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ABSTRACT 

Printed Circuit Boards (PCBs) constitute the core structural and inter-connective backbone of modern electronic 

systems. This review paper examines mechanical panel processing—specifically Computer Numerical Control (CNC) 

routing—within PCB fabrication workflows, drawing on industrial practices and defect data associated with Epitome 

Components Private Limited (Ahmednagar, Maharashtra). The study synthesizes operational methodologies across 

single-sided, double-sided, and High-Frequency/RF PCB fabrications. Critical processing parameters—including 

spindle velocity, feed rates, tool deflection, and datum registration—are analyzed alongside common mechanical failure 

modes such as routing shifts, slot dimension variances, and edge burring. Standardized quality control frameworks, 

Pokayoke (mistake-proofing) jigs, and preventive maintenance regimes are evaluated to establish actionable protocols 

for optimizing dimensional accuracy and yield. 

Keywords: PCB manufacturing, CNC routing, quality control, defect analysis, panel processing, poka-yoke, Epitome 

Components. 

 

I. INTRODUCTION 

The global electronics manufacturing industry relies heavily on high-precision Printed Circuit Board (PCB) fabrication. 

While chemical etching, photolithography, and electroplating define electrical connectivity, mechanical processes 

determine the physical tolerances, panel separation, and structural profiles of the final product. 

Among mechanical operations, CNC routing is critical for profile extraction, internal cutout formation, and breakaway 

tab creation. Because routing occurs late in the manufacturing sequence—often after high-value plating and surface 

finishing—routing errors risk scrapping fully populated or fully processed multi-board panels. 

This paper reviews the CNC routing phase within PCB manufacturing workflows using technical literature and public 

manufacturing disclosures from Epitome Components Private Limited. Incorporated in 1994 in Ahmednagar, 

Maharashtra, Epitome Components produces single-sided, double-sided, and RF printed circuit boards. This study 

analyzes technical parameters, common defects, root-cause methodologies, and preventive quality systems applied in 

high-throughput PCB panel processing. 

 

II. LITERATURE REVIEW & TECHNICAL BACKGROUND 

A. Mechanics of PCB CNC Routing 

CNC routing in PCB manufacturing is a high-speed peripheral milling process where solid carbide endmills or router 

bits remove material along a pre-programmed path (G-code/Gerber profile). Unlike metal milling, PCB routing involves 

heterogeneous composite materials—typically FR-4 (glass-reinforced epoxy), CEM-1, or high-frequency PTFE 

laminates—which induce distinct abrasive tool wear patterns. 
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Key operational variables governing profile accuracy include: 

● Spindle Speed (N): Typically ranges from 20,000 to 60,000 RPM to maintain high surface cutting speed 

on small-diameter tools (0.8 mm to 2.4 mm). 

● Feed Rate (f_r): The linear velocity of tool movement; incorrect feed-to-speed ratios cause excessive 

friction, chip clogging, or tool breakages. 

● Depth of Cut (d_c): Often executed in single or multi-pass profiles depending on panel stack height. 

● Chip Load (f_z): The thickness of material removed per cutting edge, influencing thermal dissipation 

and edge burr formation. 

B. Structural Classification of Product Lines 

1. Single-Sided PCBs: Substrates requiring simple outer profile routing and basic non-plated through-hole 

(NPTH) slots. 

2. Double-Sided PCBs: Requiring precise top-to-bottom layer registration to ensure mechanical features 

align with inner circuit traces and pads. 

3. RF / High-Frequency PCBs: Substrates (e.g., PTFE/Taconic/Rogers) requiring strict dimensional 

tolerance control to prevent dielectric disturbance along board edges. 

 

III. Panel Fabrication and CNC Workflow Analysis 

A typical PCB fabrication lifecycle follows a rigorous sequential workflow where mechanical panel processing acts as 

a bridge between surface finishing and final inspection. 

[Raw Substrate Preparation] ──► [Imaging & Etching] ──► [Drilling & Plating] 

                                                               

[Final Inspection & QA] ◄── [CNC Routing / Profiling] ◄── [Solder Mask & Finish] 

 

A. Panelization and Registration 

To maximize throughput, individual circuit boards are arranged onto standardized master panels. Panelization relies on 

tooling holes and registration pins to maintain fixed spatial coordinates across multi-station processing. Misalignment 

during panel loading directly propagates as dimensional drift during the routing phase. 

B. Machine Tooling and Setup Dynamics 

Before executing routing operations, machine parameters must be validated: 

● Program Revision Verification: Ensuring NC routing files match the updated Gerber drawing revisions 

to avoid path deviations. 

● Tool Condition Assessment: Inspecting carbide routers for flute wear, micro-chipping, or resin buildup. 

● Vacuum and Extraction Check: Maintaining high static pressure dust extraction to remove abrasive 

glass-epoxy debris during cutting. 

 

IV. DEFECT CLASSIFICATION AND ROOT-CAUSE ANALYSIS 

Industrial routing logs show that mechanical failures typically stem from tool breakdown, thermal degradation, or 

fixturing instability. 
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TABLE I: Comprehensive Matrix of Routing Defects, Root Causes, and Mitigations 

Defect Mode Physical 

Manifestation 

Primary Root 

Cause 

Corrective & 

Preventative Action 

Routing Shift Axis offset along 

board edge/profile 

Panel movement 

during cutting; 

improper fixture pin 

alignment 

Upgrade registration jigs; 

re-zero machine datums; 

mandate first-piece 

approval. 

Missing NPTH 

Slot 

Intended internal 

slot or cutout is 

unrouted 

Tool breakage mid-

cycle; missing block 

code in program 

Implement broken-tool 

sensors; integrate optical 

detection pins on jigs. 

Undersized 

Feature 

Internal slots or 

cutouts below lower 

tolerance limit 

Flute wear on router 

bit; incorrect cutter 

compensation offset 

Institute strict tool-life 

limits; perform pre-

operational tool diameter 

checks. 

Oversized Feature Cutout exceeds 

upper engineering 

tolerance limit 

Tool spindle runout; 

incorrect tool 

installation diameter 

Verify spindle runout 

tolerances; cross-check 

tool diameter via optical 

setters. 

Edge Burring / 

Delamination 

Fiber glass 

protrusion or copper 

lip tearing 

Dull router bits; 

excessive feed rate 

causing thermal 

degradation 

Optimize feed-to-speed 

ratios; replace worn 

tooling proactively. 

 

A. Diagnostic Analysis: The Broken Tool Failure Mode 

A critical failure mode identified in production environments is tool breakage during internal slot processing. If a small-

diameter router breaks while cutting a non-plated through-hole (NPTH) slot, the machine may complete the outer 

contour without throwing a system alarm, yielding panels missing critical mechanical cutouts. 

● Immediate Root Cause: Fatigue failure of the carbide router caused by resin loading or excessive chip 

pressure. 

● Systemic Cause: Absence of real-time tool integrity monitoring or post-routing optical sensing. 

● Corrective Engineering: Implementation of Poka-Yoke (Mistake-Proofing) jigs fitted with physical 

micro-switches or optical sensors that confirm slot penetration before panel unloading. 

 

V. QUALITY CONTROL PROTOCOLS AND OPERATIONAL SAFETY 

Quality assurance in PCB panel processing depends on shifting from reactive inspection to proactive process control.  

Pre-Operational Setup Verification 

• Gerber/NC file revision match  

• Spindle runout and tool diameter optical check  

First-Piece Inspection (FPI)  

• 100% optical and CMM profile check 

• Slot width and datum shift verification  
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In-Line Batch Monitoring 

• Automated tool-life tracking  

• Poka-yoke jig detection for slot completion  

 

A. Quality Assurance Protocols 

1. First-Piece Inspection (FPI): Validating the first routed panel from every batch on a Coordinate 

Measuring Machine (CMM) or optical measuring projector before releasing the lot. 

2. Tool-Life Management (TLM): Establishing strict distance-based or hit-count limits (e.g., maximum 

linear meters routed per bit) rather than running tools to failure. 

3. Traceability Controls: Enforcing strict revision tags linking physical routing fixtures directly to digital 

CAD/CAM files. 

B. Environmental Health and Safety (EHS) 

CNC routing generates fine FR-4 glass-epoxy dust, which poses respiratory risks and machine abrasion hazards. 

Recommended safety measures include: 

● Closed-loop high-efficiency particulate air (HEPA) dust extraction. 

● Interlocked machine enclosures to prevent contact with high-speed spindles. 

● Mandatory personal protective equipment (PPE) during manual tool changes and fixture setups. 

 

VI. DISCUSSION & INDUSTRIAL INSIGHTS 

The technical findings highlight that mechanical routing—often viewed merely as an auxiliary cutting step—acts as a 

primary determinant of final PCB yield. Because panelization packs dozens of individual circuit images onto a single 

substrate, a single routing parameter drift (such as datum offset) invalidates the entire panel, destroying value 

accumulated across previous imaging, plating, and etching steps. 

Implementing disciplined setup verification, automated tool monitoring, and physical Poka-Yoke detection methods 

significantly lowers scrap rates and reduces total manufacturing costs. 

 

VII. CONCLUSION AND RECOMMENDATIONS 

A. Key Findings 

● CNC routing accuracy depends on the interlocked control of machine parameters, tooling condition, 

program versioning, and panel registration. 

● Intermittent routing defects like missing slots or edge burring are preventable through automated tool-

breakage detection and standardized preventive maintenance. 

● Structured first-piece approval procedures prevent recurring systemic errors across high-volume panel 

runs. 

B. Technical Recommendations 

1. Integrate automatic tool-breakage detection sensors across all high-speed CNC routing heads. 

2. Implement standardized setup checklists requiring dual sign-offs (Operator + QA Lead) before batch 

execution. 

3. Apply mistake-proofing (Poka-Yoke) physical pin sensors to downstream inspection fixtures. 

4. Transition from reactive tool replacement to predictive tool-life tracking based on cut distance. 
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Appendix A: Operational Execution Checklist 

TABLE II: Daily Operational and Quality Control Checklist 

Inspection Domain Specific Verification Point Acceptance Criteria 

Machine Spindle Spindle runout, collet 

cleanliness, static pressure 

Runout $< 5\,\mu\text{m}$; zero 

resin build-up on collet. 

Tooling Diameter, flute sharpness, 

carbide condition 

Matches program specification; zero 

micro-chipping. 

Software/NC File File revision ID, depth offsets, 

feed rates 

Matches master traveler document 

revision. 

Fixture / Vacuum Registration pin wear, vacuum 

pull strength 

Zero axial play in pins; gauge within 

green operating zone. 

First Output Profile dimensions, slot 

presence, edge quality 

100% compliant with optical 

comparator print specifications. 
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