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1 Introduction and cost of the end product. [18], we proposed a systematic

Most structural products have complex geometry to meet ¢ method for decomposing a given product geometry, considering
X prod . mpiex g y u[%e structural stiffness of the end product, where joints are mod-
tomer’s demand of high functionality with enhanced structur

led as torsional springs. During the work, it was observed that

Sl However, DnLiecling Woce ploducts n e e e srucural integrty., stiness of the end procct i
qudUCtiOEI cost. For this reason pmost structural products are rr\*?- vily influenced by the choice of a particular decomposition as
P : ’ P ell as the given topology of the structure provided as an input of

ticomponent structures; they are made of a number of Comp(.!j)écomposition. This observation led us to a natural relaxation of

nents, E.’md these components are assembled into the final Structyl ‘problem where both topology and decomposition of a struc-
D_eS|gn|ng a multicomponent structural product often requires dﬁfre are regarded as variable. This is the problem addressed in the
signers to de_compose overall product geometry at some point d fasent paper.

ing the design process. The de.composn.lon will determine t €In this paper, topology and decomposition of a structure are
component set to be assembled into the final product. simultaneously optimized over a ground structure with nonover-

For instance, the automotive industry utilizes a handful of basl'&pping beams, for overall structural performance and manufac-

decomposition schemes of a vehicle, taking into account of geofizapjjity. As in [3], the joints between components are modeled
etry, functionality, and manufacturing issues. However, tho '

" : s torsional springs. A multiobjective genetic algoritfBy6] with
decomposition schemes are usually nonsystematic and hgyhggh_based crossovi—9], coupled with FEM analyses, is used
J

rem_ained more or Igss qnchange_d for_dgqades. This is becaus btain Pareto optimal designs, exhibiting trade-offs among
dﬁsweq fhot"g'. ftu.rE)ct;pnaht)f/, matenals,(;ow;mg mert]hcl)ds, ﬁmd ove%ructural stiffness, total weight, component manufacturability
ah Wel% lirfl u(;on 8 mgss-pro u;:hlon ve |Ct_es lgve NALize and simplicity, and the number of joints. Case studies with

changed much for decades. However, the conventional deCOMPQeaniijeyer and a simplified automotive floor frame are presented,

sition schemes may no longer be valid for the vehicles with nefy,j renresentative designs in the Pareto front are examined for the
technologies, such as space frame, ultralightweight materials, aPHe-offs among the multiple criteria

fuel-cell- or battery-powered motors, which would require

dramatically different structural properties, weight distributionz Related Work

and packaging requirements. This motivates the development

of a systematic decomposition methodology presented in this2.1 Structural Topology Optimization. Structural optimi-

paper. zation can be classified into three categories: topology optimiza-
In our previous work1-3], we have termedssembly synthesis tion, shape optimization, and size optimizat{d®]. Among these

as the decision of which component set can achieve a desitagee categories, topology optimization is considered as the most

function of the end product when assembled together, and assgj@neral optimization problem with the largest design space that

bly synthesis is achieved by the decomposition of product geoman produce solutions with no prior assumptions. As one of the

etry. Since the assembly process generally accounts for more thgpology optimization methods, the ground structure approach

50% of manufacturing costs and also affects the product qualiiyas first proposed by Dorn et dl11]. In the ground structure

[4], assembly synthesis would have a large impact on the qualdpproach, optimal substructures can be found as a subset of a

predefined large set of discrete beam elements in an extended
Currently Post-doc Research Fellow, Department of Mechanical Engineerirgesign domain(i.e., ground structuje Extensive research has

Unizversity of Michigan. been done to develop numerical methods for the topology design
To whom correspondence should be addressed. using ground structures: layout theory for frames and flexural sys-
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solved a large-scale compliance minimization problem using
dual approach. More detailed history of development on th
ground structure approach can be found in REfg] and[18].

Another class of topology optimization method assumes stru
tures made from solid continuum, rather than from discret Design —
beams, where the topology optimization problem is formulated ¢ Domain
a material distribution problem within an extended design domail
The Homogenization Design Metha®#iMD) is a representative
of such “continuum-based” topology optimization methdd$)], 1 P
where material inside an extended design domain is treated a
composite material made of microstructures consisting of mater'{a} (b)
and void. HMD has been applied to a broad range of problem |
including multiple loading problemf20], compliant mechanism
design problem§21], multiple constraints problen{22], and to-
pology optimization problems with composite matef28]. More
closely related to the present work, several researchers inve:
gated the homogenization-based topology optimization of mult
component structuref24—-27. These approaches, however, re-
quire overlapping extended design domains for each compon
and each joint as a predefined input.

(0]

Optimization

2.2 Design for AssemblyManufacturing and Assembly Se-
quence Design. Boothroyd and Dewhurst28] are widely re-
garded as major contributors in the formalization of the design fc
assembly(DFA) and design for manufacturinddFM) concepts. {C}
In their work[29], assembly costs are first reduced by the reduc
tion of part count, followed by the local design changes of th *
remaining parts to enhance their assembleability and manufact
ability. This basic approach is adopted by most subsequent wor
on DFA/DFM. In most cases of DFA/DFM procedures, as
sembleability or manufacturability analysis requires a targetin
product to be decomposed into features containing one assem
or manufacturing meaning, such as surfaces, dimensions, tol
ances, and their correlatiof30]. Therefore, DFA/DFM methods
require predetermined components set with given geometries
improve existing designs by modifying the geometries of givel
components. Regarding the aspect that the earlier attention on
manufacturability and the shape and geometry of components ¢
save total cost and production time, DFA shears the idea of tl:E!} {f}
decomposed-based assembly synthesis concept proposed in this
paper. However, while DFA is mainly analyzing or improving &ig. 1 Outline of the approach (&) design domain, (b) ground
proposed desigfi.e., already “decomposed” product design withstructure consisting of basic members and potential joint loca-
“given” topology) from the view point of assembly and manufaciions, (c) the ground topology graph G, , (d) optimization, (e)
turability by modifying geometry of given components, the?eSt Product topology graph G (subgraphs representing com-
method proposed in this paper can start without any prescri gmt?naézsﬁgzoltiﬁfsd ?Saﬁd 1(;)%[)‘“2{;? riﬂﬁi%é?p’gr']gtmsimc‘f s
components and generate an optimized components set consiggi- '
ing manufacturability and structural characteristic of the as-
sembled structure.

Many researchers have investigated the integration of DFA and )
assembly sequence plannifigl,32, where assembly Sequenceless stiff thgrj 'ghe beam e[ements gnd therefore redgce the overall
planning is proposed as the enumeration of geometrically feasifguctural rigidity. The torsional spring rates are considered to rep-
cut-sets of a liaison graph, an undirected graph representing {ﬁée_n_t the strqctura_l (_:h.aracterlstlc of the corresponding joints. _If
connectivity among components in an assembly. While graph réf€ joint contains a joining between two components, then physi-
resentation has been extensively used in the assembly planninﬁ%welds need to be placed between two components, resulting
illustrate the correlation between given components and to fifanged structural characteristics at the joint. This structural
the sequence of assembly process, the application of graph reﬁﬁ'ﬁ-“ge can be represented as the changed torsional spring rates in
sentation to generate the possible components is relatively néig Structural model.

[33,34). In the proposed research, a decomposition-based compol0Pology of a ground structure can be represented by the
nents set generation method is adopted to generate all possfRUnd topology graph G=(Vq,Eg) with node setV, of the

components set of a given overall structure. basic members defined by all beam elements in the ground struc-
ture and edge sef, of the intersections of the basic members
3 Approach (i.e., potential joints in the ground structwr&imilarly, we repre-

. . . - . sent the topology of a multicomponent structural by thiginal
This section describes our method for synthesizing multicory; poogy b y (e

. h . opology graph G=(V,E), a subgraph oG4 whereVCV, and
ponent structural assemb_ll_es with maximum structura_l perf CE, . Using these notations, the following steps outline the ap-
mance and manufacturability. Topology of a structure is repr o cgh(Fig 1): '
sented as a subset of a ground structure consisting of a large s tof”1 e

nonoverlapping beaméwve call thembasic membejswithin a 1. Given a design domain with boundary and loading condi-
given design domain. Joints within a structure are modeled as tions (Fig. 1(a)), define the ground structul&ig. 1(b)).
torsional springs, which can be placed only at the intersections of2. Construct the ground topology graghy=(Vq,Eg) for the
basic members in the ground structure. Joints are assumed to be ground structuréFig. 1(c)).
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3. Using an optimization algorithitFig. 1(d)), obtain the prod-
uct topology graptG=(V,E,J) that gives the best structural
performance and manufacturabilitfig. 1(e)).

4. Construct the multicomponent structure correspondinG to

(Fig. 1(f)).

3.1 Definition of Design Variables. In order to uniquely
specify a topology from the ground structure, a binary vettor
named as theéopology vectoris defined. Thetopology vectort
represents the existence of each basic mertdeode in ground
topology graphGy) in the original topology grapks,=(V,E):

t=(to,ta, ... b, ... vtgnn—2vtgnn—1) 1) {E:l

wheregnn=|V,|=the number of nodes in th@, and

1 if basic memberi exists in the structure Topology vector
=10 otherwise & r=(0,0,0,1,1, 0,1,1)
For a givent, therefore, node s&tCVy and edge seEC E, of =
G, can be defined as Beam Size vector
V={n e Volx =1} ©) PomnbAREs Ll
E={ele={u,v}eEp,ueV,veV} (4) () /

Note thatt can only define the existence of beams in the topo
ogy without defining the size of the beams in the topology be
cause the elements in the vectaare binary values. The size of
the beams in the given topology defined bys determined by
defining another vectow, named as théeam size vector

W:(Wvalv e Wiy el ngnn72!Wgnnfl) (5)

where w; represents the cross sectional dimension for ithe
beams in the ground structure.

Figure 2 illustrates a sample topology definedttandw from
the ground topology grapB, in the Fig. 1b). Note that the gray 1
nodes in Fig. &) indicate the corresponding basic members witl
t;=0 and also only whey=1, w; (the ith element ofw) can be (d) (e)
realized.

Thg structure defined by theriginal topology graph G is Fig. 2 A sample topology defined by a topology vector t: (a)
considered as a one-component structure. Therefore, a met@dground structure,  (b) G, the ground topology graph,  (c) a
that can define the components set erB] is required. In this sample topology vector t and beam size vector w, (d) the origi-
paper, we used joint library method to define the components s&dl topology graph G, defined by t and w, and (e) the corre-
In the joint library method35], JL;, a joint library for theith sponding topology. Note that only the black-colored elements
possible joint location is defined at each possible joint locationof w are realized in (e).

JLi=(JL_Co,ILi_Cyq, ... JLi . Cj, ... ILi_Cepji-1) (6)
wherecnji is the number of configurations in tlih joint library
andJL;_C; is thejth configuration of theth joint library. How- A_Ji=(A_J;i_Bg,A_Ji By, ... A_J_Bpnji-1) (8)

ever, the structure of each possible joint location changes with the

topology vectort. Therefore the joint library of each possible lo-wherebnji is the number of beams at thi possible joint loca-
cationJL; also changes with As an example, the joint library at tion andA_J;_B; is the joint attribute between thth beam of the
the possible joint locatiod; in Fig. 3 does not exist because theth possible joint location and the joint. To define the entire joint
topology defined by the topology vectdrcontains no beams attributes usingA_J;, thejoint attribute vectorA_J is defined
around J;. To define the entire joint configurationlL,

named as the joint library vector, is defined as AJ=(AJy, A1, ... Adgjn-1) 9)
follows:

ILeILpXILyX ... XILgjn_s ) g?ﬁéfu%n is the number of possible joint location in the ground
wheregjn is the number of possible joint locations in the ground Figure 4 illustrates the joint model and the joint attributes at a
structure. specific location {,). The FE model shown in the Fig(l), the

Note that the elements dtL. are defined in the ground topologytorsional spring elements, ~k; are used to represent the struc-
graphGyg. In this method, the portions in th@, that correspond tural characteristics of the joining between the component and the
with each possible joint location are modified according to theint.
selected joint library case)(;_C;). Therefore, the edges to be cut In the following case studies, joint attribute J; represents the
in G4 (or Gp) can be obtained by considering all elemedits in  rates(spring constanjsof torsional springgNmm/rad of the cor-
the joint library vectordL (Fig. 3). responding joint. Because the loading conditions and correspond-

Finally, the attributes of the joining between components airg displacements considered in the case studies are two-
assigned to each joint location. Thelividual joint attribute vec- dimensional2D), only the torsional spring rate normal to this 2D
tor A_J; is a vector whose elements are assigned to the begtane (rotation aboutz-axis in the case studipss considered as
elements that merge to the joint location: the design variable.
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Fig. 3 Components set defined by the joint library method: (a)
topology defined by t and w, (b) a sample joint library vector
JL . Note that the joint library JL, at the location J ; does not
exist (marked as NULL in JL), (c) corresponding subgraph,
and (d) physical components set of  (c) with two components

Cpand C;.

3.2 Definition of Constraints. Topology of the structure
defined by the topology vectdarmust satisfy the following con-
straints to avoid infeasible topologies as a mechanical structure:

« Connectivity Constraint 1: All beams should be connected to

>| 2]
b <M

(c (e)

Fig. 5 Constraints for feasible topology: (a) feasible structure,
(b) infeasible structure violating Connectivity Constraint 1, (c)
points considered in Connectivity Constraint 2 (A: boundary
condition, B: loading, and C: displacement ), (d) infeasible to-
pology violating Connectivity Constraint 2 (point A not con-
nected ), and (e) infeasible topology violating Connectivity Con-
straint 2 (point B—C not connected )

« at least one of the points at which boundary conditions are
defined

* points at which loads are applied

 points at which displacements are measured for the evalua-
tion of structural performance

Connectivity Constrains 1 can be formally written as

at least one other beam element, i.e., product topology graph 1s_ CoNNECTEN G ,t) = 15 cCONNECTEN G) = TRUE (10)
G, should be connecte@Figs. 5a) and(b)).

° Connectivity Constraint 2: The fO”OWing pOintS should bqhe 0rigina| topo'ogy grap'@o' defined by the ground t0p0|ogy

connected to at least one

Ca

(a)
Ad, =(A_J, By A_J,
=( & , Kk

(c)

beam elem@&igs. 5c)-5(e)):

BAJ, B, A_J, By
'i'._" ’ 'k_i )

Fig. 4 A sample joint model and modified joint assignment
method used in this paper to assign joint attributes: (a) a
sample structure with three components and (b) FE model for
the J, in (a), where each component is connected to the center
node by using the torsional spring element (¢) the modified

individual joint attribute vector

Journal of Mechanical Design

A_J, that assigned to J ,

wherels_CONNECTEDIS a function that checks the connectivity of

graphGgy and the topology vectdr This function is implemented

as the function that checks the number of subcomponents in the
Gy . Only when this number is equal to 5, CONNECTEDfunction
returnsTRUE. Connectivity Constraint 2 can be written as

3 i 3 o)
(11)

i=1 | jeSgp; i=1 jeS.p; 1=1 jeSppi

whereNgp, N p, andNpp are the number of points at which
boundary conditions are defined, loads are applied, and displace-
ments are measured, respectiv8lyp;, S pi, andSpp; are sets of

the indices of basic members attached to ithepoint at which
boundary conditions are defined, loads are applied, and displace-
ments are measured, respectively.

Note that not all of the points for boundary locations are re-
quired to be connected. Only the boundary points that can keep
the structure statically determinate are required to be connected
[36]. Because here we assumed that the boundary points are fixed
in all 6 dof, the first term in Eq(11) checks if there exist any
connected boundary point in the structure while the other two
terms check all the points for loading and displacement measuring
are connected to the structure. Also note that when we measure
the stiffness of the structure using the mean compliance, then the
points B (points at which loads are appliednd pointsC (points
at which displacements are measyréd Fig. 5 are same and
Connectivity Constraints can be simplified.

3.3 Definition of Objective Functions. A multicomponent
structure represented by a topology vedi@ beam size vectaw,

MARCH 2005, Vol. 127 / 173



the joint library vectorJL for the components set, and finally a
joint attribute vectorA_J is evaluated according to the following
four criteria: (i) stiffness of the structurdii) weight of the struc-
ture, (iii ) manufacturability of each component in the structure
and (iv) numbers of jointgtorsional springsin the structure.

Stiffness of a structure can be measured as the negative of 1
compliance in the structure

fstifness= Stiffness= — COMPLIANCE(G ,t,w,JL,A_J)  (12)

wherecompPLIANCE is a function that returns the compliance in the{a)
multicomponents structure, using finite element analyses. Th
function is composed of three modulds: FE model generator
modulegenerating a FE input model composed of beam and to
sional spring elements. Existences of beam elements are del
mined by topology vectorand their cross sectional properties are
determined using the beam size vectar Torsional spring ele-
ments are placed at all possible joint locations and their sprir
rates are determined by the joint attribute vecfod. (ii) FE
analysis modulgerforming FE analysidiii) Compliance evalu-
ating modulecollecting the displacements at the given loading
points and evaluating complian€zusing following equation:

Cz%{f}T{U} (13) (b)

where{f} is the vector of the external loads afug} is the global
vector of the nodal displacements calculated from the FE analys

Weight of a structure can be calculated as the inner product
topology vectott and the beam weight vectes, of the weights of
the basic members in the ground structure

fweight= W't (14)
where the vectow, is defined as

Wo= (W 0,Wp 1, -+« Wp iy « - - Wp gm-2:Wp gnn-1)  (15)

Here,gnn=|Vy| andw, ;=weight ofith basic member defined
by the beam size vectav. For an example, ifv; (theith element
of beam size vectow) defines the diameter of the cylindrical {C)
beam cross section and the density of the beam, ithenwy
=2mw;l;p. Note thatl; indicates the length of thé&h beam - ) o
element. Fig. 6 Manufacturability calculation cc_)nSIderlng sheet metal'
Estimating manufacturability will require specific approache¥°rking: (2 a beam component defined, ~(b) corresponding
. ; .'Sheet metal components to be joined into the beam component
for each manufacturing process. In this paper, manufacturabllﬁgﬁned in (a), and (c) die useable area Au calculated from the
of components(to be maximizedl is evaluated considering the conyex hull area and shearing parameter P for (b)
total cost of producing components in the struct(trebe mini-
mized represented by a product topology graph. It is assumed the
components are made from sheet metals working, whose cost is

estimated as the cost of stamping and blanking dies. The die C%F?ereAu(SubG) and P(SubG) calculate the die usable area
consist of die set cost and die machining cost, which are functio/@&J and the shearing paramefof the ith component defined by

gf ?'e uiablinarer?\ungndi shearrln)?irgeilrget&trr]esper?\tllv;el%[zl?]. ; subgraptSubG. COST,, and COSJ are the functions than con-
or each componensu IS approximated as the convex ull aregye = A\, and P into the cost. Qualitatively, maximizing

of gven component an i calculted as he outer perimete o L. ol result i a racture consstng of component
P 9. y , 1arg P in smaller sizes and in simpler geometries.

::ecnssltjltzlgzn htl:%r:\?rlgiluzoohﬁgtrre%lf“ég‘% I%?:r:t%ecrsgsvgghmﬂger Components at each joint are assumed to be joined with spot
: ' plexg y P welds which are done one by one. Since the cost of spot welding

f;gﬁ%?ﬂggf?obgarggg% ((jelneti:gaﬂ;rr:g}gc(tjsrs;bi-ﬂheoflf)gogmgtﬁr?%r a structure is proportional to the number of weld spots in the
ty “structure and the number of weld spots in a joint is approximately
f manufacturabiiy= — total manufacturing cost proportional to the torsional stiffness of the joint; the welding cost
is estimated by the sum of the rates of torsional sprihgs/rad)|
in the finite element model of the structure

— E DIECOST(i,SubQG) (16)
=1

f ii= — total assembly cost
where cn is the number of the componentsnumber of sup ~ 2semPleabity y

graphs defined by, and JL) and Sub@G is the ith subgraph gin
defined byG, andJL. Finally, DiECOSTs is the function that cal- =— Y, COSTRsWSWELD(i,Gg,JL,A_J)]
culates the stamping die cost itfi component and is defined as =1
follows: gjn
DIECOST(i,SUbG) =CosTa [AU(SUbG)] =— .21 COSTrRsWWSRATEXSRATH(i,Gg,JL,A_J)]
+cosT[P(SubG)] a7 (18)
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where G, is the original topology graphiL is the joint library S1

vector and AJ is the joint attribute vector. Function S1
SWeL(i,Gg,JL,A_J) returns the total number of welds at tike

possible joint location andosTrswfunction calculates the cost of

Resistance Spot Welding procedures by using the number of sj

welds. Finally,gjn is the total number of possible joint locations.
In summary, the multiobjective optimization problem to be
solved can be stated as follows:

Maximize  {finesss — fweights f manufacturability f assembleability 52 52
Subject to  Connectivity Constraint 1 and 2 defined as £ Parent P1 L Parent P2

Egs. (10) and(11)

(19)
3.4 Optimization Algorithm. Due to the multiobjective
formulation (as opposed to, e.g., weighted sum of multiple objec
tives) and the complexity of the underlying graph partitioning
problem[37], the above optimization problem is solved using ¢
modified version of NSGA-II[4,5], whose basic stepkb] are
outlined below:

1. Create a populatioR of n chromosomesan encoded rep-
resentation of design variab)eand evaluate their values of
objective functions.

2. Rank each chromosonmein P according to the number of
other chromosomes dominatimgn Pareto sens&ank 0 is Farent P1 Parent P2
Pareto optimal Store the chromosomes with rank O into se
O. Also, create an empty subpopulatign

3. Select two chromosomes and ¢; in P with probability
proportional ton-rank(c;) andn-rank(c;).

4. Crossover; and¢; to generate two new chromosome's
and cj’ with a certain high probability.

5. Mutatec| andcj with a certain low probability.

6. Evaluate the objective function valuesafandc] and store
themQ. If Q contains less tham new chromosomes, go to

7. Let P—PUQ and emptyQ, Rank each chromosome i
and removem chromosomes with lowest ranks froi

8. Update sefQ and increment the generation counter. If the
generation counter has reached a pre-specified number, t Child C1 (c) Child C2

minate the process and retuth Otherwise go to 3.
51
52
L c

hild C2

A chromosomec (an encoded representation of design vari

ables used in this study is a simple list of the four design
variables
c=(t,w,JL,A_J) (20)
Crossover in step 4 combines “genetic materials” of two parer
chromosomes to produce two offspring chromosomes. The role
crossover is to combine high-quality partial solutiofimiilding
blocks in parent chromosomes to produce higher quality off
spring[38]. Since information irt, w, JL, andA_J are linked in a

S1
52

nonlinear fashion as defined in the ground topology graph, tt L Child C1
conventional one point or multiple point crossover for linear chro (d)
mosomes will not effectively preserve the building blocks. Fogj, 7 Graph-based crossover operation:  (a) parent structures
this type of problem, graph-based crossover has been SUCCBSSfﬂﬁ)énd P2 cut by crossover line L,  (b) corresponding partition-
applied for improved performance of G&—8], which is adapted ing of P1 and P2 in graph representation,  (c) assembly of off-
to fit to our problem as described below: spring graphs C1 and C2. Note that in C1, edgese ,, and e, are

. . copied from parent P1 because nodes n 3, n,, and ng are from
1. Draw an arbitrary crossover lirle on two parent structures p1. Edges e, and e, are randomly assigned because n 4 is

P1 and P2, and use the line to “cutP1 and P2 into two  from P2 while n , and ng are from P1. (d) Offspring structures

substructure$1 and S2 (Fig. 7(a)). C1 and C2 constructed from their graphs. Both C1 and C2 have
2. Partition product topology graphs BfL. andP2into two sub 2 components.

graphsG1 andG2 corresponding t&1andS2defined in the

step 1(Fig. 7(b)). ing the assembly process, edges between two nodes came
3. Assemble the graph of the offspri@fl with G1 of parent from different parents are randomly assignét. 7(c)).

P1 and G2 of parentP2. Also, assemble the graph of off- 4. Construct offspring structure€1 and C2 using the as-

spring C2 with G2 of parentP1 andG1 of parentP2. Dur- sembled graphéFig. 7(d)).
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Fig. 8 Mutation operation

ing joint locations and  (d) altering beam size

Crossover lind is selected in the geometrical spdughere the
physical structures belongather than in the topological space
(where the product topology graphs belprig realize the effec-
tive preservation of smaller high-quality substructures—building
blocks for our problem. Even though both parent graphs are cor
nected, the crossover may yield an offspring graghthat are
disconnected. In such cases, a repair operator is applied to recc
struct the connectivity, where Dijkstra’s algorithi®9] is used to
find the shortest path on the ground topology graph between tr
disconnected subgraphs @f, and the nodes and edges on the
shorted path are added @ This operator makes every individual

(a) the original structure and graph

(b) topology mutation (c) alter-

Load Data : Geometry, BC, LG, and
Baleral Propesties

Build Groend Struchaa

| Bulld Ground Topelogy Graph tor Ground Structura|

t

in the current population to satisfy the Connectivity Constraints
defined in Section 3.2 and accelerated the convergence
optimization.

Mutation modifies a structure in the following steps:

1. Mutate topology vectot by random bit flipping. This will

add or remove basic membgisig. 8b)).

If the resulting structure is disconnected, apply the abov

repair operator to reconstruct connectivity.

Mutate decomposition of the graph by changing the joint

library JL by random. This will alter the location of joints

(Fig. 80)).

. Mutate beam size vector. This will alter the cross sectional
size of componentéFig. 9A(d)).

. Mutate joint attribute vectoh_J. This will alter the torsional
spring rate of the corresponding joint.

2.

3.

In addition to the above-customized crossover and mutatio
operators, the implementation of multiobjective genetic algo-
rithms used in the following examples utilizes linear fitness scal
ing, niching based on the distances in objective function spacg
and stochastic universal sampliffg]. Also, the population is ini-
tialized to contain only chromosomes that satisfy both Connectiv
ity Constraints 1 and 2. Figure 7 shows the flowchart of multi-
component structure synthesis. Software
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implementation,

Iebilli Cibjective Opt

Popuation
E
E‘“-m:g | Evaluation ':-

Aszign Rank
L] on Pansio
Dominance
Stochastic T r L

Universal [
Zamaing Miching Count

i t

Azsign Shared
Filneas

Chrmemasoms.
c=jLw AL AL

| Tingazkegry Mudal

I Componenis |

St Modi

Parsio Sed of Opéimzed
Solutiors

Candidale Designs

Fig. 9 Flowchart of multicomponent structure synthesis
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Table 1 Parameter values for GAs used in the case studies

property value
Case Study 1 Case Study 2
number of generation 100 100
number of population 2000 2000
replacement rate (m/n) 0.5 0.5
crossover probability 0.9 0.9
mutation probability for ¢ 0.01 0.1
mutation probability for w 0.1 0.1
mutation probability for JL 0.1 0.1
mutation probability for 4 J 0.1 0.1

Table 2 Material properties of sheet metal used in the
case studies

Property value
Thickness [mm] 2.0
Young’s modulus {GPa] 200.0
Poisson’s ratio 0.3
Density [kg/mm3] 8.0%10°
design (a)
domain

Type 3
| i I \
((0).(1).(2)) C,: S ((00,(1,2)

Cy.
(a) 2/ N, N,

2
x, ¥, and z translation and rotations fixed 0 0
C. ) £({0,2).(1)) Cs: /k ((0.1),(2)
2 1 2 1
0
C,: * (0,1,2))
(®) e

Fig. 11 Joint Library Type for a given topology: (a) Joint Lo-

cation J , and J, have the same joint library Type 2, and  (b)

Joint Library of the Type 3 Joint. Total 5 cases (Cy~C,) arein
{b} the Type 3 Joint Library.

including GAs code, is done in thedCt+ programming language.
LEDA! library was used for graph algorithm and an in-house
FEM codé is used to obtairf imess

4 Case Studies

Multi-component structure synthesis proposed in this paper is
applied to two case studies: a cantilever structure and a simplified
automotive floor frame. Table 1 shows the parameter values for
GAs runs used in both case studies. Components used in the both
case studies are considered to be made of thin-walled beams with
rectangular cross sections where width and height are in same
length. This length is considered as the elements of beam size
(C} vectorw. Table 2 lists the material properties of the sheet metal
(stee) used in the both case study.

A

Fig. 10 Case Study 1 model: (a) design domain, (b) ground
structure with 15 beam elements, and  (c) ground topology Developed by Algorithmic Solutiothttp://www.algorithmic-solutions.com
graph of 15 nodes (ny~ny,) and 44 edges (eg~ey3) ’Developed by Karim Hamza.
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In this case study, elements of beam size veatare the cross-

1600 sectional height(=width) of each rectangular cross sectional
beam components ranged from 5.0 to about 25.0 mm. Figure 11
— illustrates an example of the joint library assignment for a given
topology. The joint libraries used in this case study define the
Mumber of ) . - o - . ) .
Individuals in configuration of the possible joint locations. Joint libraries are
Paretc Front 800 classified by the number of the beams merging at the joint loca-
tion:
400/ . .
Type i When total i numbers of beams
] merge at the joint location (21)

L] 20 40 G0 a0 100

Number of Generation As illustrated in the Fig. 1(B), types of the joint library af,

andJ, are Type 2 even though the real structural shapes are not
same with each other.

Considering the ground structure in Fig.(&Q the most com-
plex joint can have maximum five beams. Therefore, total of five
joint type libraries(Type 1~Type 5 are built and used for this
case study, considering all possible cases of each joint type only

4.1 Case Study 1: Cantilever Structure. For the first case excluding the overlapping components configurations. The ele-
study, a cantilever structure is modeled as a design domain in Rigents of the joint attribute vectoh_J are the torsional spring
10(a), with length 200 mm and height 100 mm. The left side ofates in normal direction of the design domain plane ranged from
the domain is fixed on the wall and a vertical l0Bd=100[N])  1.0x 10*~10.0x 10* Nmm/rad.
is applied at the lower right corner of the domain. The displace- Figure 12 shows the typical convergence histories of GA runs
ment is measured at the loading point to calculate the stiffnesswith three different mutation probabilities far All three plots
the structure and used to calculate the compliance. Figufi®) 10indicate the increase in the size of Pareto (setmber of Pareto
shows the ground structure with 15 nonoverlapping beam eleptimal designsas the number of generation increases. Note that
ments, each of which are regarded as a basic member. Figasemutation probability decreases, the number of individuals in the
10(c) shows the ground topology graph of the ground structure Pareto Front converges closer to the total number of population
Fig. 10b), containing 15 nodes and 44 edges. (=2000. In these optimizations, the number of generatiei00)

Fig. 12 Typical convergence histories of GA runs with three
different mutation probabilities for y (black line: 0.005, dark
gray line: 0.05, and light gray line: 0.1 )

-7 L 1.00
Jetifinass T manufacsuratility
20 i 0.77
1.3 “waight 0.2 -1.3 i 0.2
{E} {b} wimight
F21
1.00 Ba ean g a0 L ———
- e
‘S o
" - el R
b % Y
"as 1rrr - - T
i e — ] f . . RZ
Fmanutacisatility - ;,"'"—" S assembleability 6
- R Ry E.Fh
E- :
077 s £.800°
S EHNS : ; —— ) "
26710 S 27 2810 Fottines 27
(c) (d)

Fig. 13 Distribution of designs at generation =100 for Case Study 1. In all plots, the utopia
points are at the upper-right corner. Black-marked ones are designs in the Pareto Set with
respect to all four objectives. Three representative Pareto optimal designs R 1, Ry, and R are
shown in Fig. 14.
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Fig. 14 Representative Pareto optimal designs for Case Study 1: (@ Ry, (b) Ry, and (¢) R;. Ry, Ry, and R4
have 3, 3, and 4 components, respectively. Thickness of beams represents the size (width and height ) of
cross-sectional design.

Table 3 Objective function values for R 1, R,, and R3 in Case Study 1

[stiffness [Nmmj J weight {Kg] Jmanufacturability [$] ﬁissembleability [$]
Ry -18413 0.192 -16.6 -12.0
R, -34 0.721 -260 -30.0
R3 -3.7 0.941 -354 -420

was used as the termination condition. Using a PC with hypawnly, ignoring the values of the remaining two objectives. In all
threaded Pentium 4, 3.07 GHz, one optimization run takes gglots, the utopia points are located at the upper right corner. The

proximately 3.5 h. following observations can be made from these plots:
Figure 13 illustrates objective function spaces obtained at the

terminal generation=100). Because there are four objective * Observation 1: Infeign— fsiifmess SPACE(Fig. 13a)), designs
functions, fstiffnessv fweightv fmanufacturabilityv and fassembleability the are C_Oncentrated (_)n the _Upper'“g_ht po_rtlon_. . .
resulting 4D space is projected on to four 2D spaces as shown irr Possible explanation: Higher weight implies designs with
Figs. 13a)—-13d). Each 2D plot shows points for structural de- more beams or thicker beams, which tends to increase
signs in the Pareto front with respect to the chosen two objectives stiffness.

B T a » IP £ <
;esig.n P ; des Ig.n design
omain 1 i domain domain
9 .I_ 1_ 4 > 4
P, P, 1
(a) (b) (c) :

(d)

Fig. 15 Case study 2 model: (a)—(c) Design domain with three loading and boundary condi-
tions, (d) ground structure with 69 beam elements, and (e) ground topology with 69 nodes
(ng~ngg) and 284 edges. Edge numbers (eg~e,g3) are not shown in (e) due to the space limi-
tation. Due to the symmetric design assumption, only the basic members in the right half plane

in (d) contain the design variables. Left half plane has the symmetric design of the right half-
plane design.
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* Observation 2: fweight_fmanufacturability space (Fig- 13b)) 1400
shows a linear trend between the total weight and manufa
turing cost. 1200
* Possible explanation: Two elements that determin 1000

f manufacturabiity[di€ usable areaAu) and shearing perimeter
(P)] are highly related to th&,eqn because as a design’s total Mumber of 800
weight increases by having more number of beams, at ledndividuals in

one of Au or P will be increased. As a result, higher totalFarste Frant &qp

weight implies lower manufacturabilitilessAu and P).

e Observation 3: Designs with lower stiffness show highe 400
manufacturability(Fig. 13c)).
» Possible explanation: Higher manufacturability implies 200
smaller componentsmallerAu), which would require more
joints, which, in turn, tends to reduce stiffness. v a 20 40 &0 a0 100

Three representative Pareto optimal designs, annotat®] as
R,, andRj; in Fig. 13, are shown in Fig. 14, and their objective
function values are listed in the Table 3. The geometry of each
structure exhibits its unique characteristics allowing the following
interpretations:

 StructureR; (Fig. 14@)) is a very light structure with three
simple components connected by two joints. This structure
shows good manufacturability by having small number of
simple-shaped components.

StructureR, (Fig. 11(b)) shows balanced performances in th%
most objectives. The structure is fairly stiff thanks to th%
clever arrangement of beaniscluding a triangular internal(ﬁv

structure¢ while most components are relatively small size
This triangular shape seems to impose mostly axial Ioadingf
each beam, thereby avoiding bending of joints.

StructureR; (Fig. 11(c)) has four components and is the stiff-
est among the three structures. It contains the compd@gnt
which is more complex and larger than the componen®,of
andR,. By having numbers of internal triangular structures,

-3,0%10%|

e

MNumber of Generation

Fig. 16 Typical convergence histories of two GA runs

this component seems to help in increasing the stiffness of the
structure. However, due to the size and complexity of this
component, entire manufacturability is relatively low.

4.2 Case Study 2: Simplified Automotive Floor Frame Un-
er Multiple Loadings.
utomotive floor frame under multiple loadings is modeled as a
sign domain in Figs. 18-15c), with length 3000 mm and
idth 1600 mm seen from the above. The structure is subject to
Re following three loading cases:

For the second case study, a simplified

1. Front wheel locations are fixed on the ground, and a hori-

zontal loadP;(=1000.0 N) is applied at each of the right-
end points of the domain that represent rear wheel locations

(Fig. 15@)).

R,lv . R, R 3B v w Sea R4
o ..I'IMI Tt L= R
iR, ™ Tl :
Qe
Hetiftness_1 : et fatimness_2 Smanutacurabiiny
v
84107 | :#_,F—-R -2.1*1?;__ = R,
e e e -1,750.0
med|  ——p R, dasi = g R, o
-165.0 -28.0 - - O
o 165.0 -f 28.0 -1E5.0 « -28.0
waight “Dwight Wit
(a) (b) (c)
0.0 - ‘;".“":.-HRW Rd A.0M08 R.q R, R .
) g h - Rh Thy pR
a ta " F'Rac.a- T2
v e .':." 2
Ry .
'fr-wmlbluuuill:r: 'rﬁljl'l'rmsz- 1 5
e '3-4'1?}-—-1& _'_'_,_,-o-'ﬂ"_"“-\
2000 al — A P A
| 1 3910 Opg,
& ) - 7 = B4R - -3.0"10° 1
L "f'm.*u'll B2 0s A0 'r:hl’frmss_1 1,750 -'rrranL,faL'!ur-uhiI!.'p' 250.0
(d) (e) (f)

Fig. 17 Distribution of designs at generation

Black-marked ones are designs in the Pareto Set to all six objectives. Five representative Pareto optimal designs R

and Rg are shown in Fig. 18.
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=100 for Case Study 2. In all plots, the utopia points are at the upper-right corner.
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Fig. 18 Representative Pareto optimal designs:  (a) R; (3 components ), (b) R, (8 components ),
(¢) Rz (14 components ), (d) R, (4 components ), and (e) Rs (7 components ). Thickness of
components represents the size  (width and height ) of cross-sectional design.

2. Rear wheel locations are fixed on the ground, and a horizon-Figure 16 shows the typical convergence histories of two opti-
tal load P,(=1000.0 N) is applied at each of the left-endmization runs of this case study. As in the first case study, this plot
points of the domain that represent front wheel locatioriadicates the increase in the size of Pareto(samber of Pareto
(Fig. 150b)). optimal designsas the number of generation increases. In these

3. Both of the front and rear wheel locations are fixed, and @ptimizations, the number of generati¢h00 was used as the
horizontal loadP;(=1000.0 N) is applied at the middle of termination condition. Using a PC with hyperthreaded Pentium 4,
the domain(Fig. 15c)). 3.07 GHz, one optimization run takes approximately 30 h 45 min.

Compared to the first case study, the increased computational

These loading and boundary conditions are simulating vario%StS mainly came frorfi) 3 FEM analyses to calculafeg e s

lateral loading conditions an automotive floor frame can encoup-_tiﬁnesgzy foifness3 fOF each evaluation anii) the increased de-

ter. The result of final topology can be interpreted as the reeg n domain size. For more complex structural problem, parallel

;(ir(t:ke]g Eiaré?nm ﬂl)ein?: t%mggl\éilgfeoﬁ ecsi?fﬁleligcgf t?]r: Qgﬁjﬁgr cessing computation for evaluating each individual design can
9p ﬁ incorporated with the GA runs.

tsr:peC: g]ae Jﬁ]arg‘; Q éget\r/gl;]ism(ge(:'z?Igg%rgt?césfﬁggie;?song]c?r;g éix selected objective function spaces obtained at the terminal
9 ' ! eneration(=100) are illustrated in Fig. 17. Because there are six

(3 stiffness, 1 weight, 1 manufacturability, and 1 assembleabili

function). Figure 1%d) illustrates the ground structure with 69 jective functions {simmess1, Tsifiness2: Tstitnessa:  Tweignt:
nonoverlapping beam elements, each of which are regarded Lngputacturabiity 8N fassempieanii, the resulting 6D space is pro-
’ ’jfnc?ed onto 2D spaces as shown in Figqal#17f) as in the first

basic member. Due to the symmetric design nature of the auto Ase study. The following observations can be made from these
tive floor frame, only right half basic members of the floor fram lots

will be considered as design variables and the left side of the floor
frame will have the mirror image of the right side. Figurel5  « Observation 1: As in the Case Study 1, optimal designs are
shows the ground topology graph of the ground structure in Fig. concentrated on the upper-right portion in thgyeignt
15(d), containing 69 nodes and 284 edges. —fsiifiness1 @Nd Tyeigh Fstifmess2 SPaces(Figs. 17a) and

As in the first case study, elements of beam size vestare 17(b)). i
the cross-sectional heigkit=width) of each beam components of « Possible explanation: Higher weight implies designs with
the right side ranged from 25.0 to about 125.0 mm. Considering more beams or thicker beams, which tends to increase
the ground structure in Fig. &), the most complex joint can stiffness.
have a maximum of eight beams. Therefore, a total of eight joint-+ Observation 2: f,eigni— f manutacturaniiey SPace (Fig. 17c))
type libraries(Type 1~Type 8 are built and used for this case  shows a proportional trend between the weight and total

study. Note that first 5 librarie§Type 1~Type 5 are the same manufacturing cost.

libraries used in the first case study. The element& d (Eq. » Possible explanation: As in the Case Study 1, die usable area
(8)) are the torsional spring rates in normal direction of the design Au and shearing perimeté determiningf ,,anutacare highly
domain plane ranged from 2QL0*~10.0x 10* Nmm/rad. related to thef gy beCause as a design’s total weight in-
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Table 4 Objective function values for R

1~Rs5 in the Case Study 2

f;tiffness__l fslifﬁ\ess_2 f;tiffness_3 f weight f facturability f bleability

[Nmm] [(Nmm] [Nmmj [Kel ] [$]
R, | -2.153*10° -1858*10"° -3271*10° 7473 -1027.1 -46.0
R, | -6394*%10° -9.190*10° -2.309*10° 11025 -967.3 -156.0
Ry | -4.168%107 -5520*%107 -4.557*10° 32.90 -249.4 -190.0
Ry | -2953*10° -2.127*10° -1.886*10° 161.54 -13633 -90.0
Rs | -1055*10° -1.946*%10" -1.006*10° 71.71 7316 -70.0

creases by having more number of beams, at least oAei of

or P will be increased. As a result, higher total weight implies

lower manufacturabilitflessAu and P).

Observation 3: Designs with lower stiffness valugarger
compliance valugsshow relatively higher manufacturability
(Fig. 171)).

Possible explanation: Higher manufacturability
smaller (smaller Au) and simpler(smaller P) components,

which would require more joints, which, in turn, tends to

reduce stiffness.

Five representative Pareto optimal designs, annotateld;as
R,, Rz, R4, andRg in Fig. 17, are shown in Fig. 18, and their

objective function values are listed in the Table 4. Objective func-

tion values in Table 4 are plotted on a spider diagram in Fig. 1
The geometry of each structure exhibits its unique characteristi
allowing the following interpretations:

e StructureR; (Fig. 18@)) is a structure with three compo-
nents. By having a pivot design near the tdloint P,), it
shows worst stiffness in the second loading césmallest

fsifiness2) While the other two stiffness values are relatively

good compared with the other four desigifsg. 19.
e StructureR, (Fig. 18b)) is a structure with eight compo-

nents. As inRy, this design also contains a pivot design near

P

siiffmess_{

-"f.ll.-.:'.u.'."'.l'.

f

stiffness 2

.Jlrmn.l."r.-; S

-'Ifll'.'l'j,.r.l'l.'

g R-| | Rz e P R3
e [, m—tp— R
Fig. 19 A spider diagram for the objective function values of
the representative Pareto optimal designs (R;~Rs) in Case

Study 2. Note that R 5 shows a balanced performance in all six
objective functions.
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implies

the front of structuréPointP,) resulting a significant deflec-
tion (larger compliance valyen the first loading condition.
StructureR; (Fig. 18(c)) is a light and simple structure with

14 straight beam components. This structure has one of the
simplest topology that satisfies the given topology constraints
defined in Section 3.2. The structure shows the best manufac-
turability by having all straight componentA@ value is
minimized except one, and also this is the lightest design
compared with the other four selected desidi#g. 19.
However, it shows relatively poor stiffness characteristics by
having 14 joining locatior{worst f ,ssempieabii)-

Structure R, (Fig. 18d)) is the heaviest structure among
these five structures and contains one big compon€n} (
that are more complex and larger than the ones in the other
designs. Due to this complex component, manufacturability
of this structure is worst among the five designs. However,
this component seems to increase the stiffness of the structure
in all three loading cases, resulting the best stiffness values
(smallest compliance valugs

Structure Rs (Fig. 18€)) contains relatively simple seven
components. Only two component€4 and Cs) are rela-
tively complex, and these two components seem to increase
the stiffness of the structure with relatively low total weight.
In Fig. 19, StructureRs; shows a well-balanced performance
on every objective function.

9.
ics

5 Summary and Future Works

This paper described a method for synthesizing multicompo-
nent structural assemblies, where the topology and decomposition
of a structure is simultaneously optimized over a ground structure
for stiffness, weight, component manufacturability, and as-
sembleability. A multiobjective genetic algorithm, coupled with
finite element analyses, was employed to efficiently obtain Pareto
optimal designs for the four objectives. Two simple case studies
were presented to demonstrate the effectiveness of the proposed
method.

While the obtained results are inspiring, we believe it would be
possible to extend the present approach to continuum-based topol-
ogy optimization by extending the framework of, for example, the
Homogenization Design Methdd9]. The developments in these
directions are currently in progress and will be reported at other
future opportunities.
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