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Abstract- In modern manufacturing, the efficiency of Computer Numerical Control (CNC) machines is heavily
dependent on minimizing non-productive time. The tool changing process—switching between different
cutting tools—is a critical factor influencing cycle time and production costs. This paper proposes the design
and simulation framework for a cost-effective, arm-type Automated Tool Changer (ATC) tailored for Small and
Medium Enterprises (SMEs). The proposed mechanism utilizes pneumatic actuation and electronic control to
ensure precise, rapid tool replacement. The methodology employs SolidWorks for 3D modeling and kinematic
synthesis, followed by Finite Element Analysis (FEA) using ANSYS to validate structural integrity under dynamic
loads. The design focuses on modularity, reducing the tool-to-tool change time to under 5 seconds, and

replacing manual intervention to enhance operator safety and machining precision.
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I. INTRODUCTION

The evolution of manufacturing industries towards Industry 4.0 demands high precision, repeatability,
and automation. CNC machining centers form the backbone of these production systems. However, a
significant bottleneck in conventional CNC operations is the tool changing process. Manual tool
changing leads to increased machine idle time, operator fatigue, and potential human error, which
directly affects the dimensional accuracy of the workpiece [1].

Fig. ATC Model
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To address this, Automated Tool Changers (ATCs) have been developed. An ATC is a mechatronic device
that automatically selects, transports, and swaps tools between the machine spindle and a tool
magazine without operator intervention. While high-end commercial ATCs exist, they are often complex,
expensive, and difficult to integrate into existing setups for small-scale industries.

This research focuses on the design and simulation of a compact, arm-type ATC mechanism. The
objective is to develop a system that is structurally rigid, cost-effective, and capable of handling high-
speed tool changes. The paper outlines the conceptual design, the kinematic logic, and the simulation
framework required to validate the mechanism before physical prototyping.

Il. LITERATURE REVIEW AND GAP ANALYSIS

Extensive research has been conducted on optimizing ATC mechanisms. Kumar et al. [1] optimized a
drum-type ATC to reduce change time to under 1.5 seconds using cam profile optimization. Chen et al.
[2] addressed gripper slippage in arm-type ATCs by proposing a dual-contact clamping system analyzed
via FEA.

Further studies have explored the use of composite materials. Patel and Shah [5] utilized topology
optimization to reduce the weight of an ATC gripper arm by 30%, improving dynamic performance.
Similarly, smart ATCs with integrated condition monitoring sensors have been proposed to detect tool
wear during the exchange cycle [10].

A. Research Gap

Despite these advancements, a gap remains in the availability of modular, low-cost ATC designs
specifically for retrofitting or entry-level CNC machines used in SMEs. Most literature focuses on high-
speed, complex cam-driven systems. There is a need for a streamlined, pneumatically actuated design
that balances cost with reliability. This project addresses that gap by proposing a simplified arm-type
mechanism validated through digital twin simulation.

I1l. PROPOSED SYSTEM DESIGN

A. Design Concept

The proposed system is a Two-Axis Arm-Type ATC. Unlike carousel types where the magazine moves to
the spindle, the arm-type uses a robotic manipulator to transfer tools, allowing for faster changes and
larger tool capacities.

B. Working Principle
The mechanism is mounted between the CNC spindle and the tool magazine. The operation sequence
is controlled via a PLC/Arduino logic synchronized with the CNC M-code commands:

1. Initiation: CNC signals tool change.

2. Approach: The pneumatic actuator drives the arm to the spindle position.

3. Gripping: Dual grippers actuate; one grips the used tool in the spindle, the other grips the new
tool in the magazine.
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4. Rotation: The arm rotates 180° via a rotary actuator.
5. Exchange: The new tool is aligned with the spindle, and the old tool aligns with the magazine.
6. Retraction: Tools are released, and the arm returns to the home position.

C. Key Components
e Pneumatic Cylinders: Provide linear motion for the "pick and place" axis.
e Rotary Actuator: Facilitates the 180° inversion of tools.
e Dual Gripper: A double-ended jaw mechanism to handle two tools simultaneously.
e Tool Magazine: A standardized drum or chain type rack indexed electronically.

IV. METHODOLOGY

The design follows a systematic approach ranging from analytical calculations to virtual validation.

A. Analytical Design
Preliminary calculations are performed to determine the required actuator torque, arm length, and
moment of inertia based on the maximum weight of the cutting tools (e.g., ISO 40 or BT40 tool holders).

B. 3D Modeling (CAD)

The complete assembly is modeled in SolidWorks. This includes the tool magazine, gripper arm, and
spindle interface. Kinematic simulation is performed within the CAD environment to detect
interference/collisions and verify the range of motion.

C. Finite Element Analysis (FEA)
Structural validation is planned using ANSYS Workbench. The analysis focuses on:

e Static Structural Analysis: To determine Von-Mises stress and total deformation on the gripper
arm under the weight of the heaviest tool.

e Modal Analysis: To identify natural frequencies and ensure they do not coincide with the
machine's operating frequencies (resonance avoidance).

e Material Selection: A comparative analysis will be conducted between Structural Steel,
Aluminum Alloy 6061-T6, and Carbon Fiber Reinforced Polymer (CFRP). The goal is to maximize
the stiffness-to-weight ratio to allow for faster acceleration.

V. EXPECTED OUTCOMES

Based on the conceptual design and preliminary analysis, the system aims to achieve the following
performance metrics:

e Cycle Time: Reduction of tool-to-tool change time to approximately 3-5 seconds.

e Modularity: A design adaptable to Vertical Machining Centers (VMC) of varying sizes.

e Reliability: Use of pneumatic actuation reduces mechanical complexity compared to cam-driven
systems, lowering maintenance requirements.
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V1. CONCLUSION

This paper presents the design framework for a fully automated, arm-type tool changer. By integrating
pneumatic actuation with robust mechanical design, the system addresses the needs of SMEs for
affordable automation. The use of CAD and FEA tools (SolidWorks and ANSYS) serves as a critical
validation step, minimizing the risks associated with physical prototyping. Future work involves the
completion of the FEA simulations, fabrication of a scaled prototype, and integration with a CNC control
system for experimental validation.
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