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Abstract

In recent years, topology optimization has become a popular tool in automotive, aerospace and defense
industries tayenerataovelclean slate designs. The masbvdern of these tools is muttiaterial topology
optimizationwhich is capable of simultaneously distributing material and selecting the optimum material
within a design domainrHowever,a shortcomingdf this method is that icannot consider the practical

joining of the inherently muktomponent solutions. Since optimal joint design is dependent on optimal
component design (and vice verdt)s argued that these aspects must be considered together to generate
truly optimummulti-material designs. Thignhitation is addressed through muttiaterial and multjoint

topology optimization (MM/MJ TO) which cagenerate optimagbint distribution and selection at the
boundary ofdissimilar materiad. Two differentgradientbasedtopology optimizationmethodswill be
presented which allow for 3D MM/MJ TO structural desigiese are included in the form of two

manuscripts.

The first manuscriptexpands on the current statkthe-art MM/MJ TO algorithmand investigates its
efficacy in solving 3D problem# new concept of tooling accessibility constraints will be introdutted
has yet to be discussed in literatufdnis constraintlimits the existence ofvelded jointsin tooling
inaccessible regions ensure manufacturabilitithe capabilities of the algorithmere demonstrated with
three academic complexity 3D numerical examples. Through this, ¥aras found that the algorithm
required prohibitively large computational cost while producingautimal solutionsWhile this method
was the first to achieve MNMJ TO, it was found to havémited scalability to complex industigriven

design problems.

The secondnanuscripintroduces a novel interpolation scheme for performing coupled MM/M@/HfiCh
addesseprevious limitationsBy removing the need to decouplM and MJ TQ thealgorithmcan solve
a new set of physically meaningfuloblem statementshile alsoreducingcomputational timeUnlike the

previous methodhe new interpolation schene@abés the material interface to morphuscaptuing the
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mutualdependency of component and joint designrough four numerical examplabese capabilities

are demonstrated on both academic and high complexity 3D problems.
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Mathematical Notation
Unless otherwise noted, the following mathematical notation will be ussdbidquationsAn overview of

the vector notatin used in thislocument is provided below

Description of Vector Notation Example Meaning
Greekand Latin characters no und¢itde AaG,r Scalarvalues
AX), a(x),a(x) 1 (x i i
BoldedGreek and Latin characters 0. ax) ~(~) +(x) Functlon'(rank will be
A a,l | given)
Lowercase Greek and Laticharacters with ar
X cd Vectors
undertilde
Upper(_:aseGreek and_atin characters with G,G Tensors
undertilde
. . d _d d . d Identifiesindependent
Singlesuperscript BB vector or tensor field

Unless otherwise specified, superscripts are not exponents. If an exponent is usegliatian it will be
explicitly defined.ln some cases, it may be useful to represent a term in index notation rather than vector

notaion. The two notations will be used interchangeably throughout the thesis. Index notation terms will

have the following maning:

Description of Index Notation Example Meaning
Bolded Greek and Laticharacters no ~ Function (rank will be
: Ae! e, Ug, ¢ :
undertilde given)
Singlesubscript A ag, Gy 7 Vectors
Multiple subscript Asiv agis Ggj, 7 g Matrix
. . . . aA ada & a Summatioryielding a
Singlesubscript with summation e
e e e e scalar
Multiple subscript with summin a Peis ,aaEi’ , &ei , gl | Summation/ielaing a
i i i i vector
. . d _d d d Identifiesindependent
Singlesuperscript A8 Ge Ie vector or tensor field

When the above notation is used, s@erscript and subscrigalues and their meaning will be de#d. It
is important to note thauperscripts used to identify multiple independent variables which have the same

meaning but do not depend on each other. For example, the design variable fields will be defined as

rt, 7, %rand * in vector mtation or equivalently asr;t, £, Fand 2. Subscripts typically

XVviii



MM/MJ TO of 3D Structures by Vlad A. Florea

identify an index within the variable. For examplerg1 is avector of length N then the subscript e will

identify the entry in the vector such thet1,2, 3 ...,N. If the mathematics preated deviates from these

conventions it will be explicitly defined.

AfiHat so will be often applied to variables to modif

previously described notati. Commonly used modifiers are described below:

Examplei Hat s Meaning
Optimization constraint
limit

3 Variable after sensitivity
filtering

~ Variable after Heaviside

projection

= Variableafter thinning

operation

o

XiX
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List of Abbreviations

This section includes a list off all abbreviations used in thisaextell as a description of their meaning.

Meaning Abbreviation
The !\Igtlonz_al Highway raffic Safety NHTSA
Administration

Environmental Protection Industry EPA
Corporate Average Fuel Economy CAFE
Electric Vehicles EVs
Topology Optimization TO
Multi-Material Topology Optimization MMTO
SingleMaterial Topology Optimization SMTO
Multi-JointTopology Optimization MJTO
Mulfu -I_\/Iatgnal and MultiJoint Topology MM/MJ TO
Optimization

Finite Element Analysis FEA
Finite Element FE
Finite Element Method FEM
Convex Linearization Optimizer CONLIN
Design Variable DV
Solid Isotropic Materialith Penalization SIMP
Ratlona_l Approximation of Material RAMP
Properties

Noise Vibration Harshness NVH
Method of Moving Asymptotes MMA
MesserschmitBélkow-Blohm Beam MBB

XX
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Iteration lter.
Discrete MateriaDptimization DMO
Tool Command Language TCL

Minimum compliance problem statement
subject to mass fraction constraint

Bi-objective cost and compliance problem .
. : Min. Cost
statement subject to mass fraction constra

Minimum compliance problenstatement
subject to cost and mass fracticonstraints

Min. Comp.

Cost Const.

XXi
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List of Symbols

Presentedni this sectionare the variables and symbols usedthis document. They are separated by
chapters and are listed in the orderwhich they appear Symbols with similar meanings are gredp
together.It is important to note that the meaning of variables may change slightly between chapters
Variables are also described in context whely firest appearVariables and symbols will be shown in

equivalentndex and vector notation if applidab

Some variableésuch asE(f ] )) are functions of one or more design variable fiejds Depending on the

contet, the same variable may be a function of different fieldghis is the case, the variabldlMbe
described in a general form. The reader should refer to the text where the varigbbelisedn order to

determine which of the fields are usedhattparicular context

Chapter 2 Variables

Description Variable Rank
Design variable vector.uBscripte identifies the element withil X, % Vector
the vector.
Objective function which is a function of the design variables.  J(X), J(%) Scalar
Inequality constraint which is a functiof the design variable: i(x) d (%) Scalar
Multiple independent constraints are identified by index g% 9%
Equality constraint which is a function of the design variak j i
Multiple independent constraints are identified by index h'(x). h"Oe) Scalar
Objective function which is a function of the design vaeabT his
represents thié" objective function and is used in muttbjective  f (%), (%) Scalar
optimization.

. . . . . . h
Objective function weighting factorThis represents the' W, Scalar

weighting factor and is used in mudtbjective optimization

XXii
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Description Variable Rank
Pseudedensities which are the design variables in topol ror Vector
optimization. Subscripé identifies the elememtithin the vector. ~®
Objective function which is a function of the topolo 3r), I g) Scalar
optimizationpseudedensitydesign variables. =

H th G . .
Vector of interpol aet"element dhiss E({J)’ E( ) Vector

a function of thg" design variable fields.

Vector of interpolated mass for te8element. This is a functio

i j
of thej™ design variable fields. W), We( £) Vector

N o mi na I Yo ungo s eridMoAd(stiffest sstrudtuca EA Scalar
material).

Nomi nal Youngds Mo teast stiftstruétuvat £B Scalar
material).

Nomlr_wal physical density for Material A (stiffest structu SA Scalar
material)

Nomlnd physical density for Material Bldast stiff structural /B Scalar
materia)

Vector of finite element volumes for tie element. n, q Vector
Penalization factoused in SIMP interpolation scheme. p Scalar
Compliance objective function. This is a function of the de¢ C(r), C( g) Scalar
variables. -

Global stiffness matrix for finite element model. It is a functior K(r), K( ¢) Tensor

the design variables.
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Description Variable Rank
Vector of nodal displacements from finite element analysis. u Vector
Vector of forces and moments applied to degrees of freedom f Vector
Mass faction limit Defines the limit for themass fraction W Scalar
constraint.

Filtering radius used in sensitivity filtering. Tmin Scalar
Vector of objective function sensitivities. Partial derivative of ud

objective function taken with respects ttee f" design variable —— Vector
value. W

Vector of filtered objective function sensitivities. Partial derivat uJ

of the objective function taken with respects to #iedesign — Vector
variable alue. He

Vector of weighting factors used in sensitivity filtering. Hy Vector
Pseudedensities which are the design variables in topol _

optimization. Subscripé identifies the element within the vectc rl, ¢ Vector
Superscriptdentifies the independent design variable vector.
Chapter 3 Variables

Description Variable Rank
Pseudedensities which are the design variables in topol _ _
optimization.Subscripte identifies the element within the vectc rt, ¢ Vector
Superscriptdentifies the independent design variable vector.

Structural material existence design variable vector. Subseri AA Vector
identifies the element within the vector. AR

Structural material selection design variable vector. Subseri 2 2

re, g Vector

identifies the element within the vector.

XXV
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Description Variable Rank

Joint material existence design variable vector. Subsaif ik R Vector
identifies the element within the vector. £ &

Joint material selection design variable vector. Subsceip 4 4

identifies the element within the vector. r & Vector
Values used to initializevery entry in te 7! designvariable . Scalar
vector. DV initialization typically occurs in the first iteration. &

]Ei)ek?JdeSCtlve function which is a function of th& design variable J(fj)’ 3 éj) Scalar

Inequality constraint which is a function of tffedesign variable

i(riy d¢/
fields. Multiple independent constraints are identifiedruexi. 9 (f ) d(€) Scalar

Vector of inter pol a¢"element. dhisris

j j
a function of tlej" design variable fields. E(f ) Be( &) Vector

Vector of interpolated mass for te8 element. This is a fiction

i j
of thej™design variable fields. W), We( £) Vector

Nomi nal Youngods Modul us cthral A Scalar
material). E

Nomi nal Youngd6s Mo teast stifsstru¢tuvatl B

materia). E Scalar
Nominal physical density for Material A (stiffest structu SA Scalar
material).

Nominal physical density for Material Begst stiff structural /B Scalar
materia).

Nomi nal Youngds Modulus for EC Scalar
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Description Variable Rank
Nomi nal Youngo6s Mo d ledsu stiff jdinb D

material). E Scalar
Nominal physical density for Material A (stiffejoint material). r¢ Scalar
Nominal physical density for Material Be@st stiff pint material). /D Scalar
The cost per unit volume of joint type C. QC Scalar
The cost peunit volume of joint type D. QD Scalar
Vector of finite element volumes for tie element. n, g Vector
Penalization factor used in SIMP interpolation scheme. p Scalar

S;?;EIIE?i(eelggjective function. This is a function of tfisdesign C(f i ), C( éj ) Scalar
Sfl(t)r?e?jlt'féliggiZisvr;]r?;rli))l(ef%re]lcidnsi,t.e element model. This is a funci K(l:j), K( éj) Tensor
Vector of nodal displacements from finite element analysis. u Vector
Vector of forces and aments applied to degrees of freedom. f Vector
Mass fraction limit Defines the limit for the mass fractic W Scalar

constrant.
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Description Variable Rank
Joint cost objective which is a function of the joint des
variables. This definition of the function is only for the fi  Q(r3, #) Scalar
manuscript. T
Multi-objective weighting factors usex ihe first manuscript. btand B Scalar
Compliance constraint limit used in relaxed compliance constr C Scalar
Compliance relaxation factor used in relaxed complia

; a Scalar
constraint.
Vector of Youngod6s modul us s uE,
objective function taken with respects to #fedesign variable — Vector
value of thg™ design variable field. e
Vector of mass fraction constrainufiction sensvities. Partial ugt
derivative of theconstraintfunction taken with respects to te& — Vector
design variable value of t8 design variable field. We
Vector of mass fraction constraint function sensitivities. Rér ugt
derivative of theconstraintfunction taken with respects to to® — Vector
designcell value of thg™ design variable field. We
Vector of elaxed complianceconstraint function sensitivities ugz
Partial derivative of theonstaint function taken with respects 1 = Vector
the €" design variable value of tf8 design variable field. We
Vector of elaxed complianceconstraint function sensitivities ugz
Partial derivative of theonstraintfunction taken wit respects tc = Vector
the c" designcell value of thg™ design variable field. e
Vector of compliance function sensitivities. Partial derivative uC
the objective function taken with respects tofthdesign variable 3 Vector
value ofthej™ design variable field. H't
Vector of design cell sensitivities (sum of element sensitivit uc
Partial derivative of the objective function taken with respect — Vector
the ¢ design variable value of th& design variale field. c
Vector of filtered comliance function sensitivities. Parti ucC
derivative of the objective function taken with respects tofth I Vector
design variable value of th& design variable field. We
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Description Variable Rank
Vector of cost function sensitivities. Partial derivative of uQ

objective function taken with respects to #fedesign variable — Vector
value of thg™ design variable field. We

Vector of filtered cost function seitigities. Patial derivative of Te)

the objective function taken with respects todfidesign variable — Vector
value of thg™ design variable field. We

Element stiffness matrix for tré' element. Ke Tersor
Vector of nodal displacements for teéelement. Ug Vector
Filtering radius used in sensitivity filtering. r Scalar
Vector of weighting factors used in sensitivity filtering. Hy Vector
Interlaminar stresses in tension normal to the interface plane. styy Scalar
Interlaminar stresses in compression normal to the interface scyy Scalar
Shearstresses on interface plane. Lyx Scalar
Shear stresses on interface plane. Ly, Scalar
Interlaminar tensile strength of adhesive bond. Zt Scalar
Interlaminar compressivarength of adhesive bond. Z° Scalar
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Description Variable Rank

Shear strength of adhesive bond. ZS Scalar

Adhesive bond failureriterialimit. €max Scalar
Chapter 4 Variables

Description Variable Rank

Pseudedensities which are the design vaies in topology _ _
optimization. Subscripe identifies the element within the vectc rl, ¢ Vector
Superscriptdentifies the independent design variable vector. -

Structural material existence design varialdetor. Subscripe 14

identifies the element within the vector. Tk Vector
Structural material selection design variable vector. Subseri| F2 2 Vector
identifies the element within the vector [k
Joint material existence design variable vector. Subsceir P I Vector
identifies the element within the vector. [ &
Joint material selection design variable vector. Srps e 4 64 Vector

identifies the element within the vector. ~

Objective function which is a function of th# design variable J(rj)

|
fields. JCE) Scalar

Inequality constraint which is function of thej™" design variable g (fj ), d(d) Scalar

fields. Multiple independent constraints are identified by irndex

Vector of interpol ad"@eienY dhisise

j j
function of thg™ design variable fields. E(f ). EC¢) Vector

Vector of interpolated mass for tB€element. This is a function

j i
thej" design variable fields. W5, W €) Vector
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Description Variable Rank
Nomi nal Youngo6s Modulus fol A Scalar
material). E

Nomi nal Youngds Mo deast stif§struttaral B

materia). E Scalar
Nominal physical density for Material A (stiffest structu A

material). r Scalar
Nominal physial density for Material B l¢ast stiff structural

materia). P ’ ¢ re Scalar
Nomi nal Youngos Mo d (lebst stiff jdind c

material). E Scalar
Nomi nal Youngos Mo d uebst stiff jdind D Scalar
material). E

Nominal physical density for Material A (stiffest joint material). r¢ Scalar
Nominal physical density for Material Be@st stiffjoint material). /D Scdar
The cost per unit volume of joint type C. qC Scalar
The cost per unit volume of joint type D. qD Scalar
Vector of finite element volumes for tie element. n, a Vector
Peralization factor used in SIMP interpolation scheme. P Scalar
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Description Variable Rank
Compliance objective function. This is a function of fAdesign i i
variable fields. C("). Cle) Scalar
Total cost of joints in the design. This isumétion of thg™ design .
variable fields. U Ce) Scalar
Interpolated cost of the"joint. This is a function of thg"design j
variable fields. Q(re) Vector
Global stiffness matrix for finite element modehi§ is a function i i
of thej" design variable fields. K(77). KC €) Tensor
Vector of nodal displacements from finite element analysis. u Vector
Vector of forces and moments applied to degrees of freedom. f Vector
Mass fraction limit Defines the limit for the masg$raction W Scalar
constraint.
Vector of objective function sensitivities. Partial derivative of
objective function taken with respects to tffedesign variable KJ
. L . i Vector

value. Partial derivatives are calculated independently for W
design variable fielgl
Vector of filtered objective function sensitivities. Partial derivat -
of the objective function taken with respedo thee" design pJ

. . L . - Vector
variable value. Partial derivatives are calculated independent| W/
each design variable fieJd
Vector of compliance objective function sensitivitie®artial uC
derivative of thecompliancefunctiontaken with respects to the& — Vector
designvariablevalue of thg"™ design variable field. e
Vector ofcost objective function sensitivitieRBartial derivative of pii
thecostfunction taken with respects to tHédesignvarieble value — Vector
of thej™ design variable field. We
Vector of mass fraction constraint functiorerssitivities. Partial “gl
derivative of theconstraintfunction taken with respects to te8 — Vector
designvariablevalue of thg™ designvariable field. e
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Description Variable Rank
Vector of total joint cost constraint function sensitivitig2artial ugz

derivative of theconstraintfunction taken with respects to te# - Vector
designvariablevalue of thg™ design variable field. We

Vector of weighting factors used ierssitivity filtering. Hy Vector
Filtering radius used in sensitivity filtering. r Scalar
Thinned spatial gradient magnitude field whicla iinction of the = > =

structural material selection desigariable field. 'E(f ). DEne Vector
Material selection design variable field after it is projected. :2 Vector
Spatial gradient magnitude field which is a ftioe of the projectec n(fz nn Vector
structural materiaelection design variable field. ~ e

Gradient estimation matrix for tré' spatial direction. c!, g, Tensor
Projected spatial gradient magnitude field which fanction of the ﬁ(fz) AR Vector
projectedstructural material selection design variable field. ~n e

Steepness parameter for Heaviside projection function. b Scalar
Transition point for Heaviside projection fuan. h Scalar
Bi-objective weighting factor. g Scalar
Joint cost limit used in joint cost constraint. Q Scalar
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Description Variable Rank

Element strain energy of tie element. €e Vector
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Chapter 1: Introduction
1.1 Motivation

With climate change driving many social changbsre is increasing pressura engineers to mitigate

fossil fuel emissions. World governments are committing to addressing the issue of climate change through
international agreemesit In 2016, studies in the United States found that 28% of dde®nhouse gas
emissions were due to the transportation indy&fryThe EPA estimates that 83% of this antasrfrom
groundbased vehiclesr{cludingcars, SUVs, trucks) with the next largest Igefihe aerospace industry at
9%7]1]. In response, transport regulatory bodies are tightening their greenhouse gas emission requirements

on automobilemanufacturers.

With a large percentage aingssiors coming from consumer vehicles, the automotive industry is currently
facingincreasinglystrict regulations. The National Highway Traffic Safety AdministrafidRiTSA) and
Environmental Protection Industry (EPA) have recently tightened fuel effigiergets for automakers via
their Corporate Average Fuel Economy (CAFE) regulatioosekample, medium size passenger cars will

be required to achieve a minimum of 39.7 miles per gallon in,2@i@h mustthenbe increased by 30%

to 51.7 in 20292]. Currently, there arktmited options for increasing the efficiency of fossil fuel burning
automobiles.Some of these options atiee use of advanced fuelsnproved engine desigmeduciny
aerodynamic drag or by reducing vehicle weight. The. D&artment of Energy estimatéhat, by
reducing vehicle weight by 10% 6-8% increase in fuel economy can be expected along with the associated

reduction in greenhouse gas emissi@s

If the ultimate goal is to eliminate the use of fossil fuels in the transportation industry, one clear path forward
is through electric passenger vehicles (EVs). Consumer demand of EVs has sky raskeiddnced by

an increase in the global EV stock of 57% between 2016 and 2017 with the Chinese market owning 40%
of t he wpr Asdndre ant Mase consumers switch to BV crucial to resolve some of the

issues preveirtg wider adoption. Typically, electric vehicles do not have th®es range as fossil fuel

burning vehicles. Thiss worsened by théack of fast charging statianin comparison taas stations.
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Similar to fossil fuel burimg vehicles, EVs can also see range improvements from more lightvagight

efficient structural degn.

The aerospace industry has also been identified as one of the major contributors to global greenhouse gas
emissions. It is projected that global fushge by civil aviation will triple by 205®]. To counteract this,

the International Civil Aviation Organitian is targeting a 50% reduction in emissions by Z6850Again,

one way to address these concerns is tiiraeight reduction Lighter aircraft require less thrust to propel

and thusrequire less energyypically, lightweight design in the aerospace industry is achieved by utilizing
advanced materials itomputationallyoptimized structures on both the campnt level and the system

level [6]. Through the use of multhaterial design, Boeing was ahio reduce the weight of their 787
Dreamliner by 20%?7]. This correspond® a significant reduction in fossil fuel usagércraft operaors,

such as Air Canada, haestimadedthat 10 kg of weight savingsan add up t8925 kg of fuelsavings

every yeaf8].

Lightweight and efficient use of material is at the core of engineering design.dntoroheet social and
regulatory demands, engineers will have to work harder to build the trangpoitatustry of the future.
One promisingmethodto achieve lightweight desigis through strategic material substitution. Heavy
materials such as steelhchereplaced byighter metals such as aluminum and titanium or with composites
such as metatoatedpolymersand carbon composites. The second method lifgitweighting is by
redesigning structures such that the material is used more efficiently. rlbéggtocuses on theptimal
design of geometry. Finally, engineers can further reduce mass bigredgdfhow assemblies are joined
together. Byemployingthe best possible joining method (weld, adhesive bond, fasan¢ithe load can
be transferrednoreefficiently. In many cases, joints which add significant weight to an assemily (
mechanical fasteners) could be replaced with lighter opteagsddhesive bonds) with minimal impaat

the overall structural performance. Ultimately, engineeitt need to utilize a combination of all three

methods to produce the most efficient stuoes which minimize material usage and cost.
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Structuresn the transportation industry have been constantly refined and improved over deitdes

goals ofmaking them lighter and strongén recent years the automotive, aerospace and defenseigglustr
have begun to use computational tools and numerical methods for optimizing structures. These tools assist
designers irtuning existing designs ageneratingenirely new, clean slateconceptsin order tomore
efficiently distribute the material in arscture.Some nethods such as shape optimizatése capable of
morphng existing structures by redistributing material to where it is needed @ibsirs such a®pology
optimization (TO) can be used to generate completely new structures from a pradesiga envelope
(design space) and load cadesthe process, TO algorithms ctargetthe improvemenof one or more
performance metricspecified by the enginegstatic stiffness, natural frequency, stresg.) TO
automatically generates a desigith thebudgeted material (mass budggigtributedin the most efficient
mannerthroughout the design domain. Many more structural optimization algorithms havedvedrped

over the years in direct response to the demand from industry to optimally solve increasingly more

challenging design problems.

The two computational tools digesed (shape optimization and TO) ultimately only address the challenge
of optimal gemetry design for lightweight structures using a single material. However, to further advance
lightweight design, there is a need for a computational method which canalbihreeaspect. optimal
geometry, optimal material selection and optimal joinimgpractice, a vehicle will be made up of many
components manufactured out of different materials and then joined together. The optimal design of this
system not only d®nds on the shape of each individual component, but also the material choice and how
loads travel between components through joints. A change in the location of a joint, for example, will
change the optimal material distribution and material selectidgheoEomponents tonnectsThus, it is

prudent when developing a new algorithm tptoge the coupling between these aspects.

The concept of mukimaterial topology optimization (MMTQO) expands on the capabilities of traditional
single material topology mtimization (SMTO).MMTO is a mature computational tool which can

simultaneously optinize the distribution and selection of material within a design domain. By considering
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both material selection and distribution, the designs generated by MM @tem siffer or lighter than

those produced by traditional SMTDthe use of multiple mat@ls is suboptimal, the algorithnean find

the optimum singlenaterial solutionmaking it arobustmaterial selection tool. However, MMTO fails

to consider the practal manufacturing of these muitiaterial designs. Typically, a multaterial design

is separated into components which are manufactured independently then joined together. This limits load
transfer through to the discrete points where the componenjsirsed (through welds, adhesive bonds

etc.). MMTO however assumes thatthese compdnes ar e Aperfectly fusedo t ocg
occur at any point. Thus, when a designer interprets a MMTO solution for manufacturing and assembly,
the optimali y of the MMTO solution is | ost. T haticalii d e a l
design and thus the material distribution is no longer an optimum solution to the design problem.
Ultimately, industry sees this as a major limitatiém order tomanufacture these designigrsficant time

and cost must be investadmanuallyinterpretng and refiring the MMTO solution

Currently, thestateof-the-art TO algorithmdiscussed herean solve the problem of muitiaterial and

multi-joint design. It not only determines the optimal selection and distribution of materials within a
strucure but can also optimize the placement and selection of joints to connect dissimilar materials. This
method is referred to as muittiaterial multijoint topdogy optimization (MM/MJ TO). MM/MJ TO
addresses the | imitat i onrmsdpmiidestallesignfinhidheneetls lessuinmiualn 6 a
intervention to yield a manufacturable design. This is a promising computational tool for optimizing
structuresonsidering the three aspgof lightweight design. However, development of MM/MJ TO is still

in its early stages with naidely accepted mature methodologies in academia. Currently, the algorithm

proposed by Woischwill and Kiff®] is the only method to successfully solve the MM/MJ TO problem.

1.2 Objectives

MM/MJ TO has the potdial to assist engineers and designers in developing more efficient and light weight
structural gstems for the next generation of land vehicles and aircraft. However, the efficacy of this tool in

solving complex realorld structural design problems hgst to be proven. The method proposed by

4
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Woischwill and Kim[9] is currently the only method in academia which can solve MM/MJ T@is

method solves the MM/MJ TO probleby solving the MMTO and MJTO problem separately and
sequentially over several iteratioihie MMTO subproblemdeterming the optimal distribution of two

materials within the design domain in order to maximize the stiffness (minimize compliance) given a
maximum mass budgeThe MJTO subproblemthen optimizes the selection and distribution of joints

between the dissimilar rtexial interfacessuch that the joints are used as efficiently as possihik

minimizing cost. Typically, once joints are introddc¢he stiffnessathes t r uct ur e wi | | drop
fusionodo assumption i s r e mov eetelocatbasnipooghlass stifjoinkr e now
material thus decreasing the stiffness of the overall structure. In order to minimizeffdds the joint

design phase utilizes a relaxed compliance constraint which limits the possible stiffness decrease.

Currently, this MM/MJ TO algorithm has only been tested with simple 2D academic geometries. If the goal
is to solve industrgriven desig challenges, this algorithm must also be capable of solving 3D problems
in an efficient and robust manner. This thesiskwaill begin by building upon the work of Woischwill and

Kim and expanding the algorithm to support 3D problérhg. goal of thisvork is to assess the algoritidn
scalabilityto realworldp r act i c al probl ems posed bylnthépeocesse sear c
several important considerations will be explored which becoewssarywhen 3D geometries are
considered. Thérst is the aspect of tooling accessibility. In 2D, results cathbaghtof as sheet metal
structures. Typically, these gttures are accessible from many angles allowing for a joint to be placed
anywhere along the interface. In 3D, components now materatgeometrically complex interfaces. This
means that certain areas of the interface may not be accessible by todlisgjoirtt selection must now

be limited in the algorithm to consider the practical assembly of the components. A method will be
descrbed for considering tooling accessibility when applying joints to an assembly. It is also critical to
guantify the computanal expense of the algorithm in 3D. Since TO is based on Finite Element Analysis
(FEA), moving from 2D to 3D geometries significgnincreases the element count. This leadslswger

computational cost. While the increase in FEA time is unavoidéd@epmputational costverhead from
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the TO portion of the algorithm must also be considered. If the propdsEMJ TO algorithm requies
significantly more computational cost even with simple 3D geometries, it may become prohibitively
expensive to perform on practical industry problems. The consequences of these findings will be used as

motivation for further wok into MM/MJ TO.

The insightsfrom implementing the Woischwill and Kim algorithm in 3D will lesedto develop a
completely new methodology for MM/MJ T Q@liscussed irthe second portion of the thesis. Several

deficiencies were identified in the first haf the thesis work:

1. The nonstandard finite element (FE) meshing strategy used makes it impossible to discretize
complex (norrectangulaygeometries as it is a manual process

2. The nonstandard FE mesh leads to an unnecessarily large element count wangaremb to
standard meshgnapproachegreatlyincreasing computational time

3. The decomposition of MM/MJ TO into two subproblems as well as the associatprbpessing
have high computational overhead

4. The decomposition process cannot truly capture thpledunatureof multi-mateaial and multi
joint design. It was found that the material interface was fixed by the algotfibenot allowing

it to change throughout optimization

As evidenced by these deficiencias,improvedMM/MJ TO algorithmwould be oe thatdoes not utilize
anonstandard mesh and can solve the coupled MM/MJ TO problem (without decompositions). In order to
achieve this, a novel interpolation scheme is proposed which can simultaneously perform MMTO and
MJTO. A MM/MJ TO interpolation same has yet to be des@ibin literaturemaking this work the first

to propose such a scheme. Since the interpolation scheme allows for the problem to be solved without
decomposition, MMTO and MJTO is now truly coupl@tlowing for the interface shape &lso change
throughoutoptimization. Ultimately, the author believes this will leadndy optimal solutions. Using

spatial gradients, a process will be described which can identify the interface between dissimilar materials

without requiring any prepcessing like the previsumethod. The proposed method will also incorporate

6
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the ideas of tooling accessibility. Finally, a standard hexahedral mesh will be utilized. This is important as
many commercial FEA prprocessors have automated algorithms forhimgsgeometries using tee

standard elements. Through this new methodology, the following aspects will be investigated:

1. It will be shown that the new scheme can solve a wider set of topology optimization problems. This
means more practical problem defioits

2. The computational &t of the algorithm will be quantified

3. The tooling accessibility constraint will be validated to work in the new context

4. Tradeoffs between total joint cost and structural compliance will be explored

o

A complex aircraft seat geometry will be optimized aopfo of t he al gorit hmoés

Finally, this thesis will critically examine and compare these two methodologies given the described

objectives and goals

1.3 Contributions

This thesis is separatedadntwo related bodies of work. The first deals with exjiag upon the already
published work of Woischwill and Kim. The MM/MJ TO of simple 3D geometries will be explored for the
first time in literature. A novel methodology for considering the acceggibilijoints will be described.
The second portion of thikesis willpresens new MM/MJ TO method which the author believes to address
some of the deficiencies of the current stat¢he-art approachThe secondnanuscript will propose a
novelinterpolation scheme which can simultaneously perform coupled MiWal TO. This has yet to be
described in either commercial codes or academic literature. Using spatial gradieatgorithm will be
presentedvhich can reliably identify the materialtarface in densitpasedTO. While spatial gradiest
have been uized as part of T@n literature they have yet to be explored in this context. The robustness
and efficiency of this new approach will be used to sabaemic examples as wellaagracical, complex

3D aircraft seat geometryhese two worksepresent big stepforwardin capabiliteswhen considering

the previous statef-the-art algorithns could only solve simple academic 2D probleifistthermore, by

r
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using insights from the fird¥iM/MJ algorithm, the second paper will present an overall mayastand
computationally efficient approachrhrough this work, the author hopes to developpractical
computational tool which can be used by engineers in indastrgalworld problemgo gan insight into

how to design the next generation mechanical strest

1.4 Thesis Structure

The work presented in this thesis will 3DBulicr gani z.
material and Multi -joint Topology Optimization with Tooling Accessibility Constraint®d i s pr esent

first. This papewas sulmitted to the Journal of Structural and Multidisciplinary Optimization (SMO) and

is currently wunder r evi e wnterpdldtien Sshente don Densityhasads cr i pt

Multi-material and Multi -joint Topology Optimizationo . Thi s p a metion forsthe i n pr

International Journal of Numerical Methods in Engineering (IJNME).

The layout of the thesis will be as follows. First, an introduction of general design optimireioy is
discussed. This is followed by an overview of topology optimomatand multimaterial topology
optimization. The two manuscripts will then be presented. Finally, conclusions will be given which discuss

the contributions of the work, shortcomg®nd future work.
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Chapter 2: Introduction to Optimization Theory

In this chater, brief introductions to the concepts of design optimization, topology optinmzatemulti

material topology optimization are given. Within design optimization research, these fields are mature and
well-established. Thus, many differeapproachesave been proposed for solving structural design
problems. In this chapter, only the timneds adopted in this work will be discusseatdépth literature
reviewsare included within each of the manuscripts. The goal of this chapter is to introduce théoreader

theimportanttheory which the worklescribed in the manuscripill build upon.

2.1 Introduction to Design Optimization

The concept of design optimization involves using a mathematical optimization algorithm to yield the best
possible design given amymber of practical constraints. For example, structural optimization considering
fluid flow could be used to determine the optimal cross section of a bent pipe in order to minimize pressure
loss given a fixed mass of pipe material. In statics, desigmizgatiion can be used to reshape a component

in order to minimize the stress around kegaar subject to a material mass budget. Ultimately, these
algorithns function by utilizingmathematicabptimization algorithms to make strategic changes to design

paranetersx (design variables) in order to improve upon a costtion J(x) (objective function) subject

to userdefined constraints. Typically, inequalignd equalityconstraintscan be enforced andre

repregnted byg(x) and h(x) respectively Thealgorithm will continually make changes to the design
variablesx until there is minimal change in the cost functidfx) . This set of design variables is said to

yield an optimum solution to the design pierh provided the desigs feasible (no constraint violation).

It is important to note that global optimality can only be guaranteed for convex objective and constraint
functiors, determined over convex design variable sets. In practical temdsparticlarly for structural

design optimizationthis is not the case. Thus, it is sufficient to achieve a local optimum which is feasible
(i.e., meets all constraints) and prdes a useful design which is better than the prevomes Moving
forward, ifadesig i s descr i btheditisassbjeét tophe caveat that it may not be a global

9
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optimum. This is the typical convention in the optimization field. The optinozgiroblem statement can

be written symbolically as follows:

minimize  J(X)
X

subject to gi x)¢ 0i =,12.n 2.1
hi(= 0 j=1.2.m

" design variablesy, | ifnmax]
where x is a vector of design variabled(x) is the objective (or cost) function and is a function of the

design variablesgi (x) is a vector of independent inequality constraints and ﬁriail(g) is a vector of
independent equality constraints. Baesign variable valug, can be continuously varied by the optimizer

from a lower bound min to an upper bound max. These bounds are used to limit the values to physically
meaningful quantities such as the thinnest and thicksstlie sheet metal gauges available. It is important

to note that the constraints are all funcsiaf the design variable field. Furthermore, any number and

combination of the two types of constraints can be utilized at omee Tihis is represented ydicesi and

j wherei =12 3...n equality constraintand j =1,2, 3 ... m inequality constraintAs more constraints

are added to the design problemt he opti mi zer 6s design freedom i s

J(x) can be minimized when compared to a problem with one or no constraints applied. In practical terms,

this is a necessary expense as constréngsmas, maximum stressr material costallow the user to

limit the design such that it yields more physically meaningful results for their application.

Often, in practical applications of structural optimization, the engineer may have maltigleften
contadictory objectives they wish to nimize. For example, the compliance of the structure should be
minimized {.e. increasing stiffness) while also minimizing material cost. This is referred to as multi
objective optimization. Wheperformingmulti-objective optimization, both objectives nmiuse rewritten

such that the desirable outcome is to minimize or maximize both. It is not mathematically possible to phrase

the biobjective problem as a combination of minimizing one objective and maximizing the Ather.

10
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weighted sum of the objectives performed to give the total combined objective. It is this combined
objective that the optimizer will attempt to improve. A mathematical definition of this problem statement
is provided in Equatio(2.2).
K
minimize  J(X) =& W fr (X

k=1
X

' i i =,12.
subjectto g(x)¢ 0i =,1,2.n 22)
hi()= 0 j=1.2.m
" design variablesy, | ifnmax]

" weightintactors kw, i [0,1]

where w, represent the muttbjective weighting factors applied to thedbjective functionf, (x) is the
K™ objective and it is a function of the design variable vegtdFhe summation is carried out over the total
number of objectives in the mulbjective optimization. Weighting factors, are used to definehe

relative impact that improving one of the objectives will have ornidtat combined objective. Since there

are now muliple objectives, there exist many optimal solutions which are dictated by how much each
objective is valued relative to the otherteltradeoff between objectives can be visualized using a Pareto
curve (ortradeoff curve). Pareto frontiers are generated by varying the weighting factors such that the
relative contribution of each objective is also varied. For-bellavedsmooth multi-objective problems,

a curve is generated between the extremes of thghtirgj factors. Solutions lying on this curve are said

to be Pareto optimal (or natominated solutions) and are feasible solutions to the-whijkictive problem.

An example for a Rato curve is provided iRigure2-1.
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Figure 2-1: Example of Pareto frontier (tradeoff curve) between two arbitrary objectivesf;(X) and f,(X) .

As this work focuses on structural design, it iparant to mention several physically meaningful design

responsesral design parameters which can be used as part of the design optimization problem. Design

variables represent design parameters which can be varied to change the geometry or mateiésd pfoper

the structure. For example, the gauge thickness of a stetal structure can be a design variable. The

radii of fillets, radii of holes and distance between key features can all be used as design variables in size

optimization. In topology optimation, design variables are linked to the elastic modulus ansigahy

density of the structure to represent material existence or material removal. Thus, when a design variable

is at its lowest bound, the structure at a given point has no stiffnes@andss. At its upper bound, the

structure has the full stiffnes$ the material and its weight. This will be discussed in more detail in the

following section.

Responses are

in effect measur ement s

oebportsdsean st r u C |

be useaitherasobjectives €.g.a response whichuser wishes to improve) or constrairggy(a maximum

or minimum allowable response). One common response is the total mass of the structure. In a light

12



MM/MJ TO of 3D Structures by Vlad A. Florea

weighting problem for example, timeass is used as the objective function such that the optimizdmdgill

the lightest possible structure while satisfying a set of stiffness targetsured amaximum allowable
deflections. Another useful response is stredsle normally used as a canaint, it can also be used as an
objective in the context of minilzing the maximum stress at a point or globally. In topology optimization
compliance idftenused as objective. This problem statement is formulated to minimize the compliance of
the streture which is analogous toaximizing stiffnessOver the years, any more responses and design
parameters have been incorporated into the design optimization problem in order to solve various complex

mechanical design problems.

Optimization algorithm®r optimizersgenerally belong to one of two categories. These arg@radient

based methods (e.g. st eepeNsetwtdoensdécse nMe,t hNoedw taenndd sC CVNeL
gradientbasedheuristic methods (e.g. Genetic Algorithm, Simulated AnnealingfaridColonies)[10].
Gradientbased optimization methods utilize derivatives of the objective and constraint functions to inform
changes in the design variables. This is commonly referred to asvégnanalysis anceffectively tests

how a small change in the design variable valyewill change the objective)(x) and each of the

constraint functios g (x) and hl (x) . At each iteration, sensithies are calculated for the objectives and

constraints in order to determine the direction in which to vary the design variables. After this evaluation,
a small step is taken (small change in design variables) setreh direction (direction that impes the
objective), the objective and constraint values are evaluatedthargknsitivity analysis is repeated.
Typically, this ensures that design variables are changed in a manner which successively improves the
objective function valuavhile also satifying the constraints Optimization is terminated when there is
minimal change in either the design variables and/or in the objective function. In order to jpeaidient
basedoptimization, the first and sometimescend derivatives of the objective aoanstraint functions

must be analytically determined and provided to the optimizer. An example of unconstnaideht
basedptimization using analytical sensitivities is provide&igure2-2. In this example, a known function

Equation(2.3) of two variables & and x,) is used @ test the convergence ofyeadientbasedoptimizer

13
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(trustregion algorithm). The values of the function are plotted over all possible values xf &mel x,
designvariables along with the analyticallermined optimum which lies a4 = x, 4. This example

demonstrates the ideal case where the optimizer is able to find an optimum close to the true analytical global
optimum of the objective functioft does so by calculating sensitivitalues using the analytically derived

first derivatives of the objective funct witn. The
minimize the objective théastest This continues untilhere isminima change in the objective function

value.

I, %) =100 %, {%)?)° {E xp° (2.3)

2000 —

1000 —

Objective Function Value: J(x)
Objective Function Legend
=

S
o -

Figure 2-2: Example of unconstrainedgradient-basedoptimization using analytical sensitivity analysis (trust

region algorithm). Steps taken by the optimizer fom the starting point to the optimum are denoted using

arrows.

As mentioned previously, it cannot be gasteed that an optimizer will find the true global optimum for
non-convex functions (such as the Rosenbrock function of Equéi8)). This behavior is refrred to as

Al ocally convergento and it is a pradfgetedbyproblenf al |
initialization. That is, diffeent starting points can yield significantly different optimum solutions. Since in
practical cases the alytical optimum cannot be determined for comparison, it is prudent to test various

starting points in order to ensure a solution with the lowestlgessbjective function value is found. An
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example of local convergence is provided-igure 2-3. The left image shows that when initializing the

problemat x, =0.4 and x, =2, an optimum close to the global optimum is found with an objective

function value of 1.86& (close tohe global optimum of 0). However, when the problem is initialized

with x, = 4 and x, = 2.8 the optimizer finds @oorerresult with an objectivéunction valueof 1.78.In

order to ensure the resufiresentedh thisdocumentrereplicable problem initializationparametersvill

begiven.

1000

Objective Function Legend
8

Objective Function Value: J(x)
Objective Function Value: J(x)

Figure 2-3: Example of local convergence using gradient-basedoptimizer. This example shows how providing
the optimizer two different initial point effects optimum it finds.

Analytical sensitivity analysis is only possible if closEm equations exists for the objective and
constraint functions. If this evaluation is not possible,-gm@dientbasedoptimizers can be used instead
The functionality of norgradientbasedalgorithms varies significantly from method to method. Many of
these methods are based on biological processes such as natural selection. Some examples of this are
Genetic AlgorithmgGA), Particle Swarm andAnt Colony. However, it was found that these methods
typically require many function evaluations yielding higltmmputational times thagradientbased
methodq10]. This effect is exacerbated Hyusand of design variablesvhichmake it computationally
infeasible for structural design optimization praobte such as topology optimizatioin structural
optimization t is common to require large numbée.g.up to hundreds of thousanas design varialgs
since this allows fohigher fidelity design refinements leading to superior optimum solutions. \Wrile

gradientbasednethods may be easy to implement for a variety of probjg@jsthey arerefficient when

15



MM/MJ TO of 3D Structures by Vlad A. Florea

sensitivities can be computed analyticallyl]. Thus, since the goal of this work is to generate

computationally efficient algorithmgradientbasedoptimizerswill be used

The purpose of structural design optimization is to assist engineers in generating superisrfolesign
structural problems. These prebis are usually formulated into one of three commonly used frameworks:
size, $ape and topology optimizatiofigure 2-4 shows a comparative example of these optimization
problems applied tanMBB beam MesserschmitBolkow-Blohm) benchmark structural problem adapted
from Bendsge and Sigmufitl]. The top figure demonstratégiag optimizaton of a truss structure. Here

the design variables are the width of the trusses. Usually in sizing optimization, the user is interested in
determining the optimum geometric parameteesléngth, thickness or radius) of a fitefined gemetry.

The nextexample is of shape optimization. Here, the-gxisting holes are morphed by modifying the
spatial position of control points distributed evenly around the edge of eachSioldar to size
optimization, the initial geometry of the struoe must first b defined. Shape optimization can morph the
overall shape of a feature while siagtimizationmust maintain the shape of the feature but can change
their general size and position. The final example of design optimization is topologyzafitmand itis
presented at the bottom Bfgure 2-4. This method is typically used in clean slate design as it does not
require a geometry to be pdefined. A user must simply define theeralldomain where thetructure can

exist (design sp@) and any regions where the structure cannot be changedigaigmable regions).
Examples of nowesignable regions include clearance holes for other structures to pass through or solid
plates of material which may be mesl for connecting components.elpredominant method for TO is

ter med -Masendsd ttyopol ogy opti mi zat iro(often referredrteesl at es |

pseudedensities) to the elastic modulus and physical densitynmah properties. Apseudedensiy is

assigned to each element in a FE mesh and thus the material properties can be varied element by element.
This allows the algorithm to give any element either no stiffness or, thassnaking it void or to give it

the full stiffnessand mass, thusaking it solid. Ultimately, the algorithm produces a distribution of solid

and void elements which sufficiently minimizes the objective of the problem statesngmiofnpliance)
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while meeting any constraints.@g.mass budet). The main benefit of TO isdhit can generate novel and
unintuitive structures. These structures can have superior performance to those designed through traditional
means. However, one shortcoming is that TO reputiduced by the algorithiare raely manufacturable

out of the boxand must be reinterpreted and refined by a designer. Design refinement can be performed
manually or through subsequent size and shape optimization after reinterpretation. Topology optimization

theory will be discussed inare detail in thdollowing sectian.

Size Optimization r:{>

Figure 2-4: Example of structural design optimization problems adapted from Bendsge and Sigmund2]. This

figure shows examples of size, shape and topology optimization of an MBB beam problem.

2.2 Introduction to Topology Optimization

Topology optimizatiorhas become a mature fieldresearch as academics constantly develop more robust
algorithns which can solve ever more complex problems. The most actively explored methods can be

broadly categorized into three dominant methodesgi

1. Density-based methods
- These methods relate conthw s | y v aeudgd enrgs ifipseso t o physi
properties such as Youngds modul us and phys
- Several popular interpolation functions have emerged inclusoligl Isotropic Material

with Penalization (SIMP) arldational Approximation of Material Properties (RAMR])]
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2. Discrete appoaches
- The TO problem is formulated as a digerproblem formulation with material either
existing or not existing in a location (1 or 0)
- When the problem is discretely formulated it becomes difficult to solve and requires
inefficient nongradient optiniers such aBarticle Swarm or Genetic Algorithnil0]
3. Boundary variation methods
- The most common method in this field is the level set method. This method defines the
problem via a solid void interée (level set function) which can b@rphed over time
- Onedrawbackto this method is that it can only morph a-pedined solid void interface

making it difficult to generate new holfkl]

Currently, only densitypased methods have advanced to the point that they can be readily implemented in
commercially available TO codemd solve industry level problems.rFexample, Airbus has applied
densitybasedl' O with further design refinement using shape and size optimization to design a lightweight
leadingedge rib for their A380 aircrafL3]. This was achieved using the commercially avadlat@nsity

based Altair OptiStruct sictural optimization package. Their design process from initial design space
definition to final protype is shown iRigure2-5. Daimler has applied TO toonsider component level
design within a full vehicle model. Initial design concepts for a rear rail were generated using OptiStruct
topology optimization. The member was further refined using size optimization considering crash loading
and Noise Vibratiotdarshness (NVH) analysfil4]. This process is outled inFigure2-6. The Airbus and
Daimler case studies exemplify the wide applicability of 16D many complex engineering design
challenges. Furthermore, they demonstrate how TO and other optimization methddsi itmaditional

design process.
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Design Space Topology Optimization Refinement with Shape
Definition Result and Size Optimization

Manufactured Prototype

Figure 2-5: Topology, shape and size optimization of an Airbus A380 leadirgdge rib. TO was performed with

the density-basedstructural solver Altair OptiStruct. Adapted from [15].
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Figure 2-6: Example of detailed component design performed by Daimler using densityased TO package.
Adapted from [16].

The wide applicability of densitybased TO algorithms is largely due to their computational efficiency.
Given thatheTO problem can be formulated in a smooth and continfasigon through the interpolation
schemegsefficient gradientbasedconstrained notinear optimizers can be used. Efficient optimizers are
crucial to the adsdprsitybased & built ppom thied-inite Blemerg Method. Thus,
each elerant in the finite element model will have one or more design vasiabségned to jtyielding TO

problems with agnany as 1 million design variables. Furthermore, access to robust optimeers (
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CONLIN or MMA [17]) which can solve mulphysics problems with multipleracticalconstraints allows
for structual problems with added complexity to be studiet]. Given that the uiinate goal of this work
is to apply new TO algorithms efficiently to complex industry driven problems, ddvesgd TO will be
adopted using the MMA optimizer. While the other presented TO methods are outside the scizpe of th

work, they will be includedh one ofthetwo manuscripd Kterature reviews for completeness.

2.2.1Density-based Topology Optimization

Fundamentally, the topology optimization problem is formulated as a binary optimization problem where
the design variabk determine the existenoenon-existenceof material at any point in the design space.

The nonsmooth nature of this binary formulation makes solving the binary TO problem computationally
inefficient Thus, Bendsge and Kikudhii] propose the homogenization method which relaxes the problem

by allowing the design variables ¥ary continuously between 0 athd An interpolation model iapplied

torelate the design variables to the effective material properties at any point in the structure. Over the years,
homogenization has been the framework for many debaggd TO algoritins. The most popular of which

is the mature SIMP interpolation scheme.

The continuous design variables can be physically interpreted as folMiven an element haspaeude
densityof 1 it is said to be solid, meaning it is assigned the full elastic mediilthe material as well as

its full physical density. Aoseudedensityof O implies that no material should be utilized in that element
and thus it is assigned an elastic modulus and physical density of approximately 0. It is important to note

that valies can approach 0 but are nitvaed to equal to 0 for numerical stability.

The topology optimization algorithms presented in each of the manuscripts will utilize the -thassity

SIMP scheme that was first proposed by Bend$8k In SIMP, the TO problem is discretized using a

finite element formulation by assigning a design variable (tenpseddedensity to each finite element

within a model. FEM is atsused within the algorithm tdetermine the response of the system given applied
loading and physical constraints. As the design morphs through optimization, a link must be made between
the design (which is determined by the optimizer) and the finiteeglermodel which calculates the
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structural response to loading. Specifically, the design variables, which are updated by the optimizer at each
iteration, should be related to the mechanical properties of each element in the FE model. The relationship
betweea the two is defined by the SRinterpolation scheme. SIMPagpower law function between the

pseudedensitiest he Youngdés modul us and p h ypbasecSIMP witheomes i t vy

material phase and one void phase determines the integpelastic modulu€,(r ) and interpolated

massW,(7,) of an element of the" elemenusing the following functiong19]:
Eo(ro=( HPE® € (- JPE® (2.4)

We(ro=d( & “rel -3 A (2.5)

where r i (0,1 is the design variablgogeudedensity of thee” element,E” is the elastic modulus of
the solid phase, by conventidP is the elastic modulus of the void phase and is set te@xponentp
is the penalization factor (set to > &),is the volume of the™ elemen, r A is the physical density of the

solid phase finallyr B is the physical density of the void phase and is also set to 0. Thus Effrseil, B

are set to OEquationg2.4) and(2.5) interpolate between the nominabperties of material A and void.

_ x10° Interpolated Young's Modulus <107° Interpolated Physical Density

W, (p,) |kgjmm‘?|

Pe

Figure 2-7: Plot of interpolated Young's Modulus and physical densityusing Equations(2.4) and (2.5).
Calculations were performed usingE” =2.1E5 [MPa), r * =7.8E -6 [kg/mn? e =1 [mm?]and p=3.
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Practically, when interpreting material distribution results, the solution should be highly discretized with

the majority of design variables having a value of 0 or b.iAnt er medi at e Agrayo r esU
ambiguity as to wherto optimally placehe materiamakingresults difficult to interpret. To ensure that

the TO algorithm converges on discrete results without using a discrete TO formulation, penalization factor

pi s introduced uluminterpblaionYbao m=d ,dhere ima ldhear interpolation between

the modulus of the void and the solid phase. The optimizer takes advantage of this and produces a gray
result as it is structurally beneficiaiit not physicallymeaningful This can beeen in the middle image of

Figure 2-8. Results inFigure 2-8 are from a compliance minimization subject to a 30% mass fraction
constraino. (Bacliviogiex®l in 3D) in the dekdndgpes space
white if it has ar, ~0. As penalization is increased such tht1, intermediate values of, become

unfavorable as the interpolated stiffness of that elemecrteasesThe relationsip between penalization

and interpolated modulus is plottedrigure2-9. Note thaat p =3, if the design variable value is below

0.5, the element has effectively no stiffness. This discourages the optimireselectingntermediate

values as they do not contribute to the compliance objective meaningfully. Experience has shown that
penalizaion values of 3 to 5 yield disceetesults as seen in the right image Bfgure 2-8 . Further
increasing penalization steepens the exponential inteigohith slopes of the cue approaching zero or
infinity. Infinite gradient values can cause numerical instability in the sensitivity analysish is why

penalization greater than 5 is not recommended
Material Distribution Results for MBB Beam

Force = 1N Loadcase i

y

Design Space

3 P=1 |
Symmetry Plane | %Symmeu}' Plane é iS_\'uuncn'_\' Plane I%

Figure 2-8: Sample MBB beam material distribution resuts with low and high penalization.
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Effect of Penalization on Interpolated Young's Modulus

[
1

o

=)

T
N
O N n W —

o
%
T

e
9

o
o

e N
(O8] ESS

Normalized Interpolated Young's Modulus
=] =]
) [

0.1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Design Variable Value ( p_)

Figure 2-9: Effect of penalization on interpolated elastic modulus. The elastic modulus has lrerormalized to

1.

2.2.2Problem Formulation

Compliance minimization is often u$@s a test case problem statement in the structural optimization field.
This problem statement is analogous to maximizing the global stiffness of a structure given a stri¢t materia
budget. Ultimately, this is the simplest TO problem statententever, f is a crucial starting point for any
newly developed algorithm3he fundamental problethat TO should be capable of solving is optimal
material distribution Compliance minimizaon is used to verifythis fundamental capabilityAnother

benefit of the ompliance formulation is that it exhibits smooth and quick convergence behavior. This is
becausdoth compliance and the material budget constraint (usually volume or mass fraigijbal
measures which are not easily perturbed by changes in a siegign variable. The mathematical

formulation of compliance minimization with relaxed design variables is as follows:
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minimize  J ¢) =C ()= fTu=u"K( )u

r

n
aW(re)
subjectto  g'(rg)=—— W (2.6)
arta
e
K(ru=f

n

elemestr, 1(,01

where J(r) is the objective function being minimizeshd is a function of the design variable vector
C(r)is the compliance ahe structure which islso afunction the design variable vector. The design
variable vecto[I' (0,7 hasvalues which vargontinuously from approximately 0 to 1, andu are the

force andglobal displacement vectors respectively(r) is the global stiffness matrix and is also a

function of the mateial existence design variable vect«yl.(re) represents the mass fraction constraint

and is calcudted by summing the interpolated mass over all elenf@et®ted by subscrig) and dividing

by the initial mass of the design spaWérepresersthe nmass fraction constraint limit as a percentage.

A

Finally, r”™ is the nominal physical densithe solid phase material (denoted dyperscrip\). More

practical problem statements such as mass minimizatiorctubj stiffness targets will be introduced in
themanuscripts. However, much of the theory discussed in these works will be built upon the compliance

minimization statement.

The evolution of a design throughout the TO process can be monitored via ayeoceelot. These graphs
typically show how the lgjectiveor constrainfunction changes at each iteration. Smooth convergence is
defined by a monotonically decreasing objective function with minimal oscillations. Large jumps or
oscillations in the objete convergence imply that the optimizer is stiimggto find the best search

direction and thus the best possible solutidns behavior could be an indicator thiare is an issue with
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the problem formulation, whether it be parameter selection, constraint values, geontle¢rgtarctural

loading

A topology optimizatiorexamplewas performed on the MBB beam probldepicted inFigure2-8. The
convergence history and intermittent material distributions are displayedure2-10. Forthis problem,

the penalization factor was set to 3 and a mass fraction constraint of 30@seual$ is best practice to
initialize the TO problem with an unbiased homogenous gray degigh is achieved bwassigning the

design variablesome intermediatvalue (usually the mass fraction constraint vailuéhe first iteration

The optimum feasible solution was found after 75 iteratioiis a well discretized material distribution
These results were generated using the open source TOIMAB cod é DBV o pABRO.€essen

MMA MATLAB optimizer [17], provided by Svanbergas used

Convergence History
450 LB, . S 0.3
400 - . —*— Compliance History
. ©——Mass Fraction History 0.25
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w 250 =
Q Ay
g Iter. 10 1015 2
2200 £
g 3]
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@) =

150 Tter. 30 Iter. 75 101 g

p=
100
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0 | | 1 | 1 1 1 O
0 10 20 30 40 50 60 70 80

Iteration

Figure 2-10. Example convergence plot with magrial distributions show at select iterations. Results from

compliance minimization of MBB beam problem.
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2.2.3Regularization
Since the initial development of topology optimization, two major nwakmstabilities have emerged
which can significantly change éhguality of topology optimization resultmmeshdependency and the

checkerboard phenomenon

Meshdependency refers to the dependency between FE mesh coarseness and the TMeskults.
depemlence arises from the increasedterial efficiencyof usingmary thin membersnstead of few thick
memberg12]. In the extreme case where a fine FE mesh is utilized, theuwstalimembers may become
so thin that from a practical standpoint they are impossible to manufgetjir&urthermore, it is argued
that as the members get thémitheyviolatetheisotropicmaterial property assumptions usdaen defining
the TO problenjl2]. Dependencen mesh size is shown for the MBB beanfrigure2-11. As the mesh

is successively refined, thinner structural merabegin to appear in the optimal ma#tdistribution.

Effect of Mesh Size on Material Distribution

,Fm-ce =IN Loadcase i 6250 Elements

Design Space
Symmetry Plane Ll : Symmetry Plane
25000 Elements 100000 Elements
i Symmetry Plane | Symmetry Plane 1

Figure 2-11: Example of meshdependency in topology optinzation. The MBB beam problem is optimized

using three progressively finer element counts.
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Meshdependengis a common phenomenon as it is fundamentally at odds with the best practices used in
FE modeling. Meshes are refined in FEA to yield results didrigaiccuracymaking it crucial (in most
cases) to use the finest mesh possible. Since TO is built upomoBE&ls, the mestiependency of TO

should be mitigated in order to allow for higher model fidelity in the FEA calculations.

Checkerboaritig is the seond common numerical instability found in the computational implementation
of TO. Checkerboardinganifess as an alternating pattern of solid and void elemept®ducing a lattice

like structure It is caused by the artificially high stiffness that dtezboarding gives the structyil]. An
example of checkerboarding is provided in the right imageigiire2-12. Similar to meskdependency,
this behavior should be minimizext complegly eliminated ashe resulting structures have no physical

interpretation

Material Checkerboarding in MBB Beam

[Foee=1N Loadcase i Filtering On Filtering Off

Design Space

Symmetry Plane Ll ES)’HHJJEH}' Plane g : Symmetry Plane L

Figure 2-122 Example of checkboard phenomenon in TO. Results with and without the meshdependent

sensitivity filter ar e presentel to demonstrates it effect. When the filter is on it is set to a radius of 1.5 x mesh

size.

Both meshdependence and checkerboarding effects can be minimized or eliminated through the use of
filtering techniques. Multiple filters have been preed in theT O field which canbe categorized asther
sensitivity filters or density filters. Sensitiuvi:H
sensitivities. The most common of these filters is the Aredpendent sensitivity Ifer propsed by
Sigmund[22]. This filter operates by detg the djective functions sensitivity of an element to a weighted

average of its nei gédtghe seighbéring eleents whicl aye irftludedin thes o
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filtering operation(Figure 2-13). The simplicity &d efficacy of this filter has made it popular in both
commercial and academic TO algorithms. One criticism of sensitivity filters iththaend to leave a thin

layer of intermedia gray elements around each member.

(/D
NV

Figure 2-13: Diagram of filtering radius. The centerelement is the element which is being filtered. Blue elements
represent the neighbors which are included in the weig
area of effectwhich selects the elements to be included in the operation

Densityfiltering has been proposed as an alternate regularization method. These filters operate by setting
the design variable value of an element to the weighted average of its neighboriiabdelrelopment of

density filters was done by Bruns and Tortaf@B] and by Bourdirj24]. As a consequence of modifying

the design variables, thesarly density filters were not volume preserving. Thus, it was not guaranteed
that the TO material distributions would still meet the mass budget constraint. More recently, a density
filter based off of Helmholtz type partial differential equations wasqeeg by Lazarov and Sigmuf&b].

This newer filter is not only volume preserving but it is also computationally efficient for large meshes
[20]. This improved performancecomes at the cost of complex numerical and computational

implementation.

Experience has shown that sensitivity filtering is @ffeceven when solving complex industityiven TO

problens. For this reason, density filtering will not be considered in the presented work. The manuscripts
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will build upon the mesindependent sensitivity filter proposed by Sigmuf2] and themember size

filter proposed by Kim et a[26]. The mesh independent sensitivity filter is given by:

J 1 N
;— =—x —aH¢ry W—u
® redH; f 2.7)
f
H¢ =rpin dist(e f)
where% represent the filtered objective function sensitivities forehelement andE represent the
We W

unfiltered objectivefor the f" element. The" element is the element being filtered and thelement

belongs tats group of neighborsH ; determines the weighting in the summation and is determined by the
centerto-center dstance between elemeatand its neighborf . If the distancebetweerelementss larger

than théfilter radius r,,,;,, then they are not consideréowardsthesumand H; =0.

A modified version of the member size filter proposed by Kim €R8l.is also utilized in this work. It is

given by:
N & o)
Aab 8
3 _ 0
o :-18%‘” = M (2.8)
We N a J Olg
ad&iH — 0
=218 W 9

where all terms retain their previous meaning.

2.2.4Density-basedMulti -Material Topology Optimiz ation

While the standard singfimaterial topology optimization algorithm is capable of deteimgithe ideal
distribution of a material, in practice, mechanical structures are often composed of multiple components
with different materialsThus, a naturaxtension of this algorithm i® not only consider the optimide

placement but also the optimal selection of material. This is referred to asnmatdtial topology
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optimization. Apart from the practical benefits, MMTO also has the potential to prodacgitgtively

superior solutins (lower objective function values). By adding the ability to select materials, the algorithm

is said to have enhanced design freedom as it can explore a wider set of design choices. This can be seen in
Figure 2-14. Here, the MBB beam problem was optimized using only aluminum (SMTO), only steel
(SMTO), and a combination of the two (MMTOQO). Note, that all three results havécaldinial masses.

MMTO was able to find a result with a lower compliance than both theCSMifs.

MMTO is capable of either finding a superior muttaterial solution, or if this is sutptimal, finding the
best single material solution. It is this capigpithat has drawn industry to adopt MMTO as it daoth

assistin designing structuresswell asselect the best materials or material combination the designs

Comparison of MMTO and SMTO

'Force =1N Loadcase SMTO AL
I:E Design Space
Symmetry Plane L] Symmetry Plane Compliance = 1595.4 [m]] Iél
SMTO ST ; MMTO ST & AL

D>

P>

D>
Symmefry Plane - ¢ompliance = 1796.2 [mI] |:| (symmerry Pme Compliance = 1383.4 [ml] |:|

Figure 2-14: Example comparison of SMTO and MMTO. The MBB beam problem was run with SMTO

aluminum, SMTO steel and MMTO steel andaluminum. All results have the same final mass.

Similar to SMTO, academia has developed MMTO in discrete, delma#tgd and boundary variation
frameworks. A literature review of the various MMTO methods is presented in both orgisisThe

densitybased rathods, for the same reasons previously discussed, have emerged as the most robust
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implementations. This work will adopt the popular denbiged rathod which expands on the SIMP
interpolation scheme. Benassand Sigmun{iL2] describe the expansion of SIMPconsider threenaterial
phases. Theearethetwo solid material phases and oneid phaseHvejsel and Lund27] later generalized

this to considerany arbitrary number of material phases. While theoretically, this extended method can
consider any number of materials, in practideas limitedapplicability asm number of materials require

(m- 1) designvariables per elemen#ith more tharthree or four materialgshe algorithmcan become

computationally inefficient with even moderately sized FE meshes of ~100 000 elements. For this reason,

this work will focus on the threphase SIMPLIi and Kim [28] suggest the followig formulation for the

interpol at ed B0y f)oaddsmaddn gyl A):s
Eo(re B)=( 9P 2 3PEA €1 (- 2 )1PEY @9)
Wo(rle A= air® #% 7+ -P) (2.10)

where rell' (0,7 is the material existence design variafe a given elemeng and rezl' (0,1 is the

material selection degigraiiable fora given elerante. Both design variablesanvary from approximately

0 to 1. Thesuperscripg A andB denote the two solid material phases which are used in the interpolation.
By convention A denotes thetiffer of the two materials (higheslastic modulus)E” and EB are the
nomi nal Youngds Modul u srespeativelye’sand /& are theamanenallysicels A an

densities of thenaterials. All other paraners retain their meaning. TMMTO example presented in

Figure2-14 utilized this three phase SIMmterpolation scheme.

It is important to note limitation of this interpolatiorschemeis that it cannot interpolat t he Poi sson
ratio of the solid material phas@8shus, only one nominal Poi ssThends r at
consequences of thassumptiorcan be mitigated by using material with similar ratios such as stdel an

aluminum. It was outsidef the scope of this work to validate this assumption.
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Figure 2-15: Plot of interpolated Young's Modulus and physical density using Equation§2.9) and (2.10) for

MMTO . Calculations were performed using E* =2.1E5 [MPa], EB = 0.69E5 [MPa

r®=7.8 -6 [kg/mni ’, r®=27E -6 [kg/mni 1, =1[mn?]land p=3.

The interpolation functions presented in Equati@8) and(2.10) now require two independent design

variable fieldsone which determiesmaterial existence for each elemend ame that determiisenateral

selection. Thus, the expanded minimum compliance problem statement can be written as follows:

minimize  J ¢')=C (#)=fTu=u"K(_ u

/_J

n .
Awed
subjectto g'(rd)=.—— &V (2.11)
arta
e
K(rlu=f

" eIemem;rg i(,04=,12

wherej denotes the independent desigmiable fields 1 and,2vhich are material existence and selection

respectively. The mass fraction constrajﬁtis defined as aatio of the desired final mass to the design

space mass when entyrdilled with material. By convetion, the stiffest material is used as the baseline.
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Thus, r” represents the physical density of thiéfestt materialA. To calctate the current mass of the
n :

structure a summation is carried out over the interpolated mass ofleame(@ W(r/)). The mass
e

fraction limit is defined by and is given as a perdage.Experience has shown that values closeto

1 generata MMTO result which is almost entiredf the stiffer materiallf it is set closer to O, the opposite

occurs,and a design is generated which is entirebde up of the mercompliant materiaSince the goal

of this work is to explorinterface design,raMMTO result which is made upf both maerialsis desired.

Typically, this occurs annd aW value of 0.3whendesigningwith steel and aluminunThus, the work

presented ithis thesis will utilize mass fraction constraints close to this value
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3.1 Abstract

This paper proposea method for performing both muftiaterial topology optimization and mujgint

topology optimization. The algorithm can determine the optimuceph&nt and selection of neaital while

also optimizing the choice and placement of joint material betveeemponents. This method can
simultaneously minimize the compliance of the structure as well as the total joint cost while subjected to a
mass fractiorconstraint. A decompositinapproach is used to break up the coupling between optimum
structural designral optimum joint design. Mukinaterial and multjoint topology optimization are then

solved sequentially, controlled by an outer loop. By decompdbiproblemgradientbasdoptimization
algorithms can be utilized, enabling the algorithm to solvgelamomputational models efficiently. The
proposed process is applied to three 3D standard TO problems. Through these example problems, the need
for aniterative process is demstnated. Improvements to joint manufacturability using the tooling and

stress onstraints are discussed. Finally, a review of computational cost is performed.

3.2 Introduction

Topology optimization (TO) is a computational method papzed byBendsoe and Kikehi [18] which
is used for the design of variongechanical structures. Qvihe past decade, insluy has adopted TO as

part of research and development efforts to create more robust and efficient designs for modern structural
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problems. Consequently, this method has become an active area of resdacdmmion streams being
TO for additive manufactimg, manufacturability in TO, and alternate TO algorithms. For adepth
review of the field, the reader may refer to literature fidemdsge and Sigmurid9], Liu et al.[30],
Eschenauer and Olhofff31], Sigmund and Maut§l1] and Deaton and GrandhB2]. Industry focused

design using TO has been previously discussdd hgd Kim[33] andWong et al[34].

Research into TO algorithms has led to the development of several popular and dominant methods. The
most mature method is the dendiiysed TO method proposed Bgndsgd19]. This work suggests the

use of the solid isotropic material with penalization (SIMP) function which relates material properties to
design variables via a power law. SeVether material interpolation schess based on SIMP have since
been proposed such as RANB5]. The main advantage of a dendiigsed approach is that the objective

and constraint functions are smooth and differergiabhesdunctions can be optimizeoly robust and
efficient gradientbased algorithms such as optimality criteria (OC) or the method of moving asymptotes
(MMA) [17]. Several other TO methods have been proposed such as tggad@ntbasedGenetic
Algorithm, the level set boundary variation method or evolutionary approa€imesand de Weck36]

propose a variable chromosome length approach in the genetic algorithm which allows for progressive
design refinementWhile nongradient methodsave greatly maturedsigmurd and Mautg¢11] suggest

that gradienbasedoptimizer applied to a coinuous SIMP interpolation scheme will yield a more robust
algorithm. This is mainly due to the significantly higher computation efficiencgratlientbased

optimization algorithms (such as MMA) iregerating a usable discretesim.

Multi-material topabgy optimization (MMTO) is an expansion of the standard TO algorithm to allow for
optimal material selection in a structure. The expansion of the standard SIMP interpolation scheme such
that it can onsider two material and oneid phase is described Bendsge and Sigmurd2] in their
monographHvejsel andLund [27] describe the muliphase SIMRequation of an arbitrary nurab of

material phases. Thischeme was presented in a discrete material optimization (DMO) interpolation

framework bySigmund and Torquatf87] with Stegmann and LunfB8] applying DMO to composite
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structures. More recenti$anders et a[39] utilize DMO interpolation to propose a simple open source
MATLAB basedTO code for solving many material phase problems. Muwlthponent and composite
orientation @sign were performed Bhou et al.[40] and then applied once more in the context of powder

bed additive manufactung [41].

MMTO can also be performed without dendigsed approaches. Level set rapghes have been
successfully applied buo et al[42] to the problemWang et al[43]pr o p 0 s e eaelsBtenetthiod r 0 |
without materialinterpolation. Heat transfer multhaterial problems were s@d byZhuang et al[44].

Wang et al[45] also extendheir MMTO framework to solve topology and shape optimization problems.

A review of the levebketframework is presented byan Dijk et al.[46]. Limitations of the leveket
approach se®in single material topology optimization (SMTO) are also presentin MMTO. Tinebkems

are dependece on problem initializatio, slow convergence and dkory convergence behavig46].

Due to these reasons, thenk discussed in his papeill utilize the densitybasedSIMP approach.

Li and Kim [28] have proven thatensitybasedMTO using SIMP can be effective for designing practical
lightweight structues. The added design freeal@f considering three material phases can often lead to
superi or r es [47]als® has shown that mgtaterial popologyptimization can produce a
mixed steel and aluminum design which outperforms singleerial solutions in the compliance problem
by up to 17.2%Li and Kim[48] have also applied this famwlation to the ptimization of an automotive
engine cradle. They proposed that by using MMTO, a miraterial solution can be found which is 23%
stiffer than a conventional singteaterial steel or aluminum structure. Over thst several years, the
potential to achievéetter structural performance with lighter structures using MMTO has drawn industry

to incorporate more TO in the design process.

A common criticism of TO is that the raw results are ranebnufacturablewith conventional methods
such & milling, stamping or casting. In practice, a TO result would typically need to be manually refined

and reinterpreted by a designer before the structure can be made. This is an iterative process which is often
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time consumg andexpensive to execute. Fnermore, this manual redesign may lead to a loss in structural
performance or an increase in mass. To mitigate this limitation, many researchers are developing

manufacturing constraints for TO.

One such limitation is thepdimal splitting and joining of astructure. Often it may not be practical to
manufacture the structure as one component. However, the splitting of a structure will lead to a loss of
structural performance. Furthermore, the shape of the components nmsthalge based on the
requiremerg of the mechanical joints which are selected for assembly. It is apparent that optimal material
layout and choice is coupled to the optimum layout and choice of joints in acomitionent design. This
limitation becomes wre pominent when dealing with MTO results. A multimaterial solution inherently

necessitates that each cluster of a given material is split into separate components.

As an example, looking &igure3-1, a designer mainterpret the raw SMTO sdiion as a single milled

or cast piece. In comparison, the MMTO solution may require several steel and aluminum components to
be manufactured separately then assedbrhis process would inevitably lead to a loss of performance
when going from a raw MMTQadution to a final manufacturable design. Typically, topology optimization
assumes all voxels are perfectly bonded along every interface point. Therefore, |dwed tramsferred
perfectly between elements from node to node. Rewein practice, componenimust be connected
through discreteafnd often less stiffoining structures such as fasteners or adhesive bohash diminish

overall stiffness. It is critiddo consider thisack of stiffnesf the interfaces insidine TO loop as it will

have aangible impact on the optimum structural design.
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Single-Material Topology Optimization Multi-Material Topology Optimization

Separate components
Single component

WsT WsT
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Figure 3-1: Qualitative manufacturability comparison of single material topology optimization (SMTO) results
to multi-material topology optimization (MMTO). It can be seen that the SMTO Iéft) solution could be

manufactured from one component while theMMTO ( right) requires several components.

The topology optnization of joints has been considered in literature and industry. Tiypittas involves
pre-defining a material interface and performing TO in order to determine the optimal distribution of a
single type of joint in the domaifryberg and Nilssof49] have proposed a method for optimizing the
distribution of spot welds withian automotive structure for assembly cost reduction. This method requires
that the spot weld candities be predefined before optimization. Furthermore, it does wugitimize the

base structure to consider the limited joining areas. Other methods,sstletsa proposed kyian and
Ananthasuresh50] and Zhu et al.[51], embed joints of a given stiffness throughout the design domain
and then optimize both joint existence anatenialexistencesimultan®usly. An advantage of this method

is that the joining interfacdoes not need to be definadpriori. However, the issue remains that only a
single type of joint can be considered. Recerlypu et al.([40], [41]) have suggested a method for
simultaneously optimirig material layout and theplitting of the material in multiple predefined
components. Thisvork was able to simulate the lodaks of stiffness the structure experienceghat
interface between components inside the TO loop. Again, this method edlimithat it can only coider

one type of joint at the interfagehose mechanical propezsi cannot be explicitly defindy the userZhou

and Saitoy52] have also applied their muitbmponenframeworkto optimizing the facement of pot
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welds between sheet metal componehtsthis wak, joint stiffness can bexplicitly setby the user

however, only a sigle joint materialcan be included in theroblemformulation

Another practical considerationjimint design is the accessibility of certain regions for joining. Ultimately,
this depends on whether or notetlikomponents need to be in their final assembled orientation before the
joint is applied. Certain joints may be applied before the componengdaaeel in their final orientation

such as adhesive bonds. Other joints, such ad sedms, necessitate thae tcomponents are mated
together before the welding tool joins them. The authors refer to this limitation as tooling accessibility. To
the authois knowledge no work has been published which considers limiting the joint seteetial
placement based ondlaccessibility of the region. From a practical standpoint it is important to apply this

limitation within the TO loop to ensure joints do notrfoin areas where it is infeasible to place them.

Currently, state of the art mettogublished in literatureat only consider coupled joint and topology
optimization in a limited scope. Either the quantity and location of joints must be dafpwexti or, if this

is not the case, the type of mechanical joint used must be preselactedlity, this is impradtal as
designers often utilize several types of joints when assembling a structure. The choice of these joints,
whether it be a fastener, weld adhesive bond, often leads to a redesign of the structural components.
Thus, theras a need for a computatially effective and efficient gradiebased optimization approach
which considers the mutual dependency between optimal joint selection atiahloaa well as optimum
interface shape. This paper will expand on the woM/ofschwill and Kim[9] which addresses some of

the limitations in current nikods. The proposed methadmbine both multimaterial and multjoint
topology optimization (MMMJ TO) into a single sequential process. This method first finds an optimal
MMTO design and then performs mujgint topology optimization (MJTO) to deterngirthe optimum
location andselecton of joints. These two subproblems are solved sequentially and iteratively until an
optimal design is found. Both the MJTO and MMTO subproblems utilize the-piwasge SIMP scheme
described previously. This allows botthpuoblems to be solved withe eficient gradientbased Method

of Moving Asymptotes optimizdsy Svanberd17].
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While, Woischwill and Kim[9] were first to consideMM/MJ TO without hawng to defire joint locations

a priori this method was only demonstrated for 2D geometries. Furthermore, it does not consider tooling
accessibility limitations associated with assembling rudthponent structures. This paper performs 3D
MM/MJ TO for the frst time whle also implementig accessibility constraints for welded jointhich is

an especially important practical consideration for 3D geometries. The following sections describe the
expansion of thdvM/MJ TO algorithm to 3D geometries. This papeil wlso swgest a method for
considering tooling accessibility as a factor when determining the optimum joint selection and distribution.

Capabilities of this algorithm will be demonstrated using three case studies.

3.3Methodology

As mentioned previously ¢ghgoal of his work is to presnt a method which sequentially performs MMTO

and MJTO to determine the optimum structural material choice and layout, as well as the corresponding
optimal joint material choice and layout. By going through several iteratbrtbis segence, the
interde@ndence between these two aspects can also be considered. That is, the structural material layout
will be re-optimized to take advantage of the optimum joint placement and vice versa. In this paper two
structural materials arta/o joint materials will be onsidered for the MMTO and MJTO subproblems. The
structural materials in the MMTO phase will be referred to as Structure A and Structure B while the joint

materials in MJTO will be Joint C and Joint D.
Through this approachéHollowingtwo limitations ofthe traditional MMTO algorithm will be addressed:

1. Load must be perfectly transferredi i d e a | betiveersdissimilay material interfaces. Practical

load transfer through discretely connected joints with realistic mapeopértiess not considered.
2. The practical joining of dissimilar materials has no impact on the optimum design of the structure.

In order to resolve these issues, this paper will adoputle for good joint desigoroposed byWoischwill

and Kim[9]:
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1. AAl I components of di ssimilar mpibhte ar disednreectethu s t e
altogeher (i.e. separated by void elements), such that no load can pass directly through dissimilar

material [9nterfaces. 0

2. AJoints can only exist along dissimilar materi al

materi al can be formedf9without the need for joir

The complete optimization problem statement of M¥/MJ process can be written @éismimize the
compliance and total joint cost of the structure
is represented in Equati@®.1). In this pape bothsuperscripeindsubscrips will be utilized extensively.
Unless otherwise specified, the superscript is not an exponent. Typically, it will be used to identify a new
independent variabl&ubscrips will be used to identify the index ofvador ortensor

minimize  J(r1)= bC ('r 2r 3 M+ QL )

12 3 4

rr, n r

subject to gl(fl,le)zhd:VV
Sel " @ 3.1)
K(Cl, ~Fa~3/:~4szj

" elemeetrJi (,034 =, 128

where r! is thestuctural magrial existence design variable vector and is a design variable vector
which represents the selection between Structure A and Structuré B, the joint material existence

design variable ector and r*isa design variable vector which represents the selection between Joint C
and Joint D,W, is the mass and, is the volume of the™ element which along with the phgsi density

of Structure A (rA) are used to calculate the normalized mass fraction consglfaibﬁ defines the mass

fraction constraint limit. The stiffest structural materiar8ture A)is chosen as the reference initial mass
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for the constraint calculation. The objective functio](rj) is the weighted minimization of
c(rt, A, % % and Q(r3, #), which are the compliance die structue and the total joining cost

respectively. The weighting factors for both objectives @&'eand b? respectively. Typicdy, the

compliance objective will be orders of magnitude smaller than tisé @bjectve which could cause
numerical instability when solving Equati@®1). This work avoids scaling issues by decoupling Equation
(3.2) into two subproblemsminimizing the objectives independently. This avoids the need for scaling

factors. Variablex, u and f represent the global stiffness matrix, force vector and displacement vector

respectively. Note that the global stiffness matigr*, 7, % “yis a function of all design variable

fields. Finally, superscriptj identifies the design variable set as previously described.

One difficulty with this problem formulation is that the designable joint area is unknown until the structural

material distribution is determined. That is, the joingige spacean only be defined after the material

interface is determined. Thereforbetr and r* design variables for any given element are dependent

onther! and r? of its adjacent elements. Sincé and r# are mathematically dependent oh and 72

in this problem formulation, a closed form expression cabealeterrimed for the objective and constraint
functions. Thus, sensitivity analysis cannot be performed for the coupled statement. For this reason, the

MMTO and MJTO processes have been deadiphd will be solved sequentially.

In the following sectios, an overiew of TO will be provided followed by a breakdown of the proposed
algorithm. The nosstandard meshing strategy employed in this work will be discussed. The decoupled
MMTO and MJTO suproblems with their associated problem statements andisipgihalysis will be
provided. This is followed by an explanation of the-precessing steps which are needed to transition
between subproblems. The decision process for assessing joint cgnlideether a joint material is
feasible in a particular lation) is #so discussed. This process outlines criteria for testing adhesive joints

for possible failure due to high peeling stresses and presents a method of preventing certain joints from
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being placed in areas which are not tooling accessible. Fintdly,terminéion criteria for both the

subproblems and the outer loop will be outlined.

3.3.1Topology Optimization

For a given finite element (FE) model, each element is assigned a design variabtefefted to as an
Afartificial de rnesdretbguhtoanyvalteibdtweeniO and 1 wheraasvalue of O represents
material removal (void) and 1 represents material existence (solid). Using these artificial densities, the

physical properés (physical density and elastic moduli) of each elemenbeamalculéed. As suggested

by Bendsgg19], for two material phases (solid and void), theripiéated mass of each elemam, and

the interplated elastic modulus of each elemgpt can be calculated based on the artificial density. These

equations will be described below starting with the mass irltaipio:

We(re)=d( o “rel -9 A (32
where r 1 (0,1 is the design variable or artificial density assigned t@thelement,7* and 7B are the
physical densities of the two material phases, and fimallis the volume of the elemerithe interpolated

elastic modulus of each eleméag can be defrmined using the following:

Eo(rod=( QPE" €1 ¢ FHE® (3.3)
whereE” and EP are the elastic moduli of the two material phases. For a single material SIMP formulation
B

rB and EB are set to 0. It is often argued that intermediate artificiaisity vales have no physical

meaning and thus the designs are difficult to interpret. In order to alleviate this carcexponential

penalzation factor p is introduced to drive convergence to a completely 0 or 1 sol[2RnTypically,

p is set to be larger than 1.

The typical SIMP formulation described in EquatidB.2) and (3.3) can be expanded to consider three

material phases. That is, optimal material existence as well as optimal material selection (between two
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materials) can be determined simultaneoustyorderto acheve this, Equation$3.2) and (3.3) are
expanded asakcribel byBendsge and Sigmuntl2] andHvejsel and Lun§R7]. The particular formulation

utilized in Equations(3.4) and(3.5) is adapted fronki and Kim [28]:
Wore = &tr® #% T -P) (34)
Eo(re 2)=( QPI( 2JPE" €1 (- 2)PER (35)
where rell' (0,7] is a design variable which represents the existence of material feeraedemente and

rezl' (0,7 is a design variable which selects between masekiahd B. This interpolation scheme can in

principle be expanded ton number of material phases. However, this necessitates adtitiesign
variables. For eachlement,(m- 1) design variables will be required fan material phases. With a large
number of material phases, the computational cost would make solving large FE modelsefw€lDE00

elements) infeasible.

3.3.2Algorithm Overview
In order to solve the decoupled problem, two subproblems will need to be dafidethen solved
sequentially. These are the MMTO and MJTO subproblems which solve for optimal material distribution

and opimal joint distribution respectively.

In order to loop through the entire decoupl&l/MJ process, several prand posjprocessingteps must
also be used between the MMTO and MJTO subproblem executions, as illustrBigdr@B-2. In this
paper, the iterations performed by tiy@imizer in the MMTO and MJTO subproblems will be referred to

as inner loops. Each iteration of the entire process will be referred to as an outer loop.

Key parts of this algorithm wilbe describé in subsequent sections of this paper. The readerasieged
to refer to the original work proposed Byoischwill and Kim[9] for more elaboration on tHdM/MJ

algorithm.
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MMTO Pre-Processing

Multi-Material Topology Identify Structural Design
Start L . 1 . X
Optimization Domains

| Discretize Results

| Discretize Results |

‘ No
| Simplify Geometry |
I Outer Loop
Identify Joint Design Con(“f;rgl(znce
Domains nee
!

Considering Tooling Optimization

Modify Design Domains I [ Multi-Joint Topology ]
Accessibility

MJTO Pre-Processing

Figure 3-2: Flow chart describing the proposedMM/MJ Topology Optimization process[9]. Inner loop
optimization is performed within the MMTO and MJTO steps. The MM TO and MJTO steps,as well as the

pre-processing steps, arwithin the outer loop.

3.3.3Meshing

In typical FE meshing strategies, a structure will be meshed such that each element is roughly the same
size perhaps with some additional local refinement. Howewben dealig with joints, this strategy may

not accurately define the joint geometry. Typically, a joint may be significantly smaller than the components

it connects. For example, automotive body structures such as door panels might be spot welded togethe
As a resllt, the spot weld may be several orders of magnitude smaller in size than the panels. If a user were
to mesh the joints and body structures with a mesh resolution appropriate for the panels, this resolution
would not accurately represent theogeetry of he joints. Conversely, if the joints and panels are meshed

at a resolution appropriate for the joints, the total element count may become computationally inefficient
to solve. Thus, this paper will adapt the meshing strategy proposethdyy andSaitou [52] and
implemented in thereliminarywork by Woischwill and Kim[9] for 3D geometries as seenkigure3-3

andFigure3-4.
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Conventional Mesh MM-MJ Mesh

R N A1

Figure 3-3: Comparison of conventional hexahedral FE element of size | tdM/MJ design cell msh of the

same size. Note that the overall size of both meshing strategies is the same.

Each design cell is composed of a single structleaient and seven joint elements. This meshing strategy

is applied during initial model setup and remains statmuignout theprocess.

Structural Element Joint Elements

Figure 3-4. Graphic of different elements contained inMM/MJ design cell. The left image shows the entire
design cell. The right image has the structural element hidden so the jointezhents carbe seenNote that one

of the joint elements isin the bottom corner and cannot be seen itthis diagram.

3.3.4Multi -Material Topology Optimization

The first subproblem to be executed is the MMTO subproblem. Here, the optimum material distribution of
Structure A Structure B, and void is determined. Void material is given infiniaisy small physical

density and elastic moduli values to model a disconnection between material at the interface. The MMTO
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problem statement is formulated as a minimum d@npe prollem subject to a mass fraction constraint.
It is important to note thahe mass fraction constraint defined at this point will be maintained throughout

theMM/MJ process. This calpe written as:

minimize C (%, A)=fTu=u'K( ¥ 23 Au

P )
subjectto gt(r?, F)zse—vi\/e Y (3.6)
T Ser” 3

K(flv f’ ~3r,~4)g = f
" elemeetrJi (,01=,12
Sensitivities for the compliance objective with respect to the design vari@bm;d fz can be calculated

using the adjoint variable method:

E: Ut IJ}S'el;Ie _Ce E.e

i e 112 (3.7)
whereu,, K. and E, are theelementnodal displacementglementstiffness matrix, and interpolated
elastic moduli of the™ element, respectively. The elasticanti E, of each element are given by Equation
(3.5). C,is the compliancef thee™ elementThe partial devative tem can be written as:

H_Ef: p(fé)(p_j’)[EB +( éZ)p( EA _EB)] (38)

e
E :
IJ_; = p(,—é)(P)( é)(p Y(EA- EB) (3.9)
We
Finally, the sen8vities for the mass fraction constraint aaculated via the chain ruées
ugt _nel P+ % Ar O

1

W Se £ o

(3.10)

1 b
;912 _ e & Z'en ) (3.11)

47



MM/MJ TO of 3D Structures

by Vlad A. Florea

During the MMTO subproblem, the design cell showrfrigure 3-4 will be optimzed as aisgle design

variable (DV). That is, the structural element @ahd seven attached joint elements will share design

variable valuesr! and r2. Sensitivities for the design cell are calculatedsbmnming thestructural and

joint element sensitivities as follows:

8
ﬁ:aﬁ j=1,2 (3.12
w e 1

1 8 .1
o -5 8 =12 (3.13)
Wé e=1 P’é

These sensitivity values are now in terms of the entasigth cellc rather than the elemen After

performing MMTO, design cells which create a dissimilar material interface are identified. A layer of

design cells on the material interface is made designable for the MJTO subproblem. All other design cells

aremade nordesignable.

The results iom this phase must be discretized beforehand to prepare the finite element model for the

subsequent MJTO subproblem. Thus, each element will be interpreted as Structure A, Structure B, or void

based on its design variablalues. scretization rules frormable3-1 are applied.

Table 3-1: Design variable thresholds for interpreting results in the MMTO subproblem.

Interpreted Material rk, ré,
Structure A (Stiffest Material) OO0 . 60. 5
Structure B 00 . <0.5
Void <0.5 | Any value

These values may be tuned by the user depending on the convergeniigcegtdness (1 or 0) of their

solution.

3.3.5Multi -Joint Topology Optimization

The MJTO subproblem occurs after the MMTO phase toriahéte the optimum joint distribution at the

interfaces of Structure A and B. Joint design affects structural performan@®ifygliance in this paper)
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and cost as well, and therefore the objective of this phase is to minimize the total cost of jdintsjex
to a compliance constraint. The choice of this compliance constraint is crucial as it will not only dictate the
numler of joints allowed in the structure (impacting cost) but also the final stiffness of the structure. One
possibility is to cons#in the compliance to be no larger than the optimum compliance of the first MMTO
subproblerd sesults, where all voxels arerfextly bonded with each other. However, no feasible solution
could exist with such a strict constraint because the additionnt$ ji the structure removes the perfect
load transfer assumptiothus yielding more complianibterfaces between Structubeand B. Thus, this
compliance constraint mu s t be relaxed by a wuser
capturs a similar effect seen in real world mechanical design. In practice, once a TO result is reinterpreted
by a designer considag multiple components and their assembly, the compliance of the structure will
increase from the raw TO optimum objective function value. Thus, the MJTO subproblem formulation can
be written as:

minimize  Q ¢>, /)= § #YR° + YQ© -Q°)]

3 4
, I

subjectto  g*(r3, A)=u'K( ' *r 3% rfure C (3.14)

K(Cl'~/2’~3/; 4)9:1:

" elemeetr] 1(,05= ,34

where Q° and QP are the costs per unit volume of Joint C and Jointrd, @ is the optimum total

compliance from the first MMTO subproblem rused as a constraint limiThe cost objective function

sensitivities can be calculated as follows:

MO _pQ® +HSE Pyl (315)
W

e

MO e B Q) (3.16)

e

Finally, the sensitivities for the compliance constraint function:
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2

%: %:p(fe3)(p-l)[ED+( €4) P( EC. ED)] (317)
by %p(rﬁ;)( )P (ES- EP) (318)

Again, the results must be discretized before the next step of the algorithm. The following discretization

rules fromTable3-2 are used.

Table 3-2: Design variable thresholds for interpreting results in the MJTO subproblem.

Interpreted Material ré, r
Joint C (Stiffest Material) 00.5 O00. 5
Joint D 00. 5 <05
Void <0.5 Any value

3.3.6Regularization

In order to prevent checkerboarding of results, the objective sensitivities in the MMTO subproblem are

filtered using the standard mesh independent sensitivity filter proposgidioynd ad Peterssof1]:

uC 1 N 1,2
1,2 N aHiry 12
We ' 12, H f Wf
I'e 8f. f (319
H; =r <dist(e f)
the “?2 term represents the objective sensitivities after filtering fordhelement, “Ci are the
We” W't

sensitivities before filtering fathe " element Subscripf identifies an element which is a neighbottué

elemente. Elements neighbor one another if their center to center distance is smalldtehiag radiusr.
rf]"2 represent theseudedensitiesof the elements which neighbor element ; is a weighting fator

which is determined by the distance between elesreandf. If the center to center distance between

elementse andf is larger than radius , the weighting factor becomes zero for that element pair. The
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filtering radius is typichy set to 1.5 times the average design cell size. Notetlieameshndependent
filter is only applied to the\rel and re2 design variable fields. It is applied independently to both design
variable field tonot only prevent checkerboarding between solid and void elements but also between

material types.

In order to prevent checkerboarding and to enforce a minimum joining area in the MJTO subproblem, a
modified version of the member size sensitivity filtesgrsed byKim et al.[26] is appliedto the objective

function sensitivities:

_ 34
uQ _ =@V © (320
34 N & Op 4 '
We 234y . HQ ghe
a Py f f 34§
f:lg Wf =

where the “2 7 term represents the objective sensitivities after filtering foetreementand %
We™ MWog™

are the sensitivities befofiétering for thef" elementAll other terms retain their meaning from previously

The main change to the filter proposedKiyn et al.[26] is the addition of the summation term in the
numeator instead of the variabldproposed in the original work. This allows for better numerical stability

over the standard filter at fine mesh sif@s

The minimum member size filter is only applied in the MJTO subproblem and thus effects omLy" the

and re4 design variable figs. Again, it is appliedndependently to both to enforce the member size

behavior in both joint existence and selection.

3.3.7MJTO Pre-Processing

Before initiating the MJTO subproblem, MMTO results must be discretized arurqressed. The first

step is to nport the raw MMTO desigwariable values and discretize the results based on the rules
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described inTable3-1. In order to ensure that the mass of the design meets the metgmnficonstraint

after the ensuing dcretization and prprocessing steps, a bisection algorithm is used to adjus;t]the

discretization threshold until the discretized design is within 0.1% of the constraint value! Bhel 72

discretization thresholds are ultimately used to interprets the design variable values as either Structure A,
Structure B, or void materials, allowing for the proceeding design simplification and clearsipSstee
discretization is perforniebased on design variable values, all elements in a given design cell will be

interpreted as the same material.

Experience has shown that MMTO raw results often have complex and unintuitive material interfaces. This

is usually caused by sensitivity filieig and numerical inaccuracies or instabilities. Thus, as part of the pre
processing phase, the MMTO results will be cleaned up with the same algorithm prop{8eashseen

in Figure 3-5. On the left side, the complexity of the interface between dissimilar materials necgssitate
cleanup before considering it as a possible joining area. In realidgsigner would perform anslar

simplification and cleanup step when reinterpreting TO results. The cleanup operation works by checking

all elements at a dissimilar material interfade. la maj or ity of that el ement 6s
to a dissimilar material, the elemenmill be moved to the dominant material group. In order to maintain a
constant mass throughoMtM/MJ, cleanup is incorporated into the bisection search for etigation

thresholds.

Interface Pre-Cleanup Interface Post-Cleanup

=

Figure 3-5: Diagram of the interface cleanup process. The left image shows discretized MMTO results pre

cleanup. The right shows the same section after cleanup.
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It is important to nat that the discretization and cleap processes will lead to a difference in the objective
and constraint function values. The magnitude of this difference is problem depehdestver, the
authors have found that for the examples provided in this pperchange in objective is acceptable
considering that the process yields an overall smoatmultimately more manufacturable interface. The
impact of the MJTO prprocessing stage on objective and constraint values has been quantified and is
presentd in Table 3-3. The example used to generdiable 3-3 is the MBB Beam example problem
discussed later in this paper. The comparison is made usifigstddMTO iteration (Al) kefore and after

the results are put through the jpr®cessing function.

Table 3-3: Comparison of MBB Beam iteration Al results before and after MJTO preprocessing. Percent

change is with respect to the restibefore pre-processing.

Before Pre After Pre-

Processing Processing
Objective [mJ] 2.8 2.99 (+7%)
Constraint [%0] 0.3 0.299 ¢0.3%)

The final step in preparing the model for the MJTO subproblem is to identifgittielesign domain. This

is done by selcting the joint elements which lie on a dissimilar material boundary. Since theopessing

steps are run in the Altair HyperMesh ym®cessor using the TCL automation language, identifying
interfaces is simpleElements are placed in separate grobpsed on their material assignment. The
interface is then located by finding the joint elements physically attached to both groups. This is

accomplished using a built in TCL command.

Topology optimization couldow be performed on this joint design dom#&indetermine the optimal joint

type and placement. However, with no additional manufacturability constraints, the results may be
impractical from a manufacturing standpoint. Depending on the joint type, differdingtaccessibility

may be required to asmble the components. For example, if two pieces are to be welded together with

butt joints, the components would have to be positioned in their final assembled orientation before welding.

Then, welds could only b&pplied to joining areas which are acibke from the outside of the structure.
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For the studies presented in this paper it is assumed that Joint C can only be applied to the perimeter of the
joining area and must be tooling accessible from the outsiil®. Dds considered to have no tooling
limitations. A practical example of this would be an adhesive bond which does not require the components
to be in their final orientation before it is applied. Thus, the joint design space can be interpreted visually
in Figure3-6.

Structure A Interface Joint C or Joint

D are Feasible Only Joint D
1s Feasible

Structure B

Figure 3-6: Diagram outlining the allowable locations of Joint C and D within the joirt design domain.

When selecting the appropriate joint for an assembly, it also critical to considén@dailure modes and
design to mitigate the risk of fatigue and failure. For example, adhesive joints are typically prone to failure
due to delaminatin. Thus, it is recommended to place adhesive joints in such a way that they avoid carrying
significantload in tensioffib3]. In order to account for the stress limitations of many joining technologies,

a failure criterion will be introduakto limit the placement of joints in incompatible locations.

In this paper, it will be assumed thaink D is similar to an adhesive joint and is prone to delamination
caused by high peeling stresses. To assess possible failure, the quadratic defaoritexin developed

by Brewer and Lagacib4] will be utilized:

t e T

S &£ t € < €max|€max! (0,1 Pass

Eoza oz Fyz e S 321)
z z z z 162 Graxlcmad 0.1 Fal |
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where st y and scy are the interlanmar stresses in tension and in compression which are normal to the

y y
interface plang Lyx and ty, are the shear stresses on the interface pIZbe,ZCand Z° are the

interlaminar tensile, compressive and shear strength respectively and §inallg user defined failure
threshold for the criteria. Depending on the orientation of the joint element, the coriagpsindss

components W be used in Equatio(B8.21).

This formulation assumes the orientation of the joint element shotigume 3-7.

Figure 3-7: Orientation of stress components given the orientation of the joint element in the global system.
Note, only one of the seven jointlements is shown here. The stress commpnts used in Equation(3.21) will
change based on the element orientation.

In order to determine the stress values, the mechanical properties of Joint D are assigneddmtevery
element and finite element analysis (FEA) is performed. If an elementHailcriteria, then it cannot be

Joint D and must be Joint C or void.

The presented method for assessing joint failure assumes that stress throughout the joint design space does
not change as the joint distribution changes during optimization. In grabis may not be the case. A
situation could exist where joints that were previously failing the criteria are now passing (and vice versa).

Ultimately, the most robust approach Waie to incorporate stress constraints within the MJTO loop.
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However, atlte time of writing, stress constrained mulftaterial topology optimization is still an active
field of research with no well accepted methodolodiesrder to ensure thadintsdo not surpasthe stress
limit during optimization, the failure limit should be chosen conservatively to leave a safety maigs.

work adopts the limit of 0.5 suggested in the original p§er

Combining failure criteria with the accessibility constraints will bin the elements via the flowckagtine

3-8.
[ Detect Interface ]
v
[ Check Accessibility ]
I
CJoint C or Joint D) C Joint D Only )
[ Check Failure Criterion ] [ Check Failure Criterion ]

| |

(o] [

A) Joint C B) Joint C, D) Joint D
D or Void ) ( C) Void ) or Void

Figure 3-8: Flow chart outlining the logic used when determining what joint type is permissible at a given

element location.

Ultimately, this limits all interface elements to fall within one of four categories:
A) The elementan be Joint C oroid since it experiences high stress but is accessible

B) The element can be either Joint C, Joint D or void since it is accessible and does not experience

high stress
C) The element must be void since it is not accessible and also expsrieghk stress

D) Theelement can be either Joint D or void siitices not accessible and does not experience high

stress
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In order to enforce this binning in the MJTO subproblem,tfi@nd r¢ values of an @ment will be fixed
via the rules imrable3-4. For example, if an element is accessible but exceeds the stress criteria, it must be

Joint C or Void. Thus, the element can have any valueZobut can only have &7 of 1.

Table 3-4;: Summary of joint design variable values required to limit theexistence of joints in certain regions.

Note that for numerical reasons thes&alues are not set to 0 but to 0.01.

Element Bins ,36 ,4e
Case (A) (0,1] =
Case (B) (0,11 | (0,1]
Case (C) =0 =
Case (D) (0,1] =

While these manufacturing constraints tackle some practical joiigind@spects, there are still many more

which are not considered at this time. Some examples are listed as
1. Penetration depth of welds
2. Heat affected zones caused by welding

3. Chenical, thermal or mechanical interactions between joining materials (e.g. thettedfects of

welding on adhesive bonds)
4. Load transfer through contact and friction between components

All other noninterface elements will maintain the Structure A or Streee B material properties from the
MMTO subproblem discretization step and vii# designable in MJTO. The MJTO subproblem is then

executed to determine the optimal joint topology.

3.3.8MMTO Pre -Processing

Before preparing the model for tfalowing MMTO optimization, the raw results from the MJTO phase
must be interpreted via the distration rules described ihable3-1. Experience has shown that thevra

MJTO results are well discretized and the member size filter adequately prevents checkerboarding and other
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unwanted effects. Thus, unlike th&JTO preprocessing phase, this phase does not require any post

optimization cleanup.

Once discretized, the jomy region and adjacent layer of structural elements are identified and made non
designable. These elements will keep the Structure A, B andQpD properties they were assigned in

the preceding operations. All other design cells are left as designable.

All designable cells will have their design variables initialized based on their current material assignment.
That is, their design variablalues in the first iteration will be set close to those of the previous MJTO run

via the rules infable3-5. Due to theelatively high penalization factors used in this work, if design cells

were initialized right aithe design variable bounds, the optimizer woulihbapable of changing them in
subsequent iterations. Thus, based on the material assignment performed in the discretization phase of pre

processing, the slightly relaxed initial values froable3-5 will be used.

Table 3-5: Design variable initialization in the MMTO sub problem.

MMTO DV Initialization rly ré,
Structure A 0.8 0.8
Structure B 0.8 0.2
Void 0.2 0.2

This initialization strategy is used to bias MMTO by starting optimization with design close to that from
the preceding MJTO subproblem; by doing this, inner loop optimization has a much smoother convergence
anddoes not produce a local optimum design Wwhitay be drastically different than previous outer loop
iterations. Such a design could lead to oscillations between outer loop iterations with no improvement in

objective function values and would not produceeaningfulMM/MJ result.

3.3.9Termination Criteri a

As mentioned previously, there are three optimization loops involved MNH®J process. These are the
MMTO and MJTO inner loops as well as tki/MJ outer loop. The MMTO and MJTO inner loops are

run using a in-house TO code, which employs the thpbase SIMP approach outlined in Equat{8rb).
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Finite element analysis i s pS&uctfsavernTbedoptimigatian gngikel t a i r ¢
codei s written based o0 nSvabeag2®)éThafdlevingtdtmination criteriace  (

used for each of the inner MMTO and MJTO loops:
1. Maximum iteration limit of 100 iterations
2. Obijective function change is less than 0.5% for two successive iterations
3. The absolute change in desiggriable values wagss than 0.1% for two successive iterations

Once one of the three conditioissmet, the optimization stops. The feasible iteration with the lowest
objective function value is then found and output is presented as the optimum. Aefeakition must

hawe a constraint violation that is less than 0.2%.

The outerMM/MJ loop controls the number of MMTO and MJTO runs. This loop utilizes the total cost
results from the MJTO run as the objective function value. This outer loop will ranfiiced number of
iterations before it is terminated: in this paper, it is set at 8. The éil&1J process is quite
computationally expensive, thus limiting the total number of outer loop runs is prudent. Furthermore, it was
found that the outer loopoaverges after only gew iterations with negligible additional improvement in
objective function values. Once th/MJ outer loop is terminated, the feasible iteration with the lowest
objective function value is selected as the optimum. Again, a feasikidon must haveamore than a

0.2% constraint violation.

3.4 Numerical Examples

In this paper, the proposéddM/MJ process was tested on three 3D test probldfiguie 3-9): the
MesserschmitBolkow-Blohm (MBB) bean, L-Bracket, and cantilever beam. Identical material properties
were used for each of these examples. Structure A was chosen to be a generic steel, Structure B is a generic

aluminum. Material properties for vomere selected such that they are equivalerthe interpolated
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Youngb6bs modul us and interpolatqlthndq%\balseiomml.Thdsensity

properties are summarizedTiable3-6.

MBB Beam Cantilever Beam

L-Bracket
100 mm

Y 100 mm

:|>100 mm
- ?z/(x \,\/l()()/mm

100 mm

300 mm —

Figure 3-9: Overview of example geometries and dimensions.

Table 3-6: Structural material properties used in example problems.

Structure Structure

Property A B Void

Material Example Steel | Aluminum | Void

Density [kg/m] 7.85310° | 2.R10° 27

Elastic Modulus [GPa] 210 69 6.9 x10°

Poi ssonds R 033 0.33 0.33
I't is important to note that the i mpl ememtoed S| MP
Thus, all materiamusthave a fi xed Poissondéds ratio of O0.33. F

defined as awveld and Joint D will be an adhesive bond. The corresponding material properties are

summarized imMable3-7.

60



MM/MJ TO of 3D Structures

by Vlad A. Florea

Table 3-7: Joint material properties used in example problems.

Property Joint C Joint D
Joint Example Weld Adhesive
Density [kg/m] 7.85 10° 1.310°
Elastic Modulus [GPa] 5 2.5
Cost (Q'P) [$/mnT] 2 1
Poi ssonds Rat 0.33 0.33

Since the objective of the MJTO phase is to minimize cost while maintaining structural stiffness subject to

a given relaxation factor, a cost property is assigned to the joints. Thesareoshosen to be $2/rifar

Joint C and$1/mn? for Joint Din order to maintain a constant cost to elastic modulus. rttie also

important to note that these costs will have a unit of dollars per vdiam@nvenienceStiffness and

physical densityalues are chosen arbitrarily apraof of conceptUItimately, thesevaluescan be defined

by the user based on the actiggtworld costsand structural performanessociatedavith their particular

joining methods For this study, Joint C will havedhaccessibility constraint applieaihd Joint D will be

prone to failure from delamination. The parameters of the delamination failure criterion are shabiein

3-8 and they are sourddromWoischwill and Kim[9].

Table 3-8: Summary of adhesive bond failure criteria.

Parameter Value
Z' [MPa] 20
Z° [MPa] 80
Z° [MPa] 40
€max 0.5

In order toeasily visualize results, the color code preeed inTable3-9. will be used when plotting results.

Table 3-9: Overview of color code used to visualiz&M/MJ results.

Parameter

Structure A$T)
Structure B (AL)

Joint C (Weld)

Joint D (AdhesiveBond)

Void

Color

DV Interpretation

rt,00 .

r5,00 .

rt,0o .

r3,<0.5

r3,00 .

r8,00 .

r3,00 .

r8,<0.5

rt,<0.5 orr3,<0.5
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Moving forward, the MMTO subproblem will be defined as the A process, and the MJTO subproblem will
be the B proess. The numbers which follow represent the dotgy iteration. For example, iteration Al

will be the optimum esult produced by the MMTO subproblem which was run in the first outer loop. In
other words, this would be the first call of the MMTO subpeail Furthermore, Structure A and Steel,
Structure B and Aluminum, Joint C and Weld and Joint D Adtesive Bond will be referred to

interchangeably.

3.4.1MBB Beam Problem

The first problem geometry addressed will be the MBB beam, the dimensions of whickearsgigure
3-9. This geometry is discretized using the meshing strategy described in Se&iBuvhich yields 40,000
total first order hexahedral elements (5,000 structural and @5¢dfts). Figure 3-10 shows the cross
section of the design cell used to mesh this geometry including the dimeastbesstructural and joint

elements. Also included is a breakdown of the loading conditiors use

Force = 1000 N

Fixed DOFs: Tx, Ty, Tz Fixed DOFs: Ty, Tz
e X

Figure 3-10: MBB beam boundary conditions and mesh size. Front view.

A number of usedefined parameters are needed inNi/MJ process. A summary of the values used for

each parameter in the MBB beanolplem can be found ihable3-10.

Results for this problem can be seerfrigure 3-11. The optimum material distributions and quantitative
metrics are presented for eaabpgroblem and each outer loop iteration. For ProcegsIMTO) the
compliance objective and the mass fraction constraint values are given, while for Process B (MJTO) the

joint cost objective and the compliance constraint values are given. These reqadig digcretization and
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cleanup. While the outer logpn for a fixed eight iterations, results will only be presented leading up to
the optimum outer loop result on iteration six. This iteration is chosen as the optimum as it has the lowest

objective funtion value while remaining within the constraint viida tolerance.

Table 3-10: Overview of MM/MJ parameters used for the MBB beam problem. DV values in MMTO are only

initialized to the given value in the frst MMTO call. In later runs the biasing scheme discused previously will

be used.

Multi -Material Topology Optimization (A) Multi -Joint Topology Optimization (B)
Penalty Factor 3 Penalty Factor 5
Filter Radius (Mesh Independent) [mn 15 Filter Radius (Member Size) [mm] 5.5
Mass Fraction ConstrairiV 0.3 Constraint Rel a 116
Mass Target [kg] 11.7 | Constraint Value [mJ] 3.48
DV Initialization (in AL) r', i, 0.3 | DV Initialization 73, 0.9
DV Initialization (in AL) 7% 0.3 | DV Initialization r% 0.9

For this problem compliance is relaxed by 1.16 times to give the compliance constraint for the MJTO phase
of 3.48 mJ. All iterations msented have a mass of 11.7 kg as this is the mass fraction constraint enforced
at every stage of tHdM/MJ process. Asxpected, the A2 iteration has a higher compliance than Al. This

is becausehe assumption of perfect fusion is removed after Al, byngdi@dint materials between the

components.

These joint materials form more compliantconnection between the componemtkich causes the
compliance to increase. However, even though the compliance of A2 of 3.72 mJ is larger than the B phase
compliance costraint of 3.48 mJ, the B2 iteration can still converge on a feasible result. In other words, by
considering joint optinzation after each MMTO step, the compliance of the structure can be improved
over the MMTO step by determining a superior distributidbjoints. By continuing to iterate through the
MM/MJ process, the total joint cost was improved by 5% from B1 to Bé.cbhvergence history of both

phases is summarizedfigure3-12.
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MMTO Process (A) MJTO Process (B)

1

0bj=299mJ] Const=0.3 Obj =$10.01E4 Const=3.48mJ
2 2

Obj=3.72mJ] Const=0.3 Obj = $9.63E4 Const=3.48 mJ
3

Obj=3.69mJ Const=0.3 Obj =$9.67E4 Const=3.48 mJ
4

Obj=3.67mJ] Const=0.3 Obj = $9.64E4 Const=3.48 mJ
5 5

Obj=3.67mJ Const=0.3 Obj = $9.74E4 Const = 3.48 mJ
6 6

Obj=3.67mJ Const=0.3 Obj = $9.49E4 Const = 3.48 mJ

Y
!

~" B ST B AL BAdhesive B Weld

z

Figure 3-11: MBB beam results. The ST and AL components have been made transparent in the MJTO phase
for visibility.
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While both the MMTO and MJTO subproblems are solved usiggadientbasedTO algorithm, no
optimization infemation (such as sensitivities) is shared between successive MMTO or MJTO runs. For
example, MMTO iteration A2 is solved independently of MMTO Al as a separate topology optimization

run. Besides the biased initialization discussed previously, the optimzer no fAknowl edgeo
previous subproblem execution. This leads to the unintuitive behavior deigniie3-12. After outer loop

6, bothcompliance and cost objectives become woris effect is very problemdependent with some

problems, such as the Cantilever Beam (shown later), exhibiting much smoother convergence behavior.
Ultimately, by decoupling into subproblems, it is not guarahthat the outer loop objective will improve

in successive iterations. Ui, the final iteration will not necessarily be the optimum solution (as is often

seen in TO).

Compliance [mJ]
Joining Cost [$]

/ —O— A Phase Compliance Minimization \\ / I

3 b |—>*— B Phase Joint Cost Minimization *
%  Optimum Iteration
29 1 L L L L L 9.4
1 2 3 4 5 6 7 8

Outer Loop Iteration
Figure 3-122 MBB beam outer loop convegence history. Left axis plots the objective of the MMTO phase and
the right axis plots the objective of the MJTO phase.
While the objective (total joint cost) of tHdM/MJ process improved throughout the iterations, the
structure and joint distributionidl not change significantly. This is due to the choice of compliance

relax at i on factor U. The U used in this problem is ¢
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to be used in order to meet the compliance constraint. Thus, the jomtutish will not change and

consequently neither will the material distrtion.

It can be observed that, at every B phase iteration, the accessibility constraint is satisfied for the weld
material (Joint C). This material is placed only around the autsidhe joint design such that it is tooling
accessible. It is importatd note that Joint Dadhesivebond) can also be placed around the perimeter of

the joint design space. However, the optimizer prefers placirgjiffex Joint C (weld) material thie. This

can be seen in tHagure3-13. In view 2 of Figure3-13, it can be seen that tloptimizer chooses to joint

the steel component only towards the edges by removing joints towards theTsatgorithm removes

thesgointsin order to reduce tot@int costwhile still meeting the compliance constraint

MBB Beam B6 Results

View 1 View 2

Figure 3-13: Additional views of MBB beam B6 results MM/MJ optimum iteration).
In order to further explore the effects of the accessibility caimétfithe MBB beam ptdem was run again

omitting this constraint. The convergence history is plotteBigure 3-15. The results of this study are

presented irFigure3-14.

Even though the aessibility constraint has been removed, all other constraints are maintained. Thus, this
example will have the same mass fraction in the A phase and the same compliance constraint in the B phase.

This was done in order to make a fair garison between thexamples.
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MMTO Process (A) MJTO Process (B)

$9.17E4 Const=3.48 mJ

0bj=299mJ] Const=0.3 Obj

2

\

Obj=3.68 mJ Const=0.3 Obj =$9.11E4 Const=3.48 mJ

3 3

Obj=3.64mJ] Const=0.3 Obj = $9.03E4 Const=3.48 mJ

4 4

&

Obj=3.63mJ] Const=0.3 Obj = $8.95E4 Const=3.48 mJ

5 5

3.63mJ] Const=0.3

Obj = Obj = $8.77E4 Const=3.48 mJ

Y
!

" B ST WAL BAdhesive l Weld

z

Figure 3-14: MBB beam results. The ST and AL components have been made transparent in the MJTO phase

for visibility

67



MM/MJ TO of 3D Structures by Vlad A. Florea

Outer Loop Convergence History
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Outer Loop Iteration
Figure 3-15: MBB beam without tool accessibility constraint outer loop convergence history. Left axis plots the
objective of the MMTO phase, and the right axis plots the objective of the MJTO phase.

Without the accessibility constrajrthe optimizer had far more design freedeesulting in a cheaper

design which utilizes a smaller number of joints overall. In the previous example, the optimum joint cost
was $9.49E4 while in this example it is $8.77E4, corresponding to an 8% redu¢titad joint cost. These

cost savings werachieved with an identical stiffness to the previous case. However, even though the
second example has a superior objective function, the design may not be manufacturable. In the optimum
solution, the center dhe joint region around the loading pointistirely composed of welds. It could be
argued that this would not be manufactured as there would be no tooling access to that region for welding.

A comparison of the optimum results is presentdeiguire 3-16.

Once the accessibility constraint is activated, the welded region in the center is no longer feasible. The weld
elements must now be replaced with there complianiadhesivebond elementsin order to meet the
compliance target, significantly moaelhesivebonds will be needed to make up for the lower compliance

of the welds, causing the 8% increase in the total joint cost.
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MBB Beam Results Comparison

With Constraint (B6) Without Constraint (BS5)

S, Se

e =

Figure 3-16: Comparison of MBB beam results with and without the tool accessibilityonstraint. Both results

have an enforced compliance of 3.48 mJ. The ST and AL components have been made transparent in the MJTO
phase for visibility.

Overall, the accessibility constrainffers a significant improvement in the quality of the resultsafor
marginal increase in the total joint cost. The results appear cleaner with a more homogenous distribution of
joint material (welds at the edges aahesivebonds everywhere else). Thiisis constraint will be left

active for the remaining examples g paper.

3.4.2Cantilever Beam Problem

The second geometry analyzed will be the cantilever beam. The dimensions for this geometry are found in
Figure3-9. The beam was discretized using 40,000 total first order hesedredements (5,000 structural

and 35,000 joints). Sdeigure 3-17 for a diagram of the loading conditions. This problem will use the

MM/MJ parameters fromable3-11.

The outer loop result histories have been plotted and are display@dure 3-19. A breakdown of the
subproblem results can be seenRigure 3-18. For this run, iterationife was identified as the iteration

with the lowest totajoint cost and is thus selected as the optimum. The cantilever beam problem exhibits
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smooth convergence behavior. The MJTO subproblems converge on the optimum value quickly with the

largest changediween B1 and B2. Between these two iterations, the tolgémproved by 1%.

Fixed DOFs: Tx, Ty, Tz

Force = 1000 N

Figure 3-17: Cantilever beam boundary conditions and mesh size. Front view.

Similarly, the MMTO subproblem also converges srhobn a compliance of roughly 28 mJ. This value
is close to the compliance constraint enforced in the MJTO phase of 28.6 mJ. The abrupt increase in

compliance between MMTO and MJTO is not as pronouncédias in the MBB beam problem.

Table 3-11: Overview of MM/MJ parameters used for the Cantilever beam problem. DV values in MMTO are

only initialized to the given value in the first MMTO call. In later runs the biasing scheme discussed previously

will be used.

Multi -Material Topology Optimization (A) Multi -Joint Topology Optimization (B)
Penalty Factor 3 Penalty Factor 5
Filter Radius (Mesh Independent) [mn 15 Filter Radius (Member Size) [mm| 5.5
Mass Fraction ConstrainV 0.3 Constraint Rel a 1.11
Mass Target [kg] 11.7 | Constraint Value [mJ] 28.6
DV Initialization (in A1) rle'ini 0.3 DV Initialization f3e,ini 0.9
DV Initialization (in AL) 7% 0.3 | DV Initialization r?% i, 0.9

Overall, this problem demonstrates the value of applyind/iléMJ process iteratively and sequentially
stepping through MMTO and MJTO. If the two subproblems were run only, enkdion B1 could be
found. Howeverby feeding these results back into M&/MJ loop and running until the fifth iteration a
significant imppvement in the objective function can be made. Between B1 and B5, there is a drop in total

joint cost of 18% for an identical compliance of 28.6 md @mentical mass of 11.7 kg.
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MMTO Process (A) MJTO Process (B)

0Obj=25.77mJ Const=0.3

2

Obj=28.76 mJ Const=0.3

[#5)

Obj=28.87 mJ Const=0.3

4

Obj=28.87 mJ Const=0.3

Obj=28.87 mJ Const=0.3 Obj = $5.59E4 Const=28.6mJ

Y
)

~" B ST WAL BAdhesive l Weld

Z

Figure 3-18: Cantilever beam results. The ST and AL components have been made transparent in the MJTO

phase for visibility.
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Figure 3-19: Cantilever beam outer loop convergencahistory. Left axis plots the objective of the MMTO phase

and the right axis plots the objective of the MJTO phase.

Since the MMTO subproblem results are used as a starting point for the MJTO subpuotieice versa

it is prudent to examine the inner logpnvergence history as well. MMTO and MJTO inner loop
convergence history is presented across all outer loop iteratiBitpiie3-20. In these plotgthe inrer loop

iteration numbering continues from the previous subproblem call. It should also be noted that some of the

early iterations in the MJTO subproblem are outside thriy bounds.

Inner Loop Convergence History (A Phase) Inner Loop Convergence History (B Phase)

[
h§}
1

x10*

w
T

Bl

w
=3
T

N

°
T
/

/

B5

|k

Compliance [mJ]

Al \
26 A2
. A3 \ \
25| A4 ol A
A5
24 L L ! L L L ! 5 s s L L L s . : ! !
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 80 90 100
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Figure 3-20: Inner loop convergence history for Cantilever beam. Théeft graph is the MMTO convergence

history and theright is the MJTO.
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Smooth convergence behavior can also be observed in the inner loopdviifitid process. Periad

spikes can be observed in the objezsivf both the A and B phases. These correspond to the initialization

of the subproblems at different outer loops. After each of these steps, the MMA optimizer is able to
converge quickly and smoothly. With the eptien of A1, all inner loops converge &pproximately the

same value, suggesting no significant change in the design between outer loop iterations. This also suggests
that the biasing of the initial design variables helps to maintain similar designghbtubithe process.

Since the optimum deagis are passed between subproblems, any oscillatory behavior in the inner loops

would propagate throughout the subproblems causing instability in the outer loop.

The compliance constraint of the MJTO phase indirexintrols the maximum compliance of theMTO

phase. lteration Al has the lowest compliance as joints have yet to be introduced. From iteration A2
onwards, the inner loops converge onto optimum compliance values close to the MJTO constraint of
roughly 28mJ. The MMTO subproblem is strongly coeglto the MJTO subproblem. This prevents the

MMTO subproblem from converging on drastically different optimum designs at every outer loop.

The trends described previously can also be seen when comparing theradtraictl joint material
distributions betwen the initial and the optimum subproblem iterations. This comparison is summarized in
Figure3-21. In termsof joint distribution, there is a significant change from iteration B1 to B5. Two large
patches ofidhesse bond disappear altogether by B5 and the remaiaitigesivebond patches reduce in

area. The welded regions do not change visibly between théaiteraDverall, no joints are utilized near

the constrained part of the beam. In order to compensataigorthe MMTO optimizer thickened the
aluminum component near the constrained end where there are no joints, as seen in the comparison of the

Al and Abiterations. The steel components do not change throughout the optimization.

It was observed ifigure3-21 that the optimizer places a small patclstael right at the load application
point. This is causehbly artificially high stress build up around the load application n®des. behavior is
not physically meanirfgl. Thus,it is recommended that the user accurately model application in the

FEA model by avoiding the use of point loads.
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Cantilever Beam Results Comparison

Iteration B1 Iteration B5

A1

Iteration Al Iteration AS

Figure 3-21: Comparison of the first and optimum MMTO and MJTO subproblem results. The top two figures
compare the joint distribution between the first and last iterations. The bottom two figures compare the
structural material distribution for the same two iteration.

As mentioned previously, this problem exemplifies the benéfitioning coupled MMTO and MJTO in

an iterative process. By running multiplerggons, the MJTO step can influence optimal structural material
layout in MMTO and vice versa, yielding a better structure that minimizes both the compliance and joint
cost olective. Ultimately, this means that the structure can change to make betiétheskmited joining

region imposed by MJTO. For a 11% increase in compliance fijerthe total joint cost will be as low

as $5.54E4 in B5. This objective is 17% lowertlthe optimal joint distribution in B1. TIMM/MJ process
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can also more accugy consider the practical joining of muitiaterial structures. By using joints for load
transfer, one can remove the fAper f eddgyoptinizalionng (or
(that load can be transferred perfectly node to node). Wiith ¢lements, load must now be transferred

through dess stiffoutalsomore accurate intermediate material such as a weddrw@sivebond. The user

now has control over theadeoff between structural performance (compliance), number of joints (total

joint cost) and indirectly the manufacturability o

3.4.3L-Bracket Problem
The final example problem presented in this paper will beltiBracket problem whose geometry is
outlined inFigure3-9. Once again, the geometry is meshed using the meshing strategy described in previous

sections. The meshed geometry with appropriate boundary condstidinplayed inFigure3-22.

Fixed DOFs: Tx, Ty, Tz

Force = 1000 N

Figure 3-22 L -Bracket boundary conditions and mesh size. Front view.

All problems thus far have used the same design cell geometr$ wi8x 8 mm structural elements and
2x2x2mmor2x2x8mm joint elements. These dimensions were chosen to meet the acceptable aspect
ratio threshold of the OptiStruct FEA solver usedMiM/MJ. Acceptable aspect ratio thresholds are
specified by OpStruct to be less than 5:1. This paper uses aspect ratios of 4:1 falling within the required
bounds. It is prudent to maintain element quality to ensure accurate FEA resulfdMIMé parameters

used in this problem are summarizedable3-12.
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Table 3-12: Overview of MM/MJ parameters used for the -Bracket problem. DV values in MMTO are only

initialized to the given value in the first MMTO call. In later runs the biasing scheme discussed previously will

be used.
Multi -Material Topology Optimization (A) Multi -Joint Topology Optimization (B)
Penalty Factor 3 Penalty Factor 5
Filter Radius (Meshndependent) [mm] 15 Filter Radius (Member Size) [mm 5.5
Mass FractionConstraintW 0.3 Constraint Rel a 116
Mass Target [kg] 11.8 | Constraint Value [mJ] 15.06
DV Initialization (in A1) fle,ini 0.3 DV Initialization rgeymi 0.9

YN . . 2 YONT . 4

DV Initialization (inAl) 7 n; 0.3 DV Initialization 77 i 0.9

Throughout theM/MJ process, CPU runtimes were measured for each phase of the process. The MMTO
subprobl embs FEA and MMA (opti nmilJzTa@ isounb pcrad bclud naét si oR
MMA were summed for all inner loop iterations. The time spent irppoeessingand model preparation

between the subproblems is also captured. A full breakdown is preseiftaler3-13. All optimization

runs presented in this papeem run on a Windows 10 workstation with &d¥e Intel Core i%6800K

clocked at 3.4 GHz processor and 64 GB of memory.

Table 3-13: CPU time calculations for theM M/MJ process. All values given are in seconds.

Outer MMTO MMTO MJTO Pr_e— MJTO MJTO MMTO P_re -

Loop FEA MMA Processing FEA MMA Processing
[s] [s] [s] [s] [s] [s]

1 1034 29 2092 798 49 524

2 282 17 609 840 38 57

3 276 18 701 819 37 300

4 282 15 619 780 40 304

5 282 15 625 741 36 304

Total 2156 94 4647 3978 200 1489

Final Total 12564 s

Overall, a majority of the CPU time is dedicated to-precessing before the MMTO and MJTO phases
performed automatically using the HyperMesh-precessor. This makes opughly 49% of the total CPU

time. The computational expense of the-precessing perations will be very problem dependent as it
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increases witlthe number of elements. Many of the algorithms described are performed on elements lying
on dissimilar mateal boundaries. For example, in the clegnoperation, interface elements are checked

ore at a time to determine if they are the same material asnbaghbors. This is a highly inefficient
process and is one of the main drivers in longgoeessing thes. This process becomes even slower as

the dissimilar material interface gets larger. The larger the interface, the more elements need to be checked
for cleanup leading to higher computational times. Likely, this process could be implemented in a more
computationally efficient manner. Another large contributor to computational expense is the FEA in the
subproblem optimization runs. The total MJTO FEwe is 85% higher than the MMTO FEA time.
Generally, the MMTO phase converged much faster than the MB&€® in six iterations compared to the
twenty of MJTO. Another driver of FEA time is the nstandard mesh utilized in this methodology.
Typically, very few of the joint elements are part of the interface and are utilized as design variables. This
means liat there are many joint elements which may never be used as joints while adding unnecessary
computational cost. As a possible solution, an adapteshing strategy could be developed which only
utilizes joint element close to the interface. Finally,ahmunt of CPU time utilized by MMA in calculating
objectives, constraints, sensitivities and updating DVs is almost negligible when compared keithe ot

processes.

For reference, qualitative and quantitativ@tacket results are presented-igure3-23. The convergence

history is also included iRigure3-24.
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MMTO Process (A) MJTO Process (B)
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Figure 3-23: L-Bracket beam results. The ST and AL components ha& been made transparent in the MJTO

phase for visibility.
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Figure 3-24: L -Bracket outer loop convergence history. Left axis plots the objective of the MMTO phase and

the right axis plots the objective of he MJTO phase.

3.5Conclusions

This paper presented an expansion orMMW/MJ method proposed By/oischwill and Kim[9], making

it the first 3D MM/MJ study which also considers tooling accessibility. The proposed methgales
together the MultMaterial Topology Optimization and the Mulldint Topology Optimization processes
into a single bibbjective optimization problem. The-bbjective problem statement aims to minimize
compliance and total joining cost while maiiming a preset mass fraction. By doing so, an optimum-multi
material design can be determined along with am@btjoining scheme which connects the dissimilar
materials. MM/MJ works by running MMTO and MJTO sequentially within an outer loop. The MMTO
subproblem is formulated as a minimum compliance problem with a mass fraction constraint, while the
MJTO subproblm is formulated as a minimum total joint cost problem subject to a compliance constraint.
Both subproblems utilize a thrgphase SIMP materiahferpolation scheme for TO with MMA as a
gradientbased optimizer. These two problems are executed sequewiihillshe results of the preceding

MMTO run serving as inputs for MJTO and vice versa. This allows the MMTO and MJTO design to
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influence one anber and collectively determine an optimum material layout which best takes advantage

of the optimum joint layout

This method was demonstrated on three 3D geometries. Through these studies, it was shown that the
iterative process was able to reduce bdijectives and converge on a local optimum result. The impact of
constraining possible joint locations througtoaling accessibility constraint was demonstrated. Finally,

the computational cost of the proposed method was assessed in detalil.

In recent yeas, automotive companies such as Honda have patented approaches for welding steel to
aluminum which is typicallya difficult process. While physically joining the materials is possible via
welding, there are several concerns that must also be addressduistTis galvanic corrosion. Typically,

this is mitigated through the use of advanced electrolytic coatirggat@gs) on both parts after they are
assembled together. Before doing so, the aluminum should be treated with a chemical conversion coating
to improve its corrosion resistance. Furthermore, when assembling the components, it is critical to leave
some plgsical separation between the parts. This can be achieved by leaving an air gap or by filling the gap
with an intermediate necorrosive materia Another important consideration is the dissimilar thermal
expansion coefficients of the materials and what dffects of this are at the interface. Currently, the
proposed algorithm does not consider these advanced effects. In order to further theopraeticality of

the algorithm, future iteration of the method should also propose methods for considesigfthcts in

the TO loop.

In future work, additional manufacturing constraints will be considered for both the structural and the joint
designspaces. More accurate modeling of the joint and structural interactions will be assessed. This may
include heatffected zones, contact between components, welding near adhesive bonds and anisotropy of
joining materials. Failure criteria for welded regsomill be developed and implemented in the form of
stress constraints within the algorithm. Finally, the MMT@ &JTO subproblems may be expanded to

consider more complex materials and joints.
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4.1 Abstract

As the aerospace and automotive industries continue to strigéfident lightweight structuresopology
optimization has become an important tool iis thesign process. However, one epegsent criticism of
topology optimization, and especially of meuttiaterial optimization, is that neither method can produce
structures with are practical to manufacture. One area of research focuses on incorporating optimal joint
design within the typical muHiaterial topology optimization loop. This work proposes a new density
based methodology for performing simultaneous inméiterialand multijoint topology optimization. This
algorithm can simultaneously determine the optimum selection and placement of structural materials, as
well as the optimum selection and placement of joints at material interfaces. In order to thitieveas
SIMP-based interpolation scheme is proposed. A process for identifying dissimilar material interfaces based
on spatial gradients is also discussed. The capabilities of the algorithm are demonstrated using four case
studies. Through these cadadies, tle coupling between optimal structural material design and optimal
joint design is investigated. Total joint cost is considered as both an objective and a constraint in the
optimization problem statement. Using theobjective problem statemertie trade& between total joint

cost and structural compliance is explored. Finally, a method for enforcing tooling accessibility constraints

in joint design is presented.
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4.2 Introduction

Topology optimization (TO) is a mature method in computational mechasied taetermine optimum
mechanical structural design subject to various design criteria. Since the seminal work of Bendsge and
Kikuchi [18], research in the field has continued to grow, expanding the number of design problems which
can be solved through TO. Advancements in the field have been comprehensively reviewedsiae Bend
and Sgmund [29], Eschenauer and OlhofB1], Sigmund and Mautfl1], Deaton and Grandp32] as

well asLiu [30].

Currently, several popular methods exist among researchers for performing topologyatigimiTl lese

include densitybased approaches, evolutionary algorithms, lseeland phase field methods. Sigmund

and Mautd11] suggest that densityased TO algorithms are superior due to their superior computational
efficiency while still finding good local optima. The review by van Di6] on levelsetbased TO
discusses limitations of the algorithm including poor convergence behavior and high dependence on

problem nitialization. Due to these limitations, densiigsed TO will be utilized in this work.

Densitybased approaches relate design variables (often qakatiedensitie to mechanical material
properties via an interpolation function (Bendgk®; Sigmund and Mautd 1]; Zhou and Rozvanjb5]).
Typically, pseudedensitiescan vary continuously between values of 0 and 1. For a given finite element
(FE) model, gpseudedensityvalue is assigned to each finite element. Wdatretized (crisp) TO results

will only havepseudedensityvalues of 0 or 1. An kdlepth description of this method is provided by
Bendsge and Sigmunil2] in their monograph. Several interpolation functions have been suggested with
the solid isotropic material with penalization (SIMP) being the most pof@2hr(Bendsadq19]). This
method ensures the efficient use of material, as intermguiatededensityvalues provide little stiffness
when compared to the mass of material used (StolpeSaadberg[35]). Rational approximation of
material properties (RAMP) has been suggested by Stolpe and Sv{8ijeag an alternate interpolation
scheme which solves the roanvexiy issues of using SIMP for compliance minimization problems.

Another benefit to densitgased TO algorithms is that they can be solved with efficient gralobesetd

83



MM/MJ TO of 3D Structures by Vlad A. Florea

optimizers such athe method of moving asymptotes (MMA) or optimality criteria (OC). Thethnd of
moving asymptotes developed by Svanbgrg] has become thstandard optimizer used by many

researchers irecent years due to its robustness.

Advancements in TO algorithms have led to increased interest from industry. TO can be applied to a wide
range of problems to generate novel solutions to practical desadiernges. Wong, Ryan and Kifg4]

have applied topology optimization using the equivalent static loading method in order to improve the
design of an airaft landing gear system. Li and Kii@3] used TO in conjunction with shape optimization

to reduce the mass of an automotivessbeam. Li and Kin{48] also applied multmaterial topology
optimization (MMTO) to other automotive design problems. Finally, Zhu §&@ildiscuss the application

of TO for designing various system and component level aerospace structures.

In many cases, it may be useful to determine ttegfacce between the solid and void portionthefdesign
variable field. Clausen et db7] propose a method wherein spatial gradients of the design variable field
are used to enforce metal coatings on top of a base structure. This has been extended to datigin shell
structures for additive manufacturing by Wuaét[58]. Spatial grdients have also been used to enforce
overhangonstraints when performing TO for additive manufacturing. This has been demonstrated by Qian
[59] andmaore recently by Ryan and Kif@0]. Spatial gradients have also been used pusily by Peterson

and Sigmund61] to enforce solution existence through slope constraints on the design variable field.

Multi-material topology optimization expands on the capabilities of the standard singtaintep®logy
optimization (SMTO) described prously by allowing for optimal material selection and material
existence to be determined simultaneously. Bendsge and Sigh@)idécuss a SIMike MMTO scheme

which interpolates between two material phases and one void phase in their monograph. Later work by
Hvejsel and Lung27] described a general interpolation scheme for any number of material dhikses.

the SMTO approaches discussed previouslgse MMTO methods are algensitybased The MMTO
framework was applied to weight minimization problems for lightweight design by Li an28jmKimé s

group (Roper et a[47]; Florea efal. [62]) hasdemonstratedhe efficacy of MMTO when compared to
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SMTO for real world design problems. The added design freedom provided by multiple material phases

typically yields structures of similar or senor performance comparedttte SMTO SIMP.

Some of the most recent MMTO developments are based on the discrete material optimization (DMO)
discussed by Sigmund and Torquf8d] as a means to solve problems where material have large thermal
expansion properties. Later, this method was applied by Stegmann andrid[38] to solve TO problems

using laminated composites. DM® an extension of the mufthase SIMP method whereby the algorithm
selects between discrete and distinct materials instead of interpolation between materi§Bghadesu

et al.[40] apply this method first to muitomponent design, then for optimizing structures considering
powder bed additive manufacturifgl]. Sandes et al.[39] have developed an efficient MATLAB

implementation based on the DMO metiology.

Non-densitybasedmethods such as the level set method (Gao pt2j].Wang et al[43]) have alsdeen
applied to solve various mutihase TO problems (Zhuang et[d4]; Wang et al[45]). A thorough review

of this methodology is performed by van Dijk et[46]). Finally, the phaséield approach for MMTO has
been proposed by Zhou and W4d68]. A 115line MATLAB code implementation has been developed by

Tavakoli and Mohserjb4]. Overall, there hasaen limited research into ptefield methodology.

MMTOG6s potential to design better structures with
and aerospace industries. However, a frequent criticism is that TO results, as produced by kben8MT

MMTO algorithms, are n@ly manufacturable. Often, several manual design refinement steps are needed

to generate a design which is feasible to manufacture. These manual refinements lead to less efficient
designs (heavier or less stiff) than what wasially generated by the T@lgorithm. Furthermore, the

iterative refinement process is time consuming which negates the potential time savings which TO could
provide in the typical design cycle. To mitigate this, researchers are often looking to ratorn@Erious
manufacturing costraints into the algorithm. Currently, the focus has been on advancing manufacturing
constraints based on common production methods. Vatanabe[@]gbroposed a unified method for

considering several process constraints such as extrusion, casting and milling. Another popular area of
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research is in TO considering additive manufacturing. A thorough review of thisvéslgberformed by
Thompson eal. [66]. However, little research concerning the practical joining of reoltnponent designs

is available.

When interpreting MMTO results for manufacturing, it becomes apparent that structures muktdse bu
multiple components pationed based on the different materials. This can be seen iRigoee 4-1

diagram.

Single-Material Topology Optimization Multi-Material Topology Optimization

Separate components
Single component

W st WmsT
WAL AL

Figure 4-1: Example of SMTO and MMTO material distributions and how these results could be interpreted

for manufacturing.

Consequently, after manufacturing, these components will need to be assembled in their final configuration
usinga mechanical jointeading to anore complianfinal design than wdt was provided by MMTO. This

result is attributed to one of the assumptions of finite element analysis (FEA) that requires perfect load
transfer between adjacent elements throughthesharnodes; EIl ement s ar e assume
together. Atall points of the interface, there is perfect load transfer between dissimilar materials in an
MMTO result. Practically, this is not feasible as dissimilar material will almost alwayertreected via

discretely positioned mechanical joints (fastenersdsyeddhesive bonds, etc.). Furthermore, these joints

are usuallyless stift han t he materials they connect. An MMTO
fusedo ever ywhaenny rolomer e atgdoe solutiortorce it is reinterpretesicastdly

connected components. Thus, it is prudent to incorporate the coupling between optimal material design and

optimal joint design in order to obtain more realistic and better dvagpaimum designs. The impact of
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considering MMTO and joint desigmrcurrently on the optimum design is discussed further by Florea et

al.[62].

The topology optimization of mechanical joints has been disdesgensively in literature. The importance

of optimal interface shme design was shown by Liu et §.7] where the optimal interfacghape was
determined based on stress limits. While this methudessfullydetermines an optimum material shape,

it does not consider the optimal material distribution away from thdasteand how it might be impacted

by the new interface shape. Fatimore, it did not consider the material of the joints themselves. Optimal
placement of joints around an existing interface has been explored by Jiang and CHité8hdaswell as

by Chickermane et a]69]. Contrary to the method of Liu et al., these works consider discrete joining
between components but do not consider optintaiface design. Qian and Ananthasui&gh (then later

Zhu et al[51]) proposed embedding small jgrof a known stiffness within the topology design domain
and then ptimizing simultaneously for joint existence and material existence. While the interface does not
need to be predefined, all possible joint locations in this type of methodology woultbrieedefinedh
priori. These works also do not consider multiplatenial phases, instead they focus only on SMTO with
a single joint type. Ryberg and Nilsspt®] proposed a method in which all possible spot weld locations
are defined beforehand; thubeir optimal distribution can be determined within an automotive body
structurés application. A limitation of this method is that the bag®lmgy is never r@ptimized after the
optimal joint distribution is determined. This means that the couplibgeem structural design and joint
placement is not considered. Zhou and SdiE@) propose a method for simultaneously determining an
optimal multicomponent design as well as tbetimal placement of spot welds to connect these
components. Later, Zhou et f40][41] proposed a newer method for medomponent design which can

be applied to composites with various material directions and to additive manufacturing design. This
method is capable of simultaneously detaing a multitcomponent design (made up of multiple materials)
and also an optimal interface between these compenHowever, this method is limited in that the

strength of the interface material cannot be set explicitly. Woischwill and®imwere first to consider
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multi-material and muljoint topology optimization (MJTQ)Through their method, they were able to
determine optimum material distribution and selection as well as wptijmint distribution and selection.

This was achieved by sequentially performing MMTO and then MJTO, using the results from one TO run
as staifihg points for the next. A limitation of this methodology is that MMTO and MJTO are not performed

simultaneouslyThis means that the interdependence of MMTO and MJTO cannot be truly captured.

The current state of the art in joint topology optimizationsduat fully consider the coupled nature between
optimal topological design of the base structure @pitimal layout of joint connections. Previous works
either require the interfacéhe possible joint locations, or the type of mechanical joint to be atkdin
priori. Thus, one major aspect of the algorithm must be manually predefined by the user amdeann
designed in conjunction with the others by the optimiiading to a reduction of design freedom.
Furthermore, in real world design, this is imgieal as designers often have a choice between multiple
materials and multiple joint types to conntet materials. These two aspects are also interdependent. The
choice of joint type often requires a change to the shape of the base components. WhitevNVaisd

Kim [9] did consider the aspect of designing with multipldaerials and multiple joints in some sense, the
true coupling between MMTO and MJTO has yet to beanegl. Thus, the current knowledge gap in the
field of MMTO is simultaneously determining, not only optimal mufiterial design, but also optimal
multi-joint design between the components. By fully considering the coupling between MMTO and MJTO,
an optimainterface can be determined based on the load carrying capabilities of the materials and the joints
used. To achieve this capability, this paper willgmee adensitybasedTO algorithm with a new
interpolation scheme capable of simultaneously perfarmM and MJ TO KIM/MJ TO). Unlike the

work of Woischwill and Kim[9], the proposed method will not require two separate TO runs, the entire
process will be selfontained in a single loop. . Ultimately, this means greater mdsiggdom by
considering the coupling between MMTO and MJTO more robustly. A specialized FE megiatikd
Woischwill and Kim[9] will not be required, meaning that thisethodology can be scaled more easily to

complex geometries. The algorithm will be capable of finding dissimilar material interfaces and enforcing
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the seletion of joints in those areas. A method using spatial gradients will be proposed for finding these
interfaces. Sensitivity calculations for compliance and mass interpolations will be discussed. The
Capabilities of this method in solving various probleatesnents will be demonstrated using three simple
3D example models as well as a complex 3D modehllyintooling accessibility constraints as well as

joining to nondesignable regions will be discussed as methods to improve the manufacturabilitytef resul

4.3 Methodology

As mentioned previously, the goal of this work is to propose a new-8Kd@ensitybased interpolation
scheme which can perform muiltiaterial and multjoint topology optimization simultaneously. At
dissimilar material interfaces, thengne will interpolate between two joint types (or void). Away from the
interface, it will interpolatdetween two material types (or void). For the purposes of the following sections,
the base structural materials will be referred to as Structure A ardusé B while the joint materials will

be Joint C and Joint D. By convention, Structure A is tHtestibase material and Joint C is the stiffest

joining material. Only isotropic material properties will be considered for this work.

Therules for goodoint designset out by Woischwill and Kirf8] will be adopted as theitgria for correct

joint design. These are:

1. A Al I components of dissimilar materials must
altogether (i.e. separated by void elements), such that no load can pass directly through dissimilar

material interd c e[8]. 0O

€

2. AJoints can only exi st ailisassgmed that allicamponents of mat er i

singe materi al can be formdd without the need

Thus, the ne interpolation scheme and methodology for identifying interface regions must yield results

which adhere to these criteria.
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The new scheme will be integrated into thei@® TO code made available by Andreasseal.[20]. This
code has been modi fi ed t osahFEA solvdr,avicich wag danéhto léveraga i r 6 s
the simpler preand pospr ocessing enabl ed by Altairdos Hyper Wor

willbetheMATLAB i mpl ement ati ofbvY]. of Svanbergbés MMA

4.3.1Interpolation Scheme

The following section describes the interpolation scheme usddMAMJ. This scheme relates the
optimization design variables to physical material properties used to determine the na¢gleaftionance

of the structure. ThBIM/MJ interpolation sceme is based off the mujthase SIMP interpolation scheme.
While SIMP can be expanded to any number of materials, this work will build upon the three phase SIMP

interpolation with two material @ses and one void phase.

The interpol at &, ¥pisafudian ofthe design vasiable fieldd where j equals

the number of material phases (in this cgsé, 2 for the two solid phasaasE(fl, f) represents a vector
of elastic modulus values where the modulus of a given element is a function of the design variable field
values (fl and f) in that elemen Multi-material SIMP was first described Bgndsge and Sigmurjdi2]

andlater generalized bivejsel and Lund27] to arbitrary material phasefhe formulation used in this

work is adapted fronj28]:

E(rY A)=( WPIER « AE™ EP) (4.1)
As mentioned previagsly, 51 andfare vectors of design variable values for each elemfz]ntis the
material existence design variable aga is the material selection design variable. The values in these

vectorsvary continuously between 0 and 1 such t}:l%,tfl' (0,1] . The penalization factop is used to

penalizeintermediatedesign variable values to giva more discrete TO res{®9]. Finally, E* andE®

ae the nominal Yo ungo s A@taudiwrd A) and matetiBl(Stractufe 8 mat er i al
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Li ke Youngds ModulWw(s', A offamy elpntent san beakminedarensthe design

variables/* and #. W(r*, /) will be a vector of values and can be determined g8l
W(rt, Ay=_mir® # % r -P) (4.2)

In this equatiornv? is a vector of element volumes,” is the physical density of the stiffest reaal

Structure A andr B is the physical density of theast stiffmaterial Structure B. All other parameters retain

their meaning.

Since the design variable can vary continuously from approximately 0 to 1, a method is needed for

interpreting the design variable values as plasi@terials. In order to do this, the discretization rules from

Table4-1 should be applied when interpreting and Avalues.

Table 4-1: Rules used to interpret design variables into structural material selection. Note, the subscrigt

represents thee" design variable value in the vector.

Material DV Interpretation
Structur ¢ r£00 .r5,00 .

Structur¢ ,1060.s8<505
Voi d rt,<0.5

As mentioned previously, this interpolation scheme candeel to link optimization design rables to
physical material properties. In this case, it can be used to optimize the distribution of up to two materials
within a structure. Ultimately, the goal of this work is to not only determine the optimal shiutiaterial
distribution (MMTO), bu to also consider the optimal selection and placement of joint mateéiéMJ

TO). In order to do this, new interpolation equations will be defined. For the time being, it is assumed that
designable joint regions can fmeind reliably and that they lig the dissimilar structural material interface

as per thgoint design ruleaid out previously. This process will be explained thoroughly in later sections.
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The Youngdés Modul us i nt er podepend oo four tlesignovariabtelde i s n o v
E(fl, ~/2, ~3r,~ 4). Design variable fields 1 and 2 represent structural material existence and selection while

3 and 4 represent joint material existence and selection. The full interpolation function ikygiven

E(7 A % Y= BN HPIER ¢ EY EP)] nEY( A ( HE B)
4.3
Two new design variable fields are introduog%l ~/4I' (0,1] which represent joit material existence and
selection respectively. These are used to interpo
EC and EP which correspond to Joint C and Joint D respectively. Finallyy#niable E(fz)i [0 is

introduced. This is a vector of values which determines whether a given element is part of an interface
region and must be comped of joint material (or void), or if the element is not part of an interface and
mustbe composed of structural material (or void). This will be referred to as the thinned spatial gradient

magnitude field and will be discussed in detail in the followsegtion.The thinned spatial gradient
magnitude fields a function of the material setion design variabler? since theinterfacemust exist

where dissimilar materials meet

The interpolated element mass kéok/MJ can be formulated in a similar way:

W(rt A % =@ B ) AP e+ A Bm@&y. 1 Pr e Pl 44
where r€ is the physical density of the stiffest material Joint C aflds thephysical density of thieast
stiff material Joint D.

When IE':e is 0 for an elemerg, the secnd term in Equatios(4.3) and(4.4) will go to 0 and the interpolated

Youngés Modul us awildnlydapsns ono f and £2:e me n t

E(rt, A)=( YPIE® € *¢E" EP) (4.5)
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W(rt, A=_mir® # A -P) (4.6)

This means it must be either Structure A, Structure B or Void; in other words, the interpolation scheme

simplifies down to the MMTO interpolation scheme. Convers'i‘eiEe is 1 for an element, then the first

term inEquationg4.3) and(4.4) wi | | go to O. The Youn gdsdepgrmadru | us

re3 and re4 making that element either Joint | C, Joint D or Void:

E(r% A)=( IP[EP € HE® ED)] 4.7)

wW(rs, A= _nir® # 15 -P) (4.8)

Again, the interpolation scheme collapses down to the MMTO interpolation scheme, however, now it
interpolates between joint material properties instead of the base structural material. hEsam t

simplifications the link to three phase SIMP should be eatide

With four design variable fields and the gradient magnitude field, interpretation of design variable values

becomes more complex. This is summarizetiahle4-2.

Table 4-2: Summary of design variable values and their physical interpretations for the fuMM/MJ

interpolation function. Note, the subscripte represents thee" design variable value in he vector.

Material e rk, ré, ri, r4,
Structure A 0 205 205 Any Value | Any Value
Structure B 0 205 <05 Any Value | Any Value
Joint C 1 Any Value | Any Value 205 205
Joint D 1 Any Value | Any Value 205 <05
Void 0 <0.5 Any Value | Any Value | Any Value
Void 1 Any Value | Any Value <0.5 Any Value

One additional interpolation equation will be needed inMi/MJ TO algorithm. This is the joint cost
interpolation function. It is important to note that only the cost of joint elements is considered in this work,

thus, cost values will only exist foreshents wherdr, is 1 and have been identified as interface elements.
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Furthermore, while csi values will be given in units of [$] this is done only to make results easier to
interpret. All costs are relative and only meant for cangaesults they do not represent real world joining

costs. The cost interpolation function is given by:
Q(r?, P, D=6 Fr+ A re) (4.9)

where q© is the cost per unit volume of théffetst Joint Material C and® is the cost per unit volume of

Joint Material D. Note that this equation will always equal 0 unl‘g%l.

4.3.2Interface Detection

In order to perfornMM/MJ TO, a method must first lieveloped for reliably determining which elements
lie on the dissimilar material interface. Based on the joint desigsset out bywoischwill and Kim[9],
dissimilar materials cannot have direct load tranéférp e r f e c.(They mukt either dedcpmpletely
disconnected (void) or connected through a joint materias. Sdction will describa stepby-step process

of how interface detection can be achieved utilizing the spatial gradient of the structural material selection

field 52 .

Step 1: Projecting the 72 Field
In order to determine the material interface, the design variables values must be interpreted as either of the

two structural materials or as voithis follows the rules presentedTiable4-2. Any element which is ro
void and has & ?, greater than or equal to 0.5 must be the stiffest material (Structure A) afidii less
than 0.5 it is themore complntmaterial (Structure B} owever the r? design variables are continuous

in practiceand can have any value from 1 to approximateljfis makesit difficult to interpret the results
and find a physically meaningful material interfad@us, the field must be first projected into discrete

material choices using a Heaviside scheme. In literature, this approach was proven by Gup4i]ebal.
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be effective in enforcing binary choices in a smooth and numerically stable fashion. The prajeti®

r? design variable field can be written using #pproximation given by @n et al[71]:

2. 1 , (4.10)
14+ 20CF

[

where 72 is the projectedr? field such that7? is now a highly discretized material selection (values

close to 0 or 1)b defines the steepness of the Heaviside step function. Firmlly the infection point
of the projection.

Step2: Calculating Spatial Gradient Magnitude

To find the interface between Structure A and Structure B, the magmifutie spatial gradient of the
projected fz field must be calculated. Since tr’t:e2 field is composed of discrete values, a discrete

differentiation technique should be used to estimate the spatial griadéaah element. It is important to

note that most discrete differentiation techniques can be mathematically described in a similar manner.
Typically, the gradient at a point is calddd by taking a weighted sum of its immediately neighboring

p oi n tussdThivvaork will utilize the coefficients of the Sobel kernel as the weighting factors. This
kernel is often used in image processing for edge detection using a discrete conopletaiion. After

the gradient magnitude is estimated, values are rizedao be within 0 and 1.
An operation must be defined which gives the magnitude spatial gradient 5”)? thkeany given element.

Using the concepts discussagvously, a matrix(g‘]| is defined such that:

n(7%)=|c? 7| d 423 (4.10)

n(fz)a/é{ (G A2 d 423 (412
d

wheren is a vectorcontaining the gradient magnitude at each elemvéith is also a function dhe 7?
field. de is an Aby-n matrix of gradient estimation coefficientderen is the same length . A de
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matrix is needed for each of thespatial drections which will bex, y andz (d = 1, 2 and 3 respectively).
Each row ofGeid is filled such that if thé" element is a neighbor of tie# element, it has the appropriate

Sobel coefficient based on their relative positionhéyt do not neighbor, the entry is set to 0. Ultimately,

the operation inside the norm of Equat{@ril) implies that to find the gradient in directidror element

e, all entries in the" row of Geid must be multiplied by their correspondinr”g2 entries and then a
summation must be carried out over théndex. This is the standard multiplication of afvy:n matrix

with an rby-1 vector and is analogous to performing a weighted sum over all neighboring elements.
Step3: Projecting the Spatial Gradient Magnitude

In order forEquationg4.3) and(4.4) to select between the joint interpolation and structural interpolation
components, the gradient magnitude vectomust be highly discretized. This discrete behavior ensures

thatEquationg4.3) and(4.4) interpolate between joint properties or structural propemiasa mix of the

two. Thus,n should also be projected to a more discrete 1 or O distripuéfarred to asi :

o 1

where all parameters retain their me@nas defined previously.
Step4: Thinning the Spatial Gradient Magnitude

The nature of thdiscrete gradient calculation yields high gradient magnitudes on both sides of the material
interface. Only one layer of elements at the interface is permittedrtade up of joints. Thus, the projected

spatial gradient magnitude fiefdl must be thinned to a single element layer. Using the convention set out
by Woischwill and Kim[9], the most complianfof the structural materials (Structure B) will have its

interface &ments become joints. The highly digczed material selection field? can be utilized to clear

gradient magnitudes in elements which do not belong to Structure B:
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= (1 -fz)rj (4.14)
This introduces the final thinned spatial gradient magnitude Eeld

The process described above danvisualized inFigure 4-2. In this figure, an arbitrary 2D material

selection field goes through the step process described in this sectioasiilieof each step are plotted.

Material Selection Field

p?

Field Value
Projected Material

Selection Field

,‘?2

Magnitude of Spatial
Gradient

n(?E) _ Gd}?-

Projected Magnitude of
Spatial Gradient

n

Projected Magnitude after
Thinning

=1 5")i
Figure 4-2: 2D examge of interface detection processvith arbitrary material selection field .
4.3.3Problem Statements
Several problem statements solved with ki&/MJ TO algorithm will be discussed in this work. All
problems are based on the standard minimum compliance prolaltgment which is subject to a mass

fraction constraint. Mathematically, this problem statensantbe written as follows:
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minimize J ¢') € (#)=fTu=u"K( u

rJ

n .
Awed
subjectto g'(rd)=-.—— &V (4.15)
arta
e
K(r')u=f

" eIemeetrg i(,0%4 =12¢

where C({j) is the compliance of the structure which is a function of design variapiesvhere

superscriptj identifies tte design variable fieldf andu are the force andlobal displacement vectors

respectively.K(fj) is the global stiffness matrix and is also a function of the design varieg?xl(e%)

identifies the mass fraction constraint and is calculated by summing the iatedomlass over all elements
and dividing by the initial mass of the design space if it were made up entirely of Structure A, Fihally
isthemassfractomonstraint | imit. This probl €mnmpt. dt gmerbtl ew

statement.

The algorithm is also capable of considering total joint cost in either the objective function or as an
additional constraint. The cost of each elementeacalculated with the cost interpolation in Equation (5).

The cost of edtelement can then be summed to give a total cost for joining:
23,4y _ 2 3
a(re>H=ao( £%9 (4.16)
e

where(i ¢23*

) is the total cost of all joints which is a function of th¢ , r.and r.* design variables
Q(r§’3'4) is the interpolated cost of each joiBoth terms aréunctiors of the joint design variabless

well as thematerial selectiothrough the dependence betwe@(r>*?) and (s ?) .
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Total joint costtan be used as part of adtijective optimization which tries to minimize both compliance

and cost:

minimize 3 ¢1) =g (1y+( - )ig **¥) =Tug(1- AQE >

,.J

n .
Awed
subjectto g'(rd)=-.-—— &N
ara
e
K(rl)u=f (4.17)

elemeetrJi (,04=,1234
gl [on

where g is the biobjective weighting factor and can be any value between 0 and 1. It defines the

proportional contribution of compliance and cost to the tobgeaiive function J(rj). This problem

statement will be r efiddbijedoqilitematétemeri.e AMi n. Cost o

The final supported problem statement incorporates total joint cost as an additional constraint:

minimize  J ¢)) € (#)=fTu=u"K(_'hu

& W(rl)
subject to gl(rg)zen— &

s A

%r ¢ (4.18
0(r23% =0 (2% AQ %) @
K(rhu=f

" elemente,rJi (0L j=1234
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Where g?(r2>%)is now introduced as the second constriitihe optimization problem. It is a constraint

e

on the total joint cost which is given lﬁ'

statement.

4.3.4Sensitivity Analysis

Fi nal

Yy,

t

hi

S

problem statemeni

It is intended that the MM/MJ problera be solved using a gradidrased optimizer and thus sensitivities

for the objective function and constraints are required. In this case, the sensitivities are calculated explicitly

through differentiation. The geral formulations for these sensitivitiare presented below Trable 4-3

and

Table4-4. Compliance sensitives are derived using the adjoint variable method.

Table 4-3: Objective sensitivities for compliance and cost.

Compliance

Cost

n
. . ~0 234y _ = 3
Objective c(riy=fTu=u"K( Au a(re )-aeQ( €39
HC _ & HE, MO _ Qg
Sensitivity T E —5 ==
We e p‘e We pé
Table 4-4: Constraint sensitivities for mass and cost.
MassFraction Cost
n :
o awrd) _ .
Constraint g'(rd)=.—— W Prh=u (4) Aoy @
arta e
e
1
MO _ 1 MW,
Sensitivity wi o n oA wée u—gzz&
ar 4 wd o uk
e

In these equations, represents the element strain energy ofethelement To complete the sensitivity

calculations, the partial derivative with respect to the design variables must be calculated for the
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interpolation functions. TheHE M and —- HQ terms will now be elaborated for design variables fields
w! ! w!
j=1234.
Sensitivities of Young6s Modulus I nterpolation:
e _ Bp(r)PER GAP(ER EP) (419)
W - -
E_ j pPreB ,2 pr A -B = p, s A .
= (rHPIE® ¢APEA BB (1+B[ g YX 3P EN EY)
Wt
5 (4.20)
+E2(r3)PIED € APES EP)]
r *
HE—Ep(rd)PES ¢ HYES ) (4.2
W
E —Hp(rYP( APYES -EP) 422
W
Sensitivities of Mass Interpolatbn
MWea s P 2 "r 8y (4.23
W 2
H_V\g: j,} HE +%(” rA+ - A r By
we oW
. (4.29)
I A A
w2 - -
WY —8nl P+ % ©r-Dy) (4.25
“—V‘izﬁg PO - Py (4.26)
Vg
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“—leo (4.27)
W
HQ _ 'En AP + % &P
—=—=n r[q”- +7Aq" g)] (4.28)
w? e
R _gid® + A P (4.29

“—Q4 =tn F(q° -o°)
W

(4.30)
When thebi-objective function problem statement is used, the compliance and cost s@ssdidtsummed
together as follows:

W Qu
—=g '(1 'y—.
! W

‘E.."C)

Where W

Wl

(4.31)

is the sensitivity of the entire objective function containing both cost and compliance

components ang is a scaling factor applied to the two objectives. Otherwise, for problems where only
compliance isncluded in the objective:

W
]

‘E_."C)

(4.32
The sensitivities for the thinned spatial gradient magnitude field have a slightly more complex derivation
than the basic responses described previously.

Sensitivities of Spatial Gradiet Magnitude

Thesensitivities for the projected design variable fi@l%l are given by
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2 -26( F-
w-__2%& (433

2 - -
w? (e 2

Note that vector division is not a defined operation. In Equd#@8) the division operations imply an

elementwise division. For clarity, this equationrcalso be written as:

2
per _ zbe'Zb(~é - )/7

= (4.39)
W  (q+e 2206 %2
Here, the elemeswise division can be ehrly seen.
The partial derivatives of the spatial gradient magnitadeefore projection are now defined:
D d z2\T )
n (G°77)
B =@ =)+ (439
CANE S I8

Note that in this equation, th@df2 term should be calculated first before an elemwgse division by

H(}d fz“ is performed.
The sensitivities of the projected spatial gradient magnifudan be calculated with:

un _ 2pe??0 0

= ——— (4.36)
Finally, the sensitivities of the thinned gradient magnit@lare given by:
1L B 2y MU
—=AN—— @ 75— (4.37)
weoow ﬁr

where all terms have been defined previously.
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4.3.5Filtering
In order to prevent the checkerboard phenomenon seen in TO, thiusesldhe mesh independent
sensitivity filter presented bgigmund and Peterssfil]. This filter is applied independently to each of

the design variable figs, modifying the sensitivities using the following calculation:

J 1N -
ij: N aHry! 'lj (4.38
We reJ a Hf f Wi
f
Whereij are the objective sensitivitiedter filtering.Elementf is a neighbor of the” element (element
W e

being filtered) The summation operation is performed over all neighboring elerfnehtsh are within the

filtering radiusr from the center of elemest H ; is a weightingactorwhich is defined as:
H; =r <dist(g f) (4.39

where r is the filtering radius andlist(e f) is the distance between the centers of elemghd ™.

Note thatH ; must be zero if distance between the elements is larger théltetheadius.

4.3.6Tooling Accessibility and Non-Design

Two basic manufacturing constraints have been implemented in this work. The first is tooling accessibility
for joining and the second is joining tegions araot designable by the optimizéBoth theseonstraints

can be achieved by manipulating the desiariable fields such that certain elements have a fixed value

throughout the optimization (Apassive el ementso).

Accessibility constraints consider the fact that, in the-weald, certain joints (sut as welds) must be
applied with the structural coropents in their final assembled orientation. Thus, some areas may not be

accessible by a welding tool. For example, let Joint C be a weld and Joint D be an adhesive bond. In order

to enforce the constrairthe r.* values in elements that cannot be a weld must be set to 0 at every iteration.
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This forces the interpolation scheme to only pick between void or Joad2$ivebond) for inaccessible
interface elements. All other intadde elements, which lie in accddsiregions, can be either Joint C, Joint

D or void and thus no limitation is placed on their design variables. Currently, the constraint assumes that
any interface elements which lie on the outer surface of the desigmageaccessible. A diagram shogyi

accessible and inaccessible interface elements is preselfigdiied-3.

Structure B Inner joints are not tooling
accessible (Joint D only)

Interface Region

Structure A

,/

Joints on outer surface are
tooling accessible (Joint C or D)

Figure 4-3: Diagram showing tooling accessible anddoling inaccessible elements for a simple dissimilar
material interface. The left figure shows the material interface and the interface region which must be made

of joints. The right image shows which elements in the interfacegion are acessible and thusan be welds.

Practically, topology optimization is often used for component level design. Thus, the designed structure
may need to join up to some other raesignable component$hus, it is critical that the proposed

algonithm can support nedesignal® regionsand design optimal connections to these regi@isiilar to
the accessibility constrainthis can be implementadsing passive elemenky fixing the re1 and gz

design variablem the nordesignale regionghroughout optimizaon.

4.4 Numerical Examples

In this paper, four examples will be used to test the propbtddviJ TO algorithm. Three simple
examples, the Messerschrblkow-Blohm (MBB) beam, Cantilever beam andBlacket, will

demonstrate the key benefitsMM/MJ TO. Thefinal test will demonstrate the scalability of the algorithm
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to more complex geometries usiag Aircraft Seat problem. Diagrams of these geometries are provided

in Figure4-4.

The MBB beam problem will be solved using the peoblstatements discussed preglyuThese are the

min. comp, min cost and cost const. problem statements. MMTO results, which do not consider joints, will
also be presented for comparison. The convergence history of each of the problem statement®avill also
presentedAccessibility canstraintswill not be applied in the MBB beam problersing the Cantilever

beam geometry, a tradeoff curve between compliance and cost will be generated using the min. cost problem

statements. A series gf weighting factors wilbe tested ranging from 0.1 to 0.9. This parameter represents

the emphasis each of the objectives (compliance andhaostpn the total objective functiorgain, this
problemwill not consider accessibility constraintde L-Bracket will be used to demstrate the impact
of the tooling accessibility constraint. Joining to fd@signable regions will also be tested. A breakdown
of computational time will be provided for theBracket problem. Finally, using the Aircraft $@aoblem,

scalability to more @amplex problems will be discussed.

MBB Beam Cantilever Beam

} 100 mm

\/‘)

100 mm A * ' 100 mm

500 mm 500 mm

100 mm {
N

e
L-Bracket Aircraft Seat

100 mm

300 mm } 100 mm
562.5 mm

' 577.5 mm

100 mm

\/S‘élm

Figure 4-4: Example problem geometries, dimensions and boundary conditions used in this work.
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The material properties summarizedTiable 4-5 are used for all subsequent problems. In this work the
base structural materials used will be generic steel (Structure A) and generic aly®iructure B). Note
thatthese materials do not have an associetstl While it is possible to also incorporate the cost of the
base material into the problem formulation, this aspect will not be addressed in this paper. The joint
materials will be assned to be welds (Joint C) and adhesive bond (Joint D). All mateaaks a single
Poissonbts ratio of 0. 3pBase SHAP nH&IMAMI intérmolatiornsehersetdees d a r d
not interpolate this ratio. Joint materials have fictitious cos#fim®and $1/m? respectively. As it was
mentioned previously, whildhese values have units of dollars, the cost is not a physically meaningful dollar

value. These units were chosen simply to make cost comparisons easier to conceptualize.

Table 4-5: Structural and joint mate rial properties which were used in all of the example problems.

Property Structure  Structure Joint Joint

A B C D
Material Example Steel Aluminum Weld Adhesive
PhysicalDensity( r B¢ P) [kgin?] | 7-8% 1¢° 2.R1C° 7.851C° 1.310°
Elastic Modulug EA®©P) [GPa] 210 69 S 2.5
Poi ssonds Ratio 0.33 0.33 0.33 0.33
Cost (qC,D) [$/mn] n/a n/a 2 1

When plotting material and joint distributions, the legen@able4-6 will be used. Each element will be

interpreted as a discrete material, joinvoid via the rules fronTable4-2.

Table 4-6: Color legend used when preanting TO results.

Material

Color

Structure A (ST)
Structure B (AL)
Joint C (Weld)

Joint D (AdhesiveBond)

Void

B
-

Several tunable parameters are common among the first three example problems (MBB, Cantilever and L
Bracket). These parameters armsuarized inTable4-7. The filtering radius for each problem is set to 1.5
times the mesh size. In the first iteration, each design variable field is initialized with the specified value.
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Experience has shown thlay initializing the joint design variable§3 and 54 both at 1 the drop in

compliance when joints first beging to form is mitigated. Ultimately this leads to smoother convergence
behaviour. All three probims will be run with a mass fraction of 30¥his value was chosen as it prodsice
designs with a sufficientllarge material interfacsuchthat the optimal joint design can be exploréde
minimum and maximum allowable design variable values are s@i0foand 1 respectively. For all

problems, the objective and constraint scaling recommended by Sv§tiflesgreutilized.

Table 4-7: Summary of user tunable optimization parameters used for the MBB, Cantilever and {Bracket
problems.

Optimization Parameters

Penalty Factor 4
Filter Radius (Mesh Independent) | 1.5 xMesh
Mass Fraction ConstraintW 0.3
DV Initialization 51 0.3
DV Initialization 2 0.5
DV Initialization 53 1
DV Initialization r* 1
DV MinVaIuefl,fz,(?’and f4 0.01
DV Max Valuer?!, r?, riand r# 1
Objective Convergence Tolerance 0.5 %
Constraint Violation Tolerance 1%
Iteration Limit 100

The final problem (Aircraft Seat) will utilize a different set of optimization parameters. These are outlined
in Table4-8. This problemwill be run with a mass fraction @0%. Again, the value was chosen such that
alargedisimilar material interfacdorms in the dsign. All other unique parametemwill be discussed as

they become relevant in later sections.
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Table 4-8: Summary of usertunable optimization parameters used for the Aircraft Seat problems.

OptimizationParameters

Penalty Factor 4
Filter Radius (Mesh Independent) 1.5x Mesh
Mass Fraction ConstraintV 02
DV Initialization r* 0.25
DV Initialization r? 07
DV Initialization 53 1
DV Initialization 74 1
DV Min Value r?, 52 , f3and 54 0.01
DV Max Valuer?, r?, rand r# 1
Objective Comergence Tolerandéo] 0.5
Constraint Violation Tolerancgx] 1
Iteration Limit 100

4.4.1MBB Beam

The first problem geometry is the MBB beam. This geomatméshed using a 4 mm hexahedral mesh
yielding 78125 total elements. A single load of 1000 N isiadgt the center of the top face of the design
space. Two edges are constrained: one edgetmamadlationatlegrees of freedom while the other can slide

in the xdirection. A diagram of the design space and loading is providéigime4-2 .

Force = 1000 N

z

Fixed DOFs: Tx, Ty, Tz Fixed DOFs: Ty, Tz

Figure 4-5: MBB beam boundary condition and design space geometry (sidéew).
With this problem, four problem statements will be tested and compared. The first will tzya\dM TO
problem statement withonjoint between dissimilar materials. This problem statement is similar to that of
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Equation(4.15) except that th@, r3and r*values are forced to 0 at each iteration. This causes Equations

(4.3) and Equatn (4.4) to collapse down into the usual three phase SiEtpolation with two materials

and one void. The goal of this test is to determine a baseline M&fTi€tural performance. The next
problem to be tested will be the min. comp. problem statement of Eq@ti&h which now introduces

joint interpolation at the dissimilar material interface. This problem attempts to find the stiffest possible
solution given the constrast However, optimal distribution and selection of joints must now also be
considered. The mass ofetlpints is also considered towards the mass fraction constraint. Optimization
using the min. cost problem statement from Equd#ddi¥) will then be perforrad.Along with minimizing

the compliance of the structure, this formulation will also consider minimizing the total joint cost. This is
a more practical ptlem statement than those discussed previously as now the formulation is incentivized
to remove supd uous joints which may not be contributing significantly to the structural compliance. The
relative weighting of compliance and cost will®&5 and 0.2%espectively The final problem statement

will be the cost const. statement from Equat{dri8) which now incorporates total joint cost as an
additional costraint. A maximum joint cost constraint of $1.25E5 is chosen for this problem. Again, this
is interdedas a more practical problem statement where the designer might set a limit on the total joint cost

based on a realorld design criterion.

Table 4-9: Summary of MBB beam problem specific parameters.

MBB Problem Parameters

Mesh Size [mm] 4 mm
Cost ConstrainQ [$] 1.25E5
Bi-Objective Weighting Factog 0.75

The results of these tests are presentéhbiie4-10. Due to introduction of joints into the interpolation
scheme, the min. comp. run has an increase in compliance over the MMTO of 44%. This increase is
expece d , as t he 0 p e ofdhasheen femavédavithdthe atsoduatiorpof joints. Now load

can be transferred more realistically between the steel and aluminum componentaor@ eompliant

joining material. However, it becomes evident that wite tin. comp. problem statement there is no
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incentive for the optimizer to use a cesticient distibution of joints. This can be seen through the min.
cost results. Now that cost is incorporatett ithe objective function, a new distribution is fourtdah can
reduce the total joint cost by 33% (over the min. comp. run) while only sacrificing atoaddid%
compliance. The improved practicality of the min. cost result can be clearly seeniZgygutnis problem
statement, the solver is preventednfr trading excessive joint cost for a marginal improvement in
compliance (over the min. comp. re3ultt should be noted that these designs met the mass fraction

constraint to within the specifiednstraint violation tolerance.

Table 4-10: Overview of MBB beam guantitative results.” Comparison is made w.rt the MMTO result. ™

Comparison is made w.r.t the Min. Comp. result.

[1]MMTO  [2] Min. Comp. [3] Min. Cost [4] Cost Const.

Compliance [mJ] 2.41 3.48(+44%)  3.62(+4%)°  4.00(+15%])"
Joint Cost [$] n/a 3.81E5 2.55E5(-33%)" 1.26E5(-67%)™
Final Mass Fraction [%)] 29.92 29.96 29.78 30.00
Total Number of Iterations 30 39 31 36

The final problem statement thiem statementlisits theltotal costt h e
to a maximum value of $1.25E5. The final cost was $1.26E5 wikietithin the specified constraint

violation tolerance. Again, this desigrféasible with a mass fraction which does not violate the constraint.

Overall, all problem statements converged in a simidamberof iterations. This implieghat, when
compard to the standard three phase MMTO SIMP schemé/khéJ interpolation schemand interface

detection algorithm do not significantly impact the computatiexpense.

The same quantitative trends can be seen qualitatively in the material distributtoeseof O rundrigure
4-6 through toFigure 4-9 plot the discretized joi and material distributions. Note that for sonfi¢he
views, the steel elements have been hidderrder to clearly depict the joint distribution. These results

follow the same numbering conventionTable4-10.
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[1] MMTO Results

Figure 4-6: MBB beam material distribution results for MMTO problem statement. (a) Isometric view top

surface (b) Isometric view bottom surface.

[2] Min. Comp. Results

Figure 4-7: MBB beam material and joint distribution for "Min. Comp." problem statement.No accessibility
constraint. (a) Isometric viewtop surface (b) Top surfaceview with steel elements hidden(c) Isometric view

bottom surface (d) Bottom surfaceview with steel elements hidden
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[3] Min. Cost Results

Figure 4-8: MBB beam material and joint distribution for "Min. Cost' problem statement. No accessibility
constraint. (a) Isometric viewtop surface (b) Top surfaceview with steel dements hidden (c) Isometric view

bottom surface.(d) Bottom surface viewwith steel elements hidda.

[4] Cost Const. Results
(a)

Figure 4-9: MBB beam material and joint distribution for " Cost Const! problem statement.No accessibity
constraint. (a) Isometric viewtop surface (b) Top surfaceview with steel elements hidden(c) Isometric view

bottom surface.(d) Bottom surface viewwith steel elements hidden.
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Between the MMTO and min. comp. rungthteel and aluminum interfacarcbe seen changing shape
slightly and shrinking. The algorithm is compensating for the increasampliance caused by the addition

of joints by removing some of the steel material, shrinking the interface, and addingfstiradighter
aluminum materila Overall, it can be seen frofigure 4-6 that the propced interpolation scheme and
interface detection algorithmecapable of enforcing the joint desigresset out in Sectiod.3. Load is

now flowing through joint materials between the structural steel and aluminum comptman¢sis where

there are no joints, the components are locally detached by void elements (which have virtually no stiffness).

As intended, there is only angjle layer of joint material between the structural components.

ComparingFigure 4-7 to Figure 4-8, it can be observed why total joint cost was reduced between the
problemstatements. When cost is part of the objective, the optimizer chooses to use more of the adhesive
bond material and &s of the weld material which is twice as expensive. The weld material only appears
near the edges of the interface. Comparing the élys/bf both figures, it can be clearly seen that less joint
material overall is used with the miroat problem statemé The structural material distributions can also

be seen changing in the (a) and (c) views. With less joint material used, additioctalral material can

be added back into the design while still maintaining feasibility. This eaeén from the simking void

regions near the edges of the design.

In Figure4-9, the strict compliance constrdiiof the cost const. problem can be seen reducingibara

of joint material significantly whenampared to previous runs. This is expected, as the constraint required

a 67% smaller total joint cost than what was produced by the min. comp. problemestatdowever, the

solver still maintains some connect®between the components near the bourglafighe interface region.

Along with the reduced joint usage, the steel components of the structure have also reduced in favor of
filling the aluminum parof the structure with more material. From view (a3 bbserved that the additional
aluminum nowextends the aluminum part of the structure edge to edge on the top and bottom of the

structure.
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The large qualitative differences between the problemmstates indicated a strong coupling between the
multi-mateial and multijoint aspects of the desigAs the optimizer adds or removes material from either
structuralcomponentit then compensates for it by changing the joint distribution. This procesdstabe
observed in the reverse order. If a problemestaint is used which penalizes the usageoiitg, the
structural components and the material interfaces change shape to compensate for the additional

disconnections between the components.

As a finalcomparison, the convergence histories of édbiiMJ TO run will be discussed. The histories
for theMMTO run and the min. comp. run are displayedrigure4-10. Here the compliance and percent
constraint iolation values are displayed for every iteration. Both runs exhibit relatively smooth

convergence behaviarith no oscillations.
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Figure 4-10: Convergence histories of the MMTO (left) and Min. Comp. (righ) problem statements.

The min. cost problem statement also has similar convergence performance, whiehsean irFigure
4-11. Both the compliancand cost portions of the objective decrease monotonigadiiding asmooth
convergence of the combined objective. Again, the optimizer was able to end on a feagiblevilles

relatively smooth constraint convergence.

The final set of convergendestaieswill be those of the cost const. problem statemefigare4-12. In
early iterations this problem statement appears tedsavell behaved than the previous examples, partially

attributable to the stringent cost constraint. A strict constraint leadtofudew joint elemes within the
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design. Thus, a change in joint design variables has a larger impact on the tatahstisint leading to
oscillations. While it recovers quickly, in early iterations there are significant oscillations in the cost
corstraint with percentielation as high as 400%. However, the optimizer recovers and smoothly decreases

both the objectivand constraints after approximately 10 iterations.
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Figure 4-11: Convergence higories of the Min. Cost problem statement. The left plot shows the combined

objective of compliance and cost as well asahmass fraction constraint violation. The right plot breaks down

the cost and compliance objectives.
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4.4.2Cantilever Beam

The next problem geometry will be the Cantilever beam. Again, this pnobies meshed with 4 mm
elements giving a total of 78125 elements. Boundary conditions for this model include a single 1000 N load
positioned on one end df¢ beam with the other ebding constrained in all degrees of freedom. A diagram

of the design spacand loading is provided Figure4-13.

Fixed DOFs: Tx, Ty, Tz Force = 1000 N

Figure 4-13: Cantilever beam boundary condition and design space geometry (side view).

The goal of this study is to exptthe tradeoff between structural compliance and total joint cost using the

min. cost problenstatement. The lbjective weighting factog is varied from values 0.1 to 0.9, thus

gradually increasing the emphasis of compliancéhertotal objective function. Rareto frontier will be

generated utilizing the compliancedanost at each value @f. For compason, the MMTO problem

statement as well as the min. comp. problem statement will also be rumifTl@mp problem statement

will be used as an anchor point for quantitative comparison mitheost results. It is chosen as the anchor
point since mincomp. is expected to generate the least compliant but most expensive results. All problem
statemets utilize a mass fraction constraint of 30%. The parametersTeabie4-7 are maintained. The
Pareto plot is diglayed inFigure4-14with the related quantitatiempaisonsto the anchor point ifiable

4-11.
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Table 4-11: Compliance andcost comparisons relative to the anchor point for min. cost solutions.

y=01 y=02 y=03 y=04 y=05 y=06 y=07 y=08 y=09

Change in Compliance +45% +39% +50% +23% +16% +5% +7% +3% +2%
Change in Cost -99% -99% -89% -78% -66% -51% -37% -25% -15%
Prioritize Cost Prioritize Compliance

N
N
1

% Min. Compliance Solution
— — — Pareto Frontier

N
N

% Min. Cost Solutions
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Figure 4-14: Cantilever beam Pareto frontier showing the tradeoff between structuralcompliance and total

joint cost.

Figure4-14 demonstrates the clear tradeoff between total joint costaardll compliance of the structure.

As moreemphasis is put on minimizing joint cost (decreasiny the interface between th&stural
componentdoses stiffnesandthusshrinks. This makes it less advantageous to utilizawti-material

design as load can no longer be efficiently transferred between the components due to the lack of joint
material. Thus, the optimizer usesdesteel in favoof almost an entirely aluminum dgsi as seen in the

g= 0.1 and 0.2 results dfigure 4-18 and Figure 4-19. Again, the strong agling between structural

material and joint material design can be observed. Optimal joint dastgted optimal structural design

and vice versa.

On the opposite end of tHeardo plot (increasingg), compliance becomes theiwdng factor in the

combined objective function. In this case the cost of the joints is less anpohian minimizing the
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compliance. This leads to a design which has almost tire @mterface region filled with joint material.

Furthermore, the interé® region becomes increasingly largegaalso increases. This change dan

observed irFigure4-18 andFigure4-19.

Table4-11 contains quantitative comparisons between aaacltalue result and the min. comp results. As
expected, the compliance increases and the cost decreases withglovednes. The bedfradeoff is
observed agy=0.6. For only a 5% increase in compliance (camag to min. comp.) the total joint cost can
be reduced by 51%. The material and joint distribution ofgke0.6 results can beeen inFigure4-16.

Overall, when compared to the minngo. results oFigure4-16, both results have similarly sized interface
regions. The mdsobvious change is how roln of that interface region is populated with joint material.

The g= 0.6 wn utilizes far less joint material with significant portions of the interface region remaining

empty. Where there are joints, ttieeaper adhesive bond masl appears more often. In contrast, the min.
comp results utilize a visibly larger quantity ofld& This is expected as cost is not incorporated into the

min. comp. objective and thus there is no incentive to minimizedsie

For reference, a compson of MMTO, min. comp. and the min. cagt= 0.6 solutions is provided iTable

4-12. Discretizedmaterial and joint distribution plots are availabld-igure4-15, Figure4-16 andFigure

4-17.

Table 4-12: Overview of Cantilever beam results of interest* Comparison is made w.r.t the MMTO result. **

Comparison is made w.r.t the Min. Comp. result.

[1] MMTO  [2] Min. Comp. [3] Min. Cost

Compliance [mJ] 23.46 28.48(+21%) 30.01(+5%)"
Joint Cost [$] n/a 3.37E5  1.66E5(-51%]"
Final Mass Fraction [%] 29.94 29.91 2991
Weighting Factor p ] n/a 1 0.6
Total No. Iter. 27 37 37
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Overall, his study shows the usefulness of the min. cost problem statement when dealivgMBi
TO. While results will be problem dependent, a tradeoff can becéeqh between joint cost and compliance.

However, if the correcty value s used, it minimizes the superfluous use of joints leading to a more efficient

joint design without sacrificing much in the way of compliance.

[1] MMTO Results

Figure 4-15: Cantilever beam material distribution r esultsfor MMTO problem statement. (a) Isometric view

top surface (b) Isometric view bottom surface
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2] Min. Comp. Results
P
(a)

@

Figure 4-16: Cantilever beam material and joint distribution for "Min. Comp." problem statement. No
accessibility constraint. (a) Isometric view top surface (b) Top surface view with steel elements hidden(c)

Isometric view bottom surface.(d) Bottom surface viewwith steel elements hidden.

[3] Min. Cost Results y = 0.6
(@)

Figure 4-17: Cantilever beam material and joint distribution for the best tradeof min. cost solution No
accessibility constraint. (a) Isometric view top surface (b) Top surfaceview with steel elements hidden(c)

Isometric view bottom surface.(d) Bottom surface viewwith steel elements hidden.

121



MM/MJ TO of 3D Structures by Vlad A. Florea

Pareto Study Solutions (Material and Joint Distributions)

y=0.1 y=02

y =03

] !

Comp. [mJ]: 41.35 | Cost [$]: 2.78E3 Comp. [mJ]: 39.57 | Cost [S]: 4.59E4 Comp. [mJ]: 42.85 | Cost [$]: 7;.78E4

y =04

y =05

Comp. [mJ]: 35.00 | Cost [$]: 7.32E3 Comp. [mJ]: 33.13 | Cost [S]: 1.16ES Comp. [mJ]: 30.01 | Cost [$]: 1.66ES

y=08

1
-

Comp. [mJ]: 30.50 | Cost [$]: 2.11ES Comp. [mJ]: 29.23 | Cost [S]: 2..52];‘5 Comp. [mJ]: 28.93 | Cost [$]: 2.88ES

Figure 4-18: Cantilever beam material and joint distribution for all points in tra deoff plot. No accessibility

constraint.

Figure 4-19: Cantilever beam material and joint distribution for all points in tradeoff plot. Steel components

are hidden to make joint distribution visible. No acessibility constraint.
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