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ABSTRACT: This project focuses on optimizing the development cycle of high-performance plastic

components through integrated computer-aided engineering (CAE) and advanced injection mould tool design.
Traditional manufacturing methodologies often suffer from protracted lead times and elevated defect rates due
to a decoupling of part design from tooling constraints.
To resolve these inefficiencies, this work implements a unified framework utilizing finite element analysis
(FEA) to evaluate component structural integrity, alongside mould flow simulation software to predict melt
behavior, shrinkage, and warpage. The simulation data directly informs the tool design architecture, optimizing
critical parameters such as runner balancing, gate placement, and conformal cooling channel geometry.

Results demonstrate that embedding advanced engineering simulations prior to tool fabrication mitigates
common defects like sink marks and weld lines while significantly reducing cycle times. This integrated
approach establishes a robust, predictive methodology for manufacturing high-quality plastic components with
minimized time-to-market and lower production costs.
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predict defects like sink marks, weld lines, short
shots, and distortion virtually. This reduces physical
trials from T5-T6 to T1-T2 and cuts development
time by 40%.

2. Tooling Design
Once the part design is validated virtually, tooling

1 INTRODUCTION

Plastic components now drive design across
automotive, medical, consumer electronics,
aerospace, and EV industries. The reason is simple:
plastics deliver high strength-to-weight ratio,

corrosion resistance, design freedom for complex
geometries, and cost-effective mass production
through injection molding.

Over 50% of parts in a modern vehicle are plastic,
and that share is growing with light weighting and
electrification goals. However, designing plastic
parts is fundamentally different from metals. Plastics
shrink, warp, creep, and show anisotropy based on
fiber orientation and cooling rate. A small mistake in
wall thickness, gate location, or draft angle in CAD
becomes a costly tool modification or scrap parts
after steel is cut. Studies show 70-80% of
manufacturing cost and quality issues are locked in
during the design phase.

1. Advanced Engineering Analysis

It moves beyond basic CAD modeling. Using
CAE tools like Moldflow, Moldex3D, and Ansys,
engineers simulate filling, packing, cooling,
warpage, fiber orientation, and structural
performance before any mold is built. The goal:

© 2026 The . Published by

design translates it into a production mold. This
involves selecting parting line, gate/runner system,
cooling channel layout, ejection, and side actions.
Advanced tooling now uses conformal cooling with
3D-printed inserts, valve gate hot runners, and digital
twins to achieve cycle times <20s and tool life >1M
shots. Material selection for mold steel, surface
treatments like nitriding/PVD, and balancing multi-
cavity layouts directly impact part quality and ROL.

2 LITERATURE REVIEW

1. Simulation-Driven Design: Fill,
Cool, Warp

The backbone of modern analysis is integrated
fill-pack-cool-warp simulation. Kennedy & Zheng’s
2013 work on 3D flow solvers moved the industry
beyond 2.5D Hele-Shaw, enabling accurate
prediction in thick parts

Pack,
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and at gates. Current commercial codes like
Moldex3D, Moldflow, and Sigmasoft now couple
viscoelastic models, crystallization kinetics, and
PVT behavior to predict shrinkage and warpage
within 5-10% for unfilled resins.

Each chapter can have sub-chapters. This
template had five levels of sub-chapters. Please try
and limit yourself to these levels.

2.1.1 . Gas Management: Venting and Vacuum
Venting

Trapped gas is the root cause of burns, short shots,
weak weld lines, and surface splay. Managing it
means giving air a controlled exit before the melt
compresses it. Why Gas Gets Trapped

During fill, the melt front pushes air ahead of it.
Ideally that air exits through the parting line, ejector
pins, and vents. Gas traps form at three places: End
of fill: Last place to fill has no exit. Weld lines: Two
flow fronts meet and the air between them can’t
escape. Blind features: Deep ribs, bosses, and
corners where air gets pushed up but can’t flow back
down. When trapped air compresses from 1 bar to
>200 bar in milliseconds, temperature spikes to 300-
600°C. That’s diesel effect. It chars resin, etches
steel, and leaves brittle carbon at weld lines. With
glass-filled or flame-retardant grades the problem is
worse because the melt is viscous and off-gassing is
higher.

3 ROLE OF PLASTICS IN MODERN
MANUFACTURING

Design Freedom & Part Consolidation Complex
geometries in 1 shot: Undercuts, ribs, snap-fits,
threads, and aesthetic surfaces can be molded in a
single cycle. Metals need machining + welding +
assembly. Part integration: 20 separate metal parts —
1 plastic housing. Example: Automotive instrument
panel used to be 40+ components. Now 3-4 large
molded assemblies.

3.1 Mechanical Load & Impact

Driver: Will it see tensile, flexural, impact, or
fatigue loads?

Rule: Snap-fits, gears, latches — Engineering
plastics like POM/PA66. Covers, non-load parts —
ABS/PP is enough.

Data point: Glass-filled PA66 has 4x the stiffness
of unfilled PP.
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3.2 Service Temperature Driver:

Continuous Use Temperature CUT + peak
temp spikes.

Rule: <80°C continuous — Commodity OK.
120-150°C under-hood — PA66, PBT. >180°C
near motor — PPS, PEEK.

Gotcha: HDT # CUT. HDT is test condition.
CUT is real life with load + aging.

Chemical & Environmental Exposure

Driver: Oil, coolant, UV, hydrolysis, cleaning
agents.

Rule: Gasoline/oil contact — PA66, PPS.
Outdoor UV — ASA, UV-stabilized PC. Steam
sterilization — PEEK, PSU.PP fails with chlorine,
aromatics. PC fails with alkalis.

Dimensional Stability & Tolerance

Driver: Does part need +0.05mm or just
+0.3mm

Rule: Precision gears, optical lenses — POM, PC,
LCP. Low shrinkage + low moisture uptake. PP/PE
absorb water — dimensions change
0.5-1.5% over time. Bad for tight fits.

Electrical Properties

Driver: Insulation, CTI, dielectric strength, arc
resistance.

Rule: High voltage connectors — PBT, PPS,
LCP with high CTI >600V. Flame retardant needed
— UL94 VO grades.

EV trend: Orange high-voltage parts now use
PA66 + flame retardant + tracking resistance.

Cost, Volume & Regulations

Driver: Target part cost + annual volume +
compliance.

Rule: 10M bottles/year — PE/PP only way. 50K
automotive clips — PA66 cost is justified if it avoids
warranty claims. Regulations: Medical
— USP Class VI, FDA. Food contact —
FDA/EU10/2011. Flame — UL94, FMVSS302.
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3.2.1 Draft Analysis

Draft analysis checks if a part can eject from
the mold without dragging, scuffing, or
sticking. No draft = no part, or a scrapped tool
after T0.What Draft Is

Draft is a taper on vertical walls relative to the
pull direction of the mold. It creates clearance
the instant the mold starts to open, so the part
isn’t scraping the full height of the core or
cavity. Measured in degrees from the line of
draw. 0° means perfectly vertical. 3° means
the wall leans 3° away from the steel. Why
You Need It Ejection: Plastic shrinks onto
cores. Without draft, you’re dragging the
whole wall against steel. That increases
ejection force, breaks ejectors, and leaves
drag marks. Surface finish: Textured walls
need more draft or the texture gets torn off
during ejection. Steel gets damaged too.
Wear: Zero-draft shutoffs wear fast and flash
early. Cycle time: High ejection force =
slower press speeds, more lube, more down
time.Minimum Draft Guidelines by Material

3.2.2 Shrinkage and friction set the minimum.
Softer resins grip cores harder. PP, PE, TPE,
TPV: 0.5° minimum on smooth walls.
They’re flexible and shrink a lot, so they
release easier. ABS, HIPS, PS: 1° minimum.
More rigid, less shrink. PA6, PA66, PBT,
POM: 1-2° minimum.

Crystalline resins have higher ejection force.
Glass-filled needs more. PC, PMMA, SAN:
2° minimum. Brittle and they scratch easily.
Glass-filled grades

>30%: Add 0.5-1° to the base resin number.
Fibers raise friction and abrasion. Tight-
tolerance cores: If you have a 0.0lmm
tolerance bore, you still need draft, or you’ll
need to EDM-relieve behind the critical
section.
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3.3 Draft analysis of sample component

3.4 Parting Line

The parting line is where the core and cavity halves
of the mold meet. It’s the witness line you see on
every molded part. Where you put it drives tool
cost, part cosmetics, flash risk, and ejection. Core
Functions Separates the mold: Defines how the tool
opens so the part can be ejected. Seals the cavity:
Must shut off tight under 50-200 tons of injection
pressure to prevent flash. Vents air: Most passive
venting happens at the parting line. Sets cosmetics:
Parting line location decides where flash, mismatch,
and gate marks end up.

Types of Parting Lines

Flat Parting Line

Simplest. One plane, no steps.

Pros: Cheapest to machine, best sealing, easiest to
maintain, best for venting. Least mismatch risk.
Cons: Only works if part can be split on a single
plane. No undercuts allowed unless you add slides.
Use for: Flat parts, trays, simple housings, caps.
Stepped Parting Line

Steps up or down to follow part geometry. Avoids
cutting through critical surfaces.

Pros: Keeps parting line off cosmetic faces. Lets you
hide it in corners or behind edges.
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Cons: More expensive to machine and fit. More
edges to wear and flash. Venting gets complex
because air has to follow steps.

Use for: Cosmetic housings where you need to hide
the witness line under an edge or in a shadow.
Contoured/Curved Parting Line Follows a

3D curve on the part surface.

Pros: Best for aesthetics. Can hide completely on
styled surfaces. Required for complex shapes with
no flat split.

Cons: Expensive to cut and spot. Tough to seal
because steel fit is complex. High mismatch risk if
mold alignment shifts. Venting is hard.

Use for: Automotive interiors, consumer goods,
anything with heavy styling.

In this picture blue line indicates parting line
Where core and cavity get separated

4 Gate location

Gate location decides how the part fills, where weld
lines form, how much it warps, and what the
cosmetics look like. Get it wrong and you fight the
tool for life.What the Gate Does Controls fill
pattern: Melt flows from gate outward. First area to
fill, last area to pack. Sets pressure drop: Small gate
= high shear, high pressure. Large gate = longer
freeze time. Creates weld lines: Any time flow splits
and re-knits, you get a weld at the meeting point.
Leaves a mark: Every gate has vestige. Location
decides if you see it. Primary Rules for Gate
Placement 1. Gate into thick sections

Packing pressure only travels through molten
plastic. If you gate into a thin area and the thick area
is at the end of fill, you can’t pack it. Result
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is sink, voids, or high shrinkage in the thick
zone. Always feed the thickest nominal wall and let it
flow to thin. 2. Keep flow length short Flow length
to wall thickness ratio L/t drives pressure.
Unfilled PP, PE: L/t <200 ABS, PS: L/t <150 PA,
PBT: L/t <120 PC, PMMA: L/t

<100 Glass-filled: L/t <80 because viscosity is
higher If your part is 2mm wall and 300mm long,
you need multiple gates or you won’t fill without
extreme pressure. 3. Balance flow distances

All flow paths from gate to last-fill should be equal
length and equal flow resistance. If one path is short
and one is long, the short path fills first and packs
out while the long path is still filling. That causes
over-packing, flash, and warpage. Use flow leaders
or restrictors to balance. 4. Control weld line
location

Weld lines form where flow fronts meet. They are
20-60% weaker and are cosmetic defects. Move
them: Change gate location so welds happen in non-
structural, non-visible zones. Eliminate them: Single
gate if possible. If multi-gate is needed, use
sequential valve gates to make it one continuous
flow front. Hide them: Put welds at corners, behind
ribs, or on B-surface. Run mold flow to predict weld
lines. Don’t guess. 5. Consider air traps

Last area to fill traps air. Gate so last-fill is at the
parting line where you can vent. If last-fill is in the
middle of the part, you’ll get burns or short shots
unless you add overflow tabs or vacuum vent.

In this image gate point is located in center of the
component
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41 Mold Flow Simulation
Optimization

Mold flow simulation predicts how plastic fills,
packs, cools, and warps before you cut steel.
Process optimization uses that data to set gate
locations, cycle parameters, and tooling features so
the first shot is close to right.1. What Mold Flow
Actually Simulates

Modern 3D solvers track the full cycle:

Fill phase: Tracks melt front velocity, pressure,
shear rate, and temperature. Flags hesitation, air
traps, and race-tracking. Uses Cross-WLF or
Carreau viscosity models + PVT data.

Pack phase: After switch-over, predicts pressure
decay, mass in cavity, and volumetric shrinkage.
Compressible flow + cooling is modeled here.
Critical for sink and void prediction.

Cool phase: Transient heat transfer through steel,
water, and plastic. Outputs freeze time, AT across
cavity, and time to ejection temp.

Warp phase: Combines thermal shrinkage,
orientation, and residual stress to predict final part
shape. For GF grades it couples with fiber
orientation tensors. 2. Key Inputs You Need Right
Garbage in = garbage out. The 4 inputs that drive
accuracy:

Material data: Don’t use generic “ABS”. Use the
exact grade from the solver database or get lab-
measured rheology, PVT, thermal conductivity, and
no-flow temp. GF grades need fiber length and
aspect ratio distribution.

Process conditions: Melt temp, mold temp, injection
time, pack pressure profile, cool time. Use realistic
machine limits. Saying “1s fill” when your press can
only do 3s makes the result useless.

Gate design: Diameter, land length, and location.
Small gate = high shear heating. Wrong location =
weld lines on cosmetic face.

Cooling layout: Model all channels, baffles, and
bubblers with correct diameter and flow rate. If you
ignore cooling, warp prediction will be 50%+ off.

& Process
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Rule of thumb:

MFI Flows like Use for

2-5 Honey Thick
parts,  pipe,
sheet

10-20 Ketchup Most
injection
molded parts

30-50 Water Thin wall,
long flow
length

4.2 shrinkage

“Plastic gets smaller when it cools”
Simple meaning: Hot plastic takes more space.
As it cools in mold, it contracts.

Numbers you must know:

Material Shrinkage why
%

PP, PE 1.5-2.5% Semi-
crystalline,
crystals  pack
tighter

PA66, 1.0 - 2.0% Absorbs

PBT water = post-
mold growth
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ABS, 0.4 - 0.8% Amorphous,
PC, PS no crystals =
stable
Glass- 0.2 - 0.8% Fiber Dblocks
filled PA66 shrinkage

5 CONCLUDING REMARKS

Modern plastic component design is no longer
trial-and-error. It’s an integrated engineering
workflow where material behavior, process physics,
and tooling constraints are analyzed together before
steel is cut.Key Conclusions from Current Practice
and Literaturel. Simulation is mandatory, not
optional

Fill-pack-cool-warp analysis has matured to the
point where warpage, sink, and weld line location
can be predicted within 10-15% for most resins if
inputs are correct. For glass-filled grades, coupling
flow simulation with fiber orientation and
anisotropic mechanical mapping is the only way to
get structural FEA to match reality. Running
structural analysis on GF parts with isotropic
properties leads to non-conservative designs and
field failures. 2. Tooling design drives part
performance

Gate location, cooling layout, venting, and steel
selection are not afterthoughts. They set the
boundary conditions for the entire process. Gate
location controls orientation, weld lines, and pack.
Center gating or sequential valve gates produce the
most stable parts. Gating into thin sections
guarantees sinks. Cooling dictates cycle time and
dimensional stability. AT >10°C across the cavity
will warp parts regardless of pack pressure.
Conformal cooling is justified when volume >250k
or cycle reduction >15%. Venting prevents diesel
effect and weak welds. Passive vents must be sized
to the resin and GF content, not rules of thumb.
Vacuum venting is now standard for optics and
high-GF  structural parts. Steel and surface
treatment set tool life. P20 is not acceptable for
>30% GF. Use
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1.2343/1.2344 H13 at 50-52 HRC with TiAIN
on gates for abrasion.
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