well suited for handling such oversized structures. Robotic systems
enable consistent whole quality, reduced tool wear, and improved operator safety when

compared to manual operations.

In addition, robotic machining cells are integrated within FMS environments to support flexible
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production of different aircraft models. Automated inspection systems, combined with robotic
machining, ensure dimensional accuracy and reduce rework. Although challenges related to
accuracy still exist, ongoing improvements in calibration and control have made robotic

machining increasingly acceptable for aerospace manufacturing tasks.

In the automotive industry, robotics-assisted machining is widely used for finishing operations
such as deburring, edge trimming, polishing, and surface finishing of engine components,
transmission parts, and body panels. Automotive manufacturers rely on FMS to handle high
product variety and frequent model updates. Robots integrated into FMS perform loading and
unloading, machining assistance, and assembly tasks with high repeatability. The flexibility of
robotic systems allows rapid line reconfiguration, which is essential for modern automotive

production lines focusing on mass customization.

2. Metal and Composite Processing

Robotic machining systems are highly effective for processing metals such as aluminum,
magnesium, and mild steel, as well as non-metallic materials including plastics and fiber-
reinforced composites. Aluminum machining, in particular, benefits from robotic systems due
to lower cutting forces and high material removal rates. Robotic milling and drilling are
commonly used in the production of structural frames, housings, and lightweight components.

In composite processing, robotic machining offers significant advantages over traditional
machine tools. Composite materials often generate hazardous dust and require controlled
cutting conditions. Robotic machining cells integrated with FMS provide enclosed
environments, dust extraction systems, and automated tool handling, improving both safety
and productivity. The flexibility of FMS allows manufacturers to process multiple material

types within the same production line, minimizing downtime and setup effort.

Furthermore, robotic machining combined with adaptive control and force feedback improves
surface quality and dimensional consistency in metal and composite parts. This capability is
particularly important in industries where tight tolerances and consistent quality are required

across varying product designs.
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3. Small and Medium Enterprises

For small and medium enterprises (SMEs), the adoption of robotics-assisted machining
integrated with FMS provides a practical solution for achieving automation without the need
for large-scale investment in dedicated machine tools. SMEs typically operate in low-volume
and high-mix production environments, where flexibility is more critical than maximum
production speed. Robotic machining systems can be reprogrammed easily to accommodate

new products, reducing dependence on specialized fixtures and tooling.

The integration of robots into flexible manufacturing setups helps SMEs reduce labor costs and
address shortages of skilled machinists. Automated material handling and machining assistance
allow operators to focus on supervision and quality control rather than manual processing.
Additionally, modular FMS configurations enable gradual system expansion as production

demand increases.

Overall, the application of robotics-assisted machining and FMS in SMEs enhances
competitiveness by improving productivity, reducing lead time, and enabling faster response
to customer-specific requirements. As robotic systems become more affordable and user-
friendly, their adoption among small and medium-scale manufacturers is expected to grow

steadily.

ADVANTAGES AND LIMITATIONS
1. Advantages

High flexibility and reconfigurability

Reduced labor cost

Improved productivity

Better utilization of floor space

2. Limitations

o Lower stiffness compared to CNC machines
e Accuracy and repeatability issues

o Complex programming and calibration

o Initial investment cost
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Table 1: Comparison between CNC Machining and Robotics-Assisted Machining

Parameter CNC Machining Robotic Machining
Flexibility Low High
Accuracy Very high Moderate
Workspace Limited Large
Reconfiguration Difficult Easy

RECENT TRENDS AND DEVELOPMENTS

Recent research focuses on improving the accuracy and stiffness of robotic machining systems
through advanced control algorithms, sensor integration, and hybrid machine designs. The use
of force sensors, vision systems, and adaptive control improves machining quality. Digital
twins and simulation tools are increasingly used for system optimization and fault prediction.
Collaborative robots are also gaining attention for flexible manufacturing due to their safety
and ease of deployment. Integration with Industry 4.0 technologies enables real-time

monitoring and data-driven decision making.

CHALLENGES AND FUTURE SCOPE

Despite significant progress, several challenges remain in robotics-assisted machining and
FMS. Tool deflection, vibration, and thermal effects affect machining accuracy.
Standardization and interoperability issues also exist in large-scale FMS installations.

Future research is expected to focus on hybrid systems combining robots and machine tools,
advanced materials for robot structures, and Al-based control strategies. Improved calibration

techniques and learning-based path planning will further enhance system performance.

CONCLUSION

Robotics-assisted machining and Flexible Manufacturing Systems represent an important
advancement in modern manufacturing technology. The combination of robotic flexibility with
automated system integration enables efficient production of complex and customized
products. While challenges related to accuracy and stiffness still exist, ongoing research and
technological developments are steadily addressing these issues. The adoption of intelligent

control, sensor fusion, and digital manufacturing concepts will further enhance the capabilities
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of robotic machining and FMS. This review highlights that robotics-assisted FMS is a

promising solution for future smart factories and adaptive manufacturing environments.
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