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ABSTRACT

Computer Numerical Control (CNC) routing constitutes a critical sub-process in modern panel processing, enabling
high-precision profile cutting, pocketing, drilling, and trimming across composite and metallic sheet materials. This
paper presents a systematic review of CNC routing mechanics, toolpath optimization, parameter control, and quality
assurance workflows, referencing industrial practices associated with Epitome Components Pvt. Ltd. The study
evaluates critical operational factors—including spindle speed (§NS$), feed rate ($f r$), depth of cut ($d_c$), and chip
load ($f _z$)—and their direct influence on dimensional accuracy, surface roughness ($R_a$), and tool wear dynamics.
Furthermore, failure modes in panel cutting are analyzed alongside mitigation strategies, such as material nesting, Poka-
Yoke fixturing, and structured inspection protocols.

Keywords—CNC Routing, Panel Cutting, Manufacturing Quality Control, Toolpath Optimization, Industrial Safety,
Epitome Components.

I. INTRODUCTION

Modern discrete manufacturing relies heavily on automated Computer Numerical Control (CNC) systems to deliver
repeatable, high-precision machining operations. Within panel-processing applications, CNC routers perform intricate
mechanical profiling, pocketing, hole generation, and edge trimming. Unlike conventional metal milling, panel cutting
frequently deals with heterogeneous, layered, or thin-sheet substrates where tool deflection, thermal build-up, and
material vibration significantly impact edge quality and dimensional tolerances.

This review paper analyzes the full engineering workflow of CNC panel processing, from digital Computer-Aided
Design (CAD) / Computer-Aided Manufacturing (CAM) conversion to final quality inspection. Using the industrial
setting of Epitome Components Pvt. Ltd. as a practical point of reference, this paper synthesizes core machining
principles, parametric relationships, defect modes, and workplace safety frameworks to establish baseline standards for
industrial CNC router deployment.

II. WORKING PRINCIPLE AND OPERATIONAL DYNAMICS
[CAD / Gerber Geometry] —» [CAM Toolpath Generation] —» [G-Code Translation]

[Quality Inspection & QA] «4— [CNC Routing Operation] €4— [Setup & Zeroing]

CNC routing is a high-speed material removal process governed by multi-axis numerical control. Digital geometric data
created in CAD software is translated via CAM post-processors into G-code/M-code instructions that govern machine
axis movements, spindle speeds, and auxiliary commands.

A. Core Operational Categories
In industrial panel manufacturing, CNC routing encompasses five primary operations:

1. Profile Cutting: Executing full-contour perimeter cuts to separate finished components from master
panels.
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2. Pocketing: Removing enclosed boundary areas to a specified depth (d_c) to create structural recesses.
3. Drilling: Interpolating or plunging through-holes and blind holes at specified spatial coordinates.
4. Trimming: Peripheral finishing passes designed to remove burrs and correct edge dimensional
deviations.
5. Engraving: High-speed shallow tracing for component identification and trace marking.

III. PARAMETRIC CONTROL AND TOOL SELECTION
Achieving optimal surface topography and tight dimensional tolerances depends on precise control over cutting

parameters and cutter selection.

A. Cutting Parameters Mathematics
The primary variables governing material removal rate (MRR) and thermal dissipation are defined as follows:

° Spindle Velocity (N): Rotary speed of the router spindle (RPM), typically operating at high ranges
(12,000 - 30,000 RPM).
° Feed Rate (f_r): Linear travel speed of the cutter ($\text{mm/min}$).
° Chip Load (f_z): Material thickness removed per tooth per revolution:
fr

f: N %z
(where z represents the number of cutting flutes).
° Depth of Cut (d_c): Axial engagement depth per pass.

If $f r$ is excessively high relative to $N$, the chip load exceeds the breaking strength of the cutter, leading to tool
fracture and micro-chipping along panel edges. Conversely, insufficient feed rates lead to friction-induced thermal
degradation and workpiece burning.

B. Cutting Tool Geometry
Tool geometry plays a central role in chip evacuation and edge quality:

° Straight Cutters: Standard dual-flute endmills for neutral material force.

° Up-Cut Routers: Pull chips upward; excellent for chip evacuation, but risk causing top-surface burs or
material lifting.

° Down-Cut Routers: Force chips downward, ensuring clean top surfaces; optimal for thin sheet material
under vacuum clamping.

° Compression Cutters: Combine up-cut and down-cut flutes to yield burr-free top and bottom laminate

edges during profile routing.

IV. MATERIAL UTILIZATION AND NESTING MECHANICS

Panel-processing productivity is directly tied to yield optimization. Raw panel stock must be utilized efficiently to
minimize scrap rates.

| Master Panel Sheet |
| |Part A | | Part A | | Part B |
| |PartC| |PartD| |

| [Unused Scrap Area] |
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A. Nesting Rules for Maximizing Yield

1. Inter-Part Spacing: Maintain a distance equal to at least 1.5 times the router cutter diameter (D) to
avoid panel collapse during perimeter profiling.

2. Grain and Substrate Alignment: Align parts according to substrate fiber or grain direction when
structural strength is critical.

3. Clamping Margin Constraints: Reserve outer panel perimeters for mechanical clamps or vacuum seal
boundaries.

V.DEFECT ANALYSIS AND QUALITY CONTROL PROTOCOLS

Quality assurance in panel cutting involves continuous verification of dimensional features against engineering

drawings.

TABLE I: Matrix of Routing Failure Modes, Influencing Factors, and Controls

Defect /| Physical Root Cause Engineering
Failure Mode Manifestation Mitigations
Dimensional Profile or hole | Panel movement | Improve
Shift locations offset from | during cutting; | vacuum/fixture
drawing datums. improper machine | clamping; verify
zeroing. datum zero prior to
cycle execution.
Severe Burr / | Frayedlaminate edges, | Worn tool flutes; | Enforce tool life
Chipping top/bottom surface | incorrect feed-to- | limits; switch to
tears. speed ratio (f_z). compression  tooling
geometries.
Feature Pockets/slots narrower | Cutter diameter wear; | Apply cutter radius
Undersizing than specified | uncompensated tool | compensation
tolerances. deflection. (G41/G42);  replace
worn bits.
Material Thermal discoloration | Low feed rate; chipre- | Increase f r; clean
Burn Marks along the cut path. cutting due to poor | vacuum extraction
extraction. manifolds.

VI. ENVIRONMENTAL HEALTH, SAFETY, AND MAINTENANCE

A. Operational Safety Standards
Given the high rotary speeds and axis movements, operators must adhere to strict safety protocols:

° Interlocking Enclosures: Ensure physical guards and emergency-stop circuits are fully operational
prior to spindle activation.

° Workpiece Integrity Verification: Confirm vacuum pressure or mechanical clamping force before
cycle start to prevent panel ejection.

° Personal Protective Equipment (PPE): Mandatory use of eye, ear, and dust protection.

° Zero-Motion Maintenance: Enforce lockout/tagout (LOTO) protocols during manual tool changes or

chip clearing.

B. Preventive Maintenance Regimen

1. Daily: Clean machine bed, inspect spindle collets for resin accumulation, and check pneumatic
pressures.
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2. Weekly: Lubricate linear guide rails and ball screws; inspect vacuum seals and dust extraction filters.

3. Monthly: Validate axis perpendicularity, check belt tension, and run calibration test patterns.

VII. PRODUCTIVITY ENHANCEMENT FRAMEWORK

To eliminate non-value-added time and prevent batch errors, industrial manufacturing facilities utilize standardized setup

checklists.

TABLE II: Industrial Standard Operating Checklist for CNC Panel Processing

Sequence Stage

Inspection Parameters

Pass/Fail Criteria

collet torque.

1. Pre-Setup Drawing revision, material sheet | Gerber/NC file matches
thickness, program ID. production traveler.
2. Tooling Cutter diameter, flute sharpness, | Zero visible chipping; torque

applied to spec.

3. Machine Zero

Work Coordinate System (WCS)
X 0,Y_0,Z 0 offsets.

Verified against physical corner
reference/pins.

4. Dry Run Air-cutting execution above panel | No axis overtravel or clamp
plane. collision paths.

5. First-Piece | CMM / Vernier dimensional | All critical dimensions within

Inspection check of output #1. engineering tolerances.

VIII. CONCLUSION AND RECOMMENDATIONS

A. Synthesis of Findings

CNC routing quality is determined by the inter-dependency of programming, parameters, tooling condition, and fixturing

stability. Systematic control over cutting speed, feed rate, and nesting strategy directly improves material utilization and
surface finish while extending tool life.

B. Recommendations for Manufacturing Optimization

1. Implement Automated Tool Tracking: Shift from reactive tool replacement to predictive tool-life

tracking based on

total linear meters cut.

2. Standardize First-Piece Approvals: Mandate 100% dimensional verification of the initial component
before releasing batch production.
3. Integrate Poka-Yoke Fixturing: Utilize alignment pins and sensor-based holding systems to eliminate
registration shifts.
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