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ABSTRACT

Computer Numerical Control (CNC) machinery represents a cornerstone of modern industrial automation, ensuring
high-precision, repeatable, and high-throughput fabrication. This paper presents an empirical analysis of CNC routing
operations within Printed Circuit Board (PCB) manufacturing, grounded in operational data and practical training
conducted at Epitome Components Private Limited in Ahmednagar, Maharashtra. The investigation systematically
evaluates machine kinematics, workpiece clamping mechanics, multi-axis profile milling, cut-path verification, and
operator protocol integration. Specific focus is directed toward optimizing the balance between spindle speed, tool wear,
dimensional tolerance, and edge quality during depanelization and contour routing. Furthermore, the role of human-
machine interaction, systematic quality inspection, and proactive safety management in minimizing scrapped panels
and rework is detailed.

Keywords: CNC Routing, PCB Manufacturing, Computer-Controlled Machining, Depanelization, Process
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INTRODUCTION

The global electronics manufacturing industry relies heavily on automation to meet rigid dimensional tolerances, tight
production schedules, and high circuit density requirements. In Printed Circuit Board (PCB) fabrication, mechanical
milling and depanelization are critical post-etching stages that define the final board geometries, internal cutouts,
mounting slots, and edge finishes.

Computer Numerical Control (CNC) routing machines utilize multi-axis G-code instructions to execute complex vector
profiles with sub-millimeter accuracy. Epitome Components Private Limited, located in Ahmednagar, Maharashtra, is
a key PCB manufacturing plant in India specializing in single-sided, double-sided, and multi-layer board production.
The plant utilizes high-speed CNC routing and automated V-scoring systems to execute precise panel separation and
profile routing.

This paper synthesizes empirical observations and operational data gathered from the shop floor. It examines the
machine architecture, sequential routing workflows, operator safety protocols, quality control checkpoints, and
manufacturing advantages inherent to modern CNC routing in high-volume PCB manufacturing.

OBJECTIVES

The primary research objectives of this industrial case study are structured as follows:

1. System Kinematics & Design: To analyze the mechanical construction, control architecture, and functional
subsystems of industrial CNC routing machines.
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2. Workflow Mapping: To establish a standardized, multi-stage process sequence for PCB panel routing from
receipt to final dispatch.

3. Work-Holding & Loading Dynamics: To evaluate the efficacy of pin-registration, mechanical clamping, and
vacuum-bed fixating methods during high-speed cutting.

4. HMI & Controller Operations: To document the operational interaction between the operator, numerical
control unit, and program execution.

5. Tooling & Material Removal Mechanics: To observe tool degradation, edge burr formation, copper clad cut
quality, and auxiliary V-cut machinery operations.

6. Quality Assurance Protocols: To categorize post-machining defect modes (e.g., surface delamination,
dimensional deviation, edge roughness) and establish inspection standards.

7. Occupational Health & Safety: To formalize personal protective equipment (PPE) and machine safety
guidelines for high-speed rotational machinery.

8. Yield Optimization: To identify process improvements that minimize scrap rate, rework, and tool breakage.

MANUFACTURING FOCUS (PCB FABRICATION & DEPANELIZATION)

CNC Routing Machine Architecture

An industrial CNC PCB routing machine is a specialized computer-controlled 3-axis milling system optimized for
processing rigid FR-4, polyimide, and aluminum-core substrates.

Component /| Primary Function Technical Specification / Description

Subsystem

Machine Bed Base stability and | Polymer concrete or heavy granite structure to damp
structural rigidity harmonic vibrations.

Work Holding | Secure panel | Combined high-flow vacuum vacuum table and

System registration precision tooling pins 1 mm - 3.0 mm).

High-Speed Spindle Rotational cutting | Air-bearing or ceramic-bearing spindle delivering
force 20,000 - 60,000RPM.

Routing Tooling Material removal Solid carbide diamond-cut router bits (0.8mm - 2.4
mm diameter). .

X/Y/Z Motion | Axis motion execution | AC brushless servomotors coupled to high-precision

Drives ball screws or linear drives.

CNC Controller Command execution High-speed motion controller interpreting industrial

G-code/M-code sequences.

Vacuum Extraction Dust and chip | Integrated high-CFM extraction unit with HEPA
evacuation filtration to eliminate conductive dust.
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PCB CNC Routing Process Workflow

The routing sequence must follow a rigorous, 15-step standard operating procedure (SOP) to ensure dimensional

repeatability and prevent substrate stress fractures:

1.

2.

11

15.

Material Receipt: Transfer the batch panel set from preceding chemical/plating operations to the routing
staging zone.

Job Order Verification: Verify panel ID, batch code, board thickness, layer configuration, and engineering
drawings.

Pre-Process Visual Inspection: Inspect incoming panels for substrate warping, surface copper oxidation, or
pre-existing mechanical damage.

Machine Loading: Align registration holes over precision locating pins on the sacrificial backup board.
Fixture Securing: Engagement of the vacuum extraction bed and mechanical edge clamps to eliminate panel
flex during Z-axis plunge.

Program Selection: Load the validated, part-specific NC program from the local server or controller memory.
Tooling Check: Inspect router bit diameter, fluke condition, runout, and collet cleanliness.

Parameter Setting: Verify spindle speed ($\text{RPM}$), feed rate ($\text{mm/min}$), and Z-axis plunge
depth.

Cycle Initiation: Execute the program cycle and engage automatic dust extraction systems.

. In-Process Monitoring: Continuously observe audio-visual indicators, spindle load gauges, and chip extraction

flow.

. Cycle Termination: Automatic spindle retraction and power-down upon program completion.
12.
13.
14.

Panel Unloading: Disengage vacuum, release clamps, and carefully extract routed sub-panels.

Substrate & Station Cleaning: De-dust panels using ionized air knives and vacuum clean the sacrificial board.
Metrology & Inspection: Measure key dimensions, board profile tolerances, slot widths, and inspect edge
bevels.

Downstream Handoff: Package and transfer accepted PCB lots to final quality testing or assembly.

Role of the CNC Routing Machine Operator

The operator serves as the frontline control loop governing throughput, dimensional fidelity, and equipment availability.
Key operational duties include:

Instruction Execution: Cross-referencing shop-floor traveler tags with CAD-generated panel drawings.

Tool Management: Monitoring cutter wear cycles, performing collet maintenance, and replacing worn bits
before cut degradation occurs.

Controller Interface: Operating the human-machine interface (HMI), executing feed-rate overrides when
chatter is detected, and monitoring spindle load metrics.

Quality Assurance: Executing immediate line-clearance checks using vernier calipers, micrometers, and pin
gauges.

Housekeeping & Safety: Enforcing zero-dust accumulation zones and adhering strictly to machine
lockout/tagout procedures during tool changes.

Practical Work Performed During Training

During the industrial internship at Epitome Components Pvt. Ltd., direct hands-on training covered the following
domain competencies:

Machine Setup & HMI Navigation: Manual pulse generator (MPG) control, zero-point/work coordinate
setting ($G54-G598$), and spindle calibration.

Routing Execution: Executing outer perimeter cuts, complex non-rectangular board profiles, and internal
mounting cutouts.
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e Copper Removal & V-Scoring: Auxiliary operation of automatic V-cut machines for panel scoring, and
manual clearance of excess copper pour along break-away tab channels.

e Post-Machining Cleaning: Operating de-burring stations and ultrasonic cleaning systems to flush particulate
debris from unplated slots.

e Quality Auditing: Conducting optical microscope checks to evaluate copper burr height and glass-fiber
protrusion along routed edges.

Safety Procedures
Personal Protective Equipment (PPE)

e Mandatory ANSI-approved safety glasses to protect against airborne fiber fragments.

e Hearing protection (NLR rated) to mitigate high-frequency spindle noise ($>85\\text{dBA}$).

e Anti-static, slip-resistant safety shoes.

e Strict prohibition of loose clothing, dangling jewelry, or long un-tied hair near high-rpm rotating spindles.
Machine Safety Mechanisms

e Pre-flight safety interlock checks: Verification that enclosure guards and light curtains are operational.

e Immediate E-stop triggering upon detection of abnormal machine acoustic vibration or spindle stalls.

e Interlocked vacuum systems preventing machine start unless suction pressure exceeds minimum operating

thresholds.

Advantages of CNC Routing in PCB Manufacturing

1. High Precision & Repeatability: Achieves structural tolerances within $\pm 0.05\\text{mm} - \pm
0.1\\\text{mm}$ across thousands of identical panels.

2. Geometric Versatility: Easily mills complex non-linear contours, internal cutouts, multi-radius curves, and
narrow slots that punching dies cannot replicate.

3. Low Mechanical Stress: Outperforms mechanical guillotine shearing or manual breaking by reducing internal
layer flexure and micro-cracking of ceramic capacitors.

4. Programmatic Adaptability: Engineering design revisions require only rapid NC code modification without
expensive hard-tooling re-tooling lead times.

LIMITATIONS

e Capital Expenditure: High initial acquisition cost for multi-spindle, high-RPM CNC machines and associated
dust extraction infrastructure.

e Consumable Costs & Wear: High wear rate of micro-carbide router bits when cutting abrasive glass-reinforced
FR-4 substrates requires frequent tool replacement.

e Substrate Dust Generation: Generates fine FR-4 fiberglass and copper particulate dust that necessitates
continuous industrial extraction to avoid mechanical jamming and operator exposure.

e Process Speed Constraints: Sequential vector routing is inherently slower per panel than hard-die blanking or
punching in ultra-high-volume commodity manufacturing.

RESULTS AND DISCUSSION

Operational observations gathered during the training period at Epitome Components demonstrate that process
parameter tuning directly dictates panel yield and edge quality.

Optimal spindle speed (40,000 - 50,000 RPM) coupled with controlled feed rates (1.2 - 1.8 m/min) yielded the cleanest
structural cuts with minimal edge burring. Deviations—such as excessive feed speeds—resulted in cutter deflection,
dimensional drift, and premature tool snap. Conversely, excessively high spindle speeds relative to feed rate caused
localized thermal friction, leading to resin smear and bit gumming.

Rigid panel fixation via vacuum backing was verified as a critical factor in avoiding board vibration, which is the
primary root cause of edge delamination and trace fracturing near board perimeters.
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FUTURE SCOPE

The evolution of PCB routing technology is moving toward fully automated, Industry 4.0-compliant manufacturing
cells:

e Machine Vision Integration: Real-time camera alignment systems to compensate for panel warp and shrinkage
dynamically during routing.

e Predictive Tool Life Monitoring: Sensor-driven acoustic vibration and load analysis to predict bit dulling and
initiate tool changes prior to panel damage.

e Laser-Mechanical Hybrid Routing: Combining CO2/UV laser cutting for thin flex-rigid sections with
mechanical CNC routing for thick glass-epoxy sections.

e Automated Robotic Load/Unload: Integration of articulated robotic arms and AGVs/AMRs for hands-free
panel handling and automatic box palletizing.

CONCLUSION

This study validates the vital role of CNC routing in contemporary PCB manufacturing, based on operational practices
observed at Epitome Components Private Limited. High-speed spindle mechanics, combined with rigid work-holding,
precise NC programming, and methodical quality checks, allow manufacturers to achieve the stringent tolerances
demanded by modern microelectronics. By strictly adhering to operational workflows, monitoring tool wear, and
enforcing shop-floor safety, production facilities can maintain high panel yield while minimizing scrap rates and rework
costs.
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