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Overview

What are additive manufacturing and lattice structures
Framework development

Application of the framework



Additive manufacturing is a collection of processes that build objects
layer by layer

Create digital 3D model Slice 3D model Print part layer by layer Final Part
Credit: EOS
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There are seven different AM processes that have different
benefits and limitations, but we will talk only about Laser
Powder Bed Fusion

Credit: Loughborough University Credit: Stratasys
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There are seven different AM processes that have different
benefits and limitations, but we will talk only about Laser
Powder Bed Fusion

Credit: Loughborough University Credit: Stratasys
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Additive Manufacturing enables us to produce complex geometries
that were previously infeasible or not economical
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Lattice structures, like engineered foams, are a type of cellular solid
but they are highly ordered

Unit cell

Credit: OpenStax

IWP

Credit: Metalfoam (via Wikimedia Commons)
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There are a vast number of different lattices to chose from, and even

once one is chosen, there are still many factors that impact its
performance

§§§§§§§§§§g§g§

* Cell aspect ratio
* Volume fraction/relative density

e Cell orientation
* Cell position
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The goal of our framework is to provide a structured process
for lattice design that is:

* Easy to understand, digest, and follow

* Requirement driven

* Independent of specific material and AM process

* Complete with verification and validation (V&V)

* Extensible (with different design and optimization techniques)
* Not limiting design freedom
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We saw the hierarchy in a system as an analog to the
hierarchy in a component with lattice

Component
[ System ] [ with Lattice }

Sub-System Sub-System Solid Sections Lattice
; Structure

r
o/ —
I

Component . .
{ Component ] { with Lattice ] [ Lattice Cell 1 } [ Lattice Cell 2 }

-
- -
- -

“A system is an arrangement of parts or elements that together exhibit behaviour
or meaning that the individual constituents do not” — INCOSE 2019
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Several different models for engineering design and system
engineering have been proposed, we found the System Vee to be

most adaptable to lattice design

Demonstrate and
Validate System to
User Validation Plan

Strong emphasis on:
* Hierarchy !
* Requirement flowdown T

Wmmhﬂ

Integrate System and
Perform System
Verification to
Performance
Specitications

|
Expand Performance

Assemble Cls

* |Integration
* Verification & Validation

Specltications into Ct and Perform Cl
“Design-to” Specifications Verification to Cl
“Design-10"

and Cl Verification
Plan Specifications

A

A

Fab, Assemble, and
Code 10 “Buiid-to”
Documentation

Forsberg and Mooz 1992
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The Lattice Vee Framework (LVF) draws from the Systems Vee
in some key ways and differs in others

* Planning on the left is directly related to testing on the right through V&V
* The LVF is significantly more prescriptive, and less descriptive

* The LVF acts on shorter time scales.
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The steps of the Lattice Vee Framework can be grouped into three
phases
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Assumptions for the Lattice Vee Framework

1. Material and AM process are specified
2. Component domain is of an appropriate scale (for given AM process)

3. A database of relevant lattice structure properties exists
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Component decomposition starts with the requirements from the
system level and translates them into requirements for the lattice

Component

V&YV Planning

Planning
—
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The lattice domain, lattice topology, and cells of the lattice can be defined
and checked for manufacturability based on the localized requirements

Component
V&YV Planning

attice Verification

Planning
—

* SYSTEMS
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The performance of the lattice is verified prior to integration with the
rest of the component which then undergoes verification and validation

Component
V&YV Planning

attice Verification

Planning
——

* SYSTEMS
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Minimum Factor of Safety: 1.5
Material: Inconel 718

Pressurized surfaces have defined minimum
thicknesses

Process: Laser Powder Bed Fusion

Kantareddy et al. 2016



Three relevant AM process limitations are considered in this
example

40 degrees

Arched bridging distance = 6mm s ‘
Flat bridging distance = 2mm o e

35 degrees 30degrees 25 degrees 20 degrees

Overhang angle = 40°
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The component requirements are used to define a simulation of the
loading, which will inform the lattice level requirements

10000 psi

10000 psi
10000 psi
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Based on the component requirements the domain of the lattice was
defined and a suitable lattice topology was chosen

Yield Stress vs. Volume Fraction AM@ QG
0.35

O Experimental Diamond

O Experimental FCC

O Experimental FCCZ

03f O Experimental TPMS Gyroid
O Experimental Octet-Truss

O Experimental TPMS Diamond

025

021 ] %,
| {

Yield Stress

0 0.1 0.2 0.3 0.4
Volume Fraction
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We choose a volume fraction of 12.8% based on the localized
requirements, and checked the manufacturability of the

lattice
Minimum feature size ~0.774 mn\/

Build |
Direction

- -
Gyroid unit cell at Gyroid has arches with <4{5/

w 12.8% VF overhang highlighted
i
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The lattice cell was homogenized, and the result was verified against
the localized requirements, then the lattice was integrated, and the
component analyzed

Young’s modulus response
surface normalized to bulk



The LVF provides an extensible framework for bridging system
engineering desigh methodology and lattice design/optimization
* Fits within existing engineering design methodology

* Balances prescription and extensibility

Ongoing and future work

* Generation of lattice database through experimentation and FEA for
decision making

* Developing of a toolchain demonstration for the LVF
* Applying the LVF to additional case studies
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https://www.linkedin.com/company/systemsengineeringresearchcenter/
https://twitter.com/SERC_UARC
https://www.youtube.com/channel/UCj4FvYXhmNOtjin_ToD3NWw
https://sercuarc.org/

Three different levels of iteration can occur when implementing the
LVF, including within a single step

Component
V&YV Planning

attice Verification

Planning
—
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Iteration within the LVF can force revisiting steps as far back as Lattice
Domain Definition

Component
V&YV Planning

attice Verificatio

Planning
S
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System level iteration is needed when no valid solution based on the
component requirements can be found
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Forsberg’s System Vee from Forsberg aldiooz 1992

———

mg‘r'ldematnd g::’lop

remaents, Deve

System Con and
Validation

Demonstrate and
Validate System to

User vValidation Plan

]

integrate System and

Develop System
Perlormance Specilication P@'ﬁ'rﬁ?e"m?é'r':' l.;:m
and smm Performance
Verilication Plan Specilications

1

Expand Performance Assembie Cis
Specltications into Cit and Perform ClI
“Design-to” Specilications Verification to €I
and Ci Verification ~Design-10"
Plan Specifications

Evolve “Design-to” spect
Specitications Into E'naunu-t::?'
“Bulid-to” Dacumeniallon Documentation

and Inspection Plan

Fab, Assemble, and
Code to "Buiid-to"
Documentation
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INCOSE System Vee, frofWNCOSE Sysfems Engineering Handbook
adapted from Forsberg 2005

N
N\
1
Y
b
System : — — : Solution/system
development Integration, verification, and validation planning eraltntion
Upper level P~ Upper level
system element Integration, verification, and validation planning > system element
development I realization
|
LV,and V planninj> /
Lower level Lower level
system element system element
development realization

G 1]
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System Vee model from Defense Acquisition University’fosnik2010]

Generate System-Level Accc:rding Assemble & Integrate
End Product Specification & 0 System-Level End
Verification & Validation Plans Product & Verify & Validate
“\y Flowdown Requirements . ' Transition Products
Generate Subsystem-Level End cc"lrﬂd'" Assemble & Integrate
Product Specifications & Subsystem-Level End
Verification & Validation Plans Products & Verify & Validate

e

Assemble & Integrate Next- I

e

Generate Lower-Level End

Product Specifications & Level Up End Products &
Verification & Validation Plans | Verify & Validate
\ Flowdown Requirements / Transition Products
Generate Lowest-Level End Implement Lowest-Level End
Product Specifications & Products & Do Verification &
Verification & Validation Plans Validation
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System Vee model from the Federal Highway Authority [Osborne
2005]

Verification and

Validation Operations
Concept of and
Operations Maintenance

Project Requirements System
Definition 1 and Verlyfical'ion
Architecture and Validation
Integration, _
Detailed Test, and Project
Design Verification Test and
Integration

Irnolermentaiion

>

Time
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The stage gates commonly used for project management fit within
the System Vee from Defense Acquisition University [Lightsey 2001]

System Level SFR
Design Requiremenits

System Level

Subsystems

Item Level
Design Requirements

Configuration Items

Assemblies
Components
All Design Requirements Complete
SFR = System Functional Review TRR = Test Readiness Review
PDR = Preliminary Design Review SVR = System Verification Review
CDR = Critical Design Review
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Forsberg’s full original model from Forsberg andMlooz 1991
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Iteration within the System Vee is vertical unlike in the LVF

Off-core user discussions and approvals
(in-process validation)

Are the proposed baselines acceptable?
/ -
/ Appro:vcd
/] baseline
/
/ \ Baseline verification
/ i _\\\ L, .
/ How to prove it’s built right
/oo \ Baseline being Planned
/ w ) considered verification
/|
=% ‘
.r"j
| Baselines Basclines
! | Time now to be © Ecd
: verifie
| (Vertical line) considered
/ with upward and Core of the Vee
/ downward iterations <: Plans, specifications, and
: roducts are under progressive
/ as required — P )
configuration management
Time and baseline maturity / £ £

Off-core opportunity and risk management
investigations and actions

How are the opportunities and risks of the

proposed baselines being resolved?
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