Decomposition-Based Assembly
Synthesis for Structural Stiffness

This paper presents a method that systematically decomposes product geometry into a set
of components considering the structural stiffness of the end product. A structure is
represented as a graph of its topology, and the optimal decomposition is obtained by
combining FEM analyses with a Genetic Algorithm. As the first case study, the side frame
of a passenger car is decomposed for the minimum distortion of the front door panel
geometry. As the second case study, the under body frame of a passenger car is decom-
posed for the minimum frame distortion. In both case studies, spot-weld joints are con-
sidered as joining methods, where each joint, which may contain multiple weld spots, is
modeled as a torsional spring. First, the rates of the torsional springs are treated as
constant values obtained in the literature. Second, they are treated as design variables
within realistic bounds. By allowing the change in the joint rates, it is demonstrated that
the optimal decomposition can achieve the smaller distortion with less amount of joint
stiffness (hence less welding spots), than the optimal decomposition with the typical joint
rates available in the literature[DOI: 10.1115/1.1582879
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1 Introduction etry. Since assembly process generally accounts for more than
0% of manufacturing costs and also affects the product quality

To design any structural product, engineers adopt one of t| g : :
two design methods: top-down and bottom-up methods. As t aizssin;]?lt)l;es);nggesrlgdvxggld have a large impact on the quality

end products become more complicated and highly integrated, EN
top-down method is preferred since it allows the easier desi t

assessment of an entrre produgt during the .de3|gn Process. Qfctural stiffnessof the end product. Because decomposition

down methods typically start with the pfe"”.““afy desugn of th_@vill determine the location of the joints between components, the

overall end product structure and proceed with the detailed desigf ,ctyral integrity (e.g., stiffnesk of the end-product will be

of components and substructures. If geometries and desired fuggayily influenced by the choice of a particular decomposition.

tions are simple, the structure can be built in one piece. To bui$hsigners can use this method to get feedback on the possible

complex structures in one piece, however, engineers need sopgiscompositions before the detailed design stage. Via the decom-

ticated manufacturing methods that would likely result in thgqsition of a graph representing its topology, a product is decom-

higher manufacturing cost. Also, one piece structure will suff§fpsed into a candidate set of components with simpler geometries,

from the lack of modularity: it would require the change or reghere joints among components are modeled as torsional springs.

placement of the entire structure even for local design change combining FEM analyses with Genetic Algorithrfts,6], the

failures. It would be often natural, therefore, to design a structurgptimal decomposition that gives the desired structural property of

product as an assembly of components with simpler geometrieghe end product is obtained. The case studies discuss the assembly
To design multi-component structural products in top-dowsynthesis of the side door pané@ase Study Yland under body

fashion, an overall product geometry must be decomposedf@ime of a passenger céCase Study R

some point during the design process. In industry, such decompo-

sitions are typically done prior to the detailed design of individual

components, taking into account of geometry, functionality, arél Related Work

manufacturability issues. However, this process is usually non-

th_e_integrity of the end pr_oduct. For instance, automotive indus_t.wr decades. Among them, Boothroyd and Dewhui&} are
utilizes a handful of basic decomposition schemes of a vehigigqe|y regarded as major contributors in the formalization of de-
that have not been changed for decades. This is because the§&; for assemblyDFA) concept. In their methof8], assembly
sired form, functionality, materials, joining methods, and weightots are first reduced by the reduction of part count, followed by
distribution of mass-production vehicles have not changed mugh, |ocal design changes of the remaining parts to enhance their
for decades. However, the conventional decomposition schem@gembleability and manufacturability. This basic approach is
may no longer be valid for the vehicles with new technologiegqopted by most subsequent works on DFA. There are a number
such as space frame, lightweight materials, and fuel cell or battgfyyresearchers investigating the integration of DFA and assembly
tural properties, weight distribution, and packaging requiremenisroposed as the enumeration of geometrically feasible cut-sets of
This motivates the development of a systematic decompositigniaison graph, an undirected graph representing the connectivity
methodology presented in this paper. among components in an assembly. The local design changes are
In our previous worK1-3], we have termed assembly synthemade to the components to improve the quality of the best assem-
sis as the decision of which component set can achieve a desimd sequence. These works, however, focus on the local design
function of the end product when assembled together, and assefanges of a given assembly desige., already “decomposed”
bly synthesis is achieved by the decomposition of product georoduct desig)) and have less emphasis on how to synthesize an
assembly to start with.

Contributed by the Reliability, Stress Analysis, and Failure Prevention Committee . . .
for publication in the ®URNAL OF MECHANICAL DESIGN. Manuscript received 2.2 Automotive Body Structure Modeling. In automotive

May 2002; rev. Nov. 2002. Associate Editor: J. Moosbrugger. body structure, high stiffness is one of the most important design
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(@) (b)

Fig. 2 Example decompositions of a graph and the corre-

o sponding values of vector x. (a) the original graph with  x
/// e -“é“ =(1,1,1), and (b) two component decomposition with X
c, A 4 =(0,0,1).
/
7
3
HHAIE, variablex; can be used to represent a decomposition of structural
topology graphG. The dimension of the vector=(x;) is equal to
(e) the number of the edgd&| in G:
Fig. 1 Outline of the decomposition procedure. (a) structure X=(X1Xp . .. Xq . . .X‘E‘,lx‘E‘) (1)
to be decomposed, (b) basic members and potential joint loca-
tions, (c) structural topology graph G, (d) optimal decomposi- where
::j’r(]e.Of G, and (e) resulting decomposition of the original struc- 1 if e exists in the decomposed graph

" |0 otherwise

Figure 2 illustrates example decompositions of a graph and the
factors, since it is directly related the improved ride and NVHorresponding values of vectar Figure Za) shows the original
(Noise, Vibration, and Harshngsgualities and crashworthinessgraph G without decomposition, wher&={n,,n,,n;} and E
[11]. To accurately predict the stiffness of an assembled body{e,,e,,e;}. Since all edges are present without decomposition,
structure, Chand12] used a beam-spring model of BIW wherethe corresponding vectax=(x;,X,,X3) is (1,1,1. If vector x
spot-welded joints were modeled as torsional springs. In this workkes this value, an entire gra@his interpreted as one compo-
he demonstrated that the model can accurately predict the glohaht, which is denoted a8, in the figure. Similarly, Fig. &)
deformation of automotive body substructures. Recently, correlshows a two-component decomposition consisting of components
tion between torsional spring properties of joints and the length of, and C, obtained by deleting; ande, (indicated as dashed
structural member was studi¢#i3] to assess the accuracy of jointlines) in G. This decomposition can be represented using vector
model. Kim[14] employed an 8-DOF beam theory for modelingasx= (x;,X,,X3) =(0,0,1).
joints to consider the warping and distortion in vibration analysis. Joint ~ attributes are defined as another vector
However, these works focus on the accurate prediction of the(y,,y,, ... yg), wherey;, i=1,2,...|E| is an-dimensional
structural behavior of a given assembfye., already “decom- vector representing the joint attributes of edgen the structural
posed” structure desigrand do not address where to place jointsopology graph. In other words, the joint design at edgds
based on the predicted stiffness of an assembly. determined byn design variabley; = (Yi1,Yi2, - - - Yin)- In the

following case studies, joint attributy; represents the rates
(spring constanysof torsional springgNm/rad of the joint cor-
3 Approach responding to edge, of the structural topology graph. In the first

This section describes the proposed method for simultaneou§gse study, the 2-dimensional analysis madele frame decom-
identifying the optimal set of components and joint attributeBOsition of a passenger gareeds only one design variatiieta-
(rates of torsional springsconsidering the stiffness of the as-tion aroundz axis) for joint design. In this case=1 andy;=y;
sembled structure. It is assumed that joints have less stiffness tfvakiz - However, in the second case stu@inder body frame de-
components and therefore reduce the rigidity of the over@iPmposition of a passenger gawve considered 3-dimensional
structure* The following steps outline the basic procedure: analysis model that requires three design varialftesations

) ] ) ] ~around springx, y, and z axeg for joint design. In this casa

1. Given a structure of interesfig. 1(a)), define the basic =3 andy,=(k;, iy .ki,). During optimization, the value of; is

members and potential joint locatiofisig. 1(b)). only considered ifx;=0 when joint between components is re-
2. Construct a structural topology gra@v (V,E) with node quired.

setV and edge seE, which represents the connectivity of o ) i .

the basic members defined in stegFlg. 1(c)). A node and 3.2 Definition of Constraints. The first constraint for the
an edge inG correspond to a member and a joint, respedlesign variablex comes from the definition of. Namely, each
tively. element of the vectox should be 0 or 1:

3. Obtain the optimal decomposition &f that gives the best x € {0,1} )
structural performance via Genetic Algorith(fig. 1(d)), ! '
and map the decomposition result back to the original struc-In the current formulation, we assume a desired number of
ture (Fig. 1(e)). During optimization, the structural perfor- decompositiork is given by the designer, considering this is con-
mance of decomposition is evaluated by a Finite Elemestrained by the number of available assembly statfoFtserefore,
Method. the decomposition o& should result irk disconnected subgraphs:

3.1 Definition of Design Variables. Since a graph can be N_COMPONENTS(GRAPH x)) =k (3)
decomposed by deleting some edges, a vectofx;) of binary -

- 2Given a cost model of component manufacturing, it would be possible to include
Iwhile this is true for many joints such as spot welds, threaded fasteners, anih the design variable and determine the optimal number of components, which is
rivets, some jointge.g., arc weldscan be stiffer than components themselves.  a part of future investigation.
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whereGRAPH(x) is a function that returns the graph correspondin
to the decomposition 06 with x, and N.COMPONENTEG) is a fx,[x,J--. woe[32] oo ...
function that returns the number of disconnected subgrap ] 1 ]
(“components” in graph. 1 n "

The third constraint ok is to ensure the decomposed compo =] e
nents are economically manufacturable by given manufacturil l |
means. For example, components with a branched topology wol A+nE
not be economically manufacturable by sheet metal stamping.
Also, when we consider 3D structure with stamping process, afig. 3 Chromosome representation of design variables x
decomposed component should be on 2 dimensional plane. Thede;) andy =(y,), where the elements of these vectors are sim-

x,

m

Yo Vo

Yo %, |
| ] |

constraints will be determined by the manufacturing methods apty laid out to form a linear chromosome of length (1
also by the capacity of the machines to be used. The following ") *|E|. Note n is the number of design variables that deter-
a general form of manufacturability constraint: mine the design of one joint.

IS MANUFACTURABLE (GRAPH (x))=1 ()
whereIs MANUFACTURABLE(G) is a function that returns 1 when .
all disconnected subgraphs @ are manufacturable by given x=(x), xe{0L, i=1,...]E
manufacturing methods, such as stamping of sheet metal, and o(tp-: : —(v.. CeE =1 E =1 n
erwise returns 0. In the following case studies, it is simply define i Y= i) yijeF v dBL =

as the condition where the bounding boxes of all decomposedt should be noted that the above optimization model contains a
components are less than a given size, which represents the ugpaindardk-partitioning problem of an undirected grapt4], and

limit of stamping die size. additional nonlinear terms in the objective functions and con-
Finally, elements ofy; should simply be among the feasiblestraints.
selections:

3.4 Genetic Algorithms. Due to the NP-completeness of
yijeF i=12,...|E[, j=12,...n (5) the underlying graph partitioning problefh5], the above optimi-
. . ) . ) zation model is solved using Genetic AlgorithfA). GA is a
whereF is a set of feasible values of given joint attribut@se peistic optimization algorithm that simulates the process of
rate of torsional spring in the following exampleAssuming that atra| selection in biological evolutidis,6]. The results of the
rate pf a joint is defined by the_type of the joint anc_l the number ‘P(f)llowing examples are obtained using a steady-state[ G a
welding spots, the value of;; is chosen among discrete values,griation of the “vanilla” GA tailored to prevent premature con-
within the reasonable range of torsional spring rate. vergence. Basic steps of a steady-state GA is outlined bilfw

3.3 Definition of Objective Function. A component set 1 Randomly create a populatiéhof n individuals with chro-
specified by vectok (a set of the node sets of disconnected Supﬁosomes(a representation of design variablg Evaluate their

graphs inGRAPH (x)) is evaluated for the stiffness of the astjiness values and store the best chromosome. Also create an
sembled structure with the joint attribute specifiedybyrhe stiff- empty subpopulatio.

ness of an assembled structure can be measured as the negative pf'se|ect two chromosomes andc; in P with probability:
the sum of displacements at the pre-specified points of the struc- !
ture for given boundary conditions: . fi
Prol(c; is selectefl= ——
stiffness= — DISPLACEMENTS(GRAPHx),y) (6) zf

wherepISPLACEMENTY G, y) is a function that returns the sufor - Wheref; is the fitness value of chromosorog.
the maximum of displacements at the pre-specified points of the 3. Crossover; andc; to generate two new chromosome's
assembled structure, computed by finite element methods. and c]-’ .

Since we assume the number of components is given, a decom4, Mutatec, and C," with a certain low probability.
position would be the stiffest if the maximum spring constant is 5 gyaluate the fitness values af andc! . Add them inQ. If
used at all joints. This corresponds to the situation where tlﬁ_?contains less tham new chromosomesl, go to step 2.
maximum number of spot welds is used for all joints, which is" g Replacem chromosomes i with m chromosomes irQ.
pbv!ously not a very econqmical solution: It would be of engineeEmpty Q. Update the best chromosome and increase the genera-
ing interest, therefore, to find out the optimal balance between thg counter. If the generation counter has reached a pre-specified

sum of spring constant§a measure of the total number of spot,;mper, terminate the process and return the result. Otherwise go
welds and structural stiffness of the assemble structure. This rgy step 2.

sults in the following objective functioto be maximizey that

evaluates stiffness of the structure and also total sum of springin GAs, design variables are represented as a "string” of num-

constants in the joints: bers called chromosomes on which genetic operators such as
crossover and mutation are performed. The components of our

_ . two design variablex=(x;) andy=(y;) are simply laid out as
f(x,y)=C+wy - stiffness-w,- i 7 ' '
(x.y) WSt We E Yi ™ X1:X25 -+ 5 Xg» Y11, Y12, - - Yins Yo1,Y22, - -5 Yons -G YENLS
YiEl2» - - - Y|gjn in @ linear chromosome of length ¢In)*|E| as

whereC is a positive constant, stiffness is defined as @ w, illustrated in Fig. 3. Two-point crossover is used where the cross-

and w, are positive weights. The purpose of consténis 10, o\ sites are selected to ensure a cut in boéimdy portions of
ensure the positive value of fitness for any valuesxaind'y, the chromosome

required by Genetic Algorithms as stated below. After all, the Since we have formulated the optimization model as a maximi-

following optimization model is to be solved: zation problem, the fitness values of a chromosome can be com-

maximize f(x,y) (objective function in Eq(7)) puted from the corresponding values of the design variablsd
subject to y as:

N_COMPONENTS(GRAPH(x)) =k fitness=f(x,y) — penalty (®)
IS MANUFACTURABLE (GRAPH(x))=1, where penalty is defined as:
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penalty=wy(N_COMPONENTS(GRAPH (x)) —k)? Load Data for
Geometry and
+w,4(IS.MANUFACTURABLE (GRAPH (x))—1)2 Material properties
©) L
wherews,, w, are positive weights. After all, the fitness function Decompose the
looks like: structure into the
' basic components
fithess= C—w; - DISPLACEMENTS(GRAPH (x),y) — W, JL
["Create FEM input file |
Construct topol .
> y,—ws(N_COMPONENTS(GRAPH (x)) — k)? ons ';fapgwy for given
chromosome
—w,4(IS.MANUFACTURABLE (GRAPH (x))—1)2 J L 4 L
(10) Load P f
_ _ Y oad Fioperty for Run FEM
As stated earlier, computingiSPLACEMENTY G, y) requires fi-
nite element methods and is the most time consuming part among | U
the above four terms in the fitness function. To improve the runt-
ime efficiency, we have devised a database to store each FEM Run GAs Interprete FEM
result with the corresponding value of chromosome during a GA Result
run. When a chromosome is evaluated, the algorithm first looks
into the datable for the same chromosome value. If there is a @ @
match, it simply retrieves the pre-computed FEM result and skips
the FEM analysis. Finish Calculate
the fitness value
. (a) (b)
4 Case Studies
In this section, the assembly synthesis method described in ffig: 6 Flowchart of optimal decomposition software. () over-

previous section is applied to a side frame of a four-

door sedﬁh flow, and (b) fitness calculation.

type passenger c#Fig. 4) and an under body frame of a passen-
ger car(Fig. 5). In both case studies, spot-welded joints are con- ] ) ) ] ] ]
sidered as joining methods and are modeled as torsional spring§@fware is written in G+ program using LEDA libraries.

the analysis model.

GAlib* and ABAQUS are used as a GA optimizer and a FEM

Figure 6 shows the flowcharts of the implemented software féPIver, respectively.

the case studies. During the fithess calculatibig. 6(b)), the
software generates the input file for a FEM solver, run the F
solver, and retrieves the necessary data within the output file.

Fig. 4 A side frame of a passenger car used in Case Study 1
(adopted from [17] with authors’ permission

Fig. 5 An under body frame of a passenger car used in Case
Study 2 (adopted from [17] with authors’ permission

Journal of Mechanical Design

4.1 Case Study 1: Side Frame Decomposition of a Four-

E’E'%or-Sedan Type Passenger Car. The following assumptions

made according to ChahtR]: 1) the side frame is subject to
a static bending due to weight of the vehicle tl2e frame can be
modeled as a two dimensional structure, apds3components are
joined with spot welds modeled as torsional springs, whose axis
of rotation is perpendicular to the plane on which the frame lies.

4.1.1 Structural Model. Figures 7 and 8 show the 9 basic
members defined on the side frame in Fig. 4, and the resulting
structural topology graph, respectively. Each basic member was
modeled as a beam element with a constant cross section, whose
properties(area and moment of inenjiaare listed in Table 1,
which are calculated from the body geometry of a typical passen-
ger car. Each intersecting member in the frame is assumed to be of
constant cross section up to the intersection of the axis of the
members. This will reduce the connection among multiple beams
to be represented as a poirit2], and hence allows to model a
joint as a torsional spring around the point.

Due to the complex geometry, residual stresses, and friction
between the mating surfaces, the detailed structural modeling of
spot welded joints are quite difficulL2]. It is a standard industry
practice, therefore, to model spot-welded joints as torsional
springs, whose spring ratd®m/rad| are empirically obtained
though experiments or detailed FEM analyses. In the following
case studies, the rates of the torsional springs at each joint in a
decomposition(vectory in Eq. (10)) are regarded as:

* Case 1-1: constants in Table 2.
e Case 1-2: variables between 0:010° and 0.20
X 10° [Nm/rad].

3Developed by Algorithmic Solutioghttp://www.algorithmic-solutions.com
“Developed at MIT by Matt Wallhttp://lancet.mit.edu/ga/
SVersion 5.8.(http://www.hks.com).
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Table 2 Torsional spring rates of the joints in side frame of a

® ©) typical passenger vehicle [17]
® >\ — - =y ‘-\\\@ No. Joint locaton Joint ratd Nm/rad]
> 4 / \ S 7 JO Hinge Pillar and Windshield Pillar 0.20x 1C°
P J | -~ - J1l Windshield Pillar and Front Roof Rail 0.01x 10°
/ /,.| Front and Rear Roof Rails 0.01x 10°
/ y / 1 J2 Rear Roof Rails, and Center Pillar 0.01x 10°
i / — . Front Roof Rails, and Center Pillar 0.01x 1¢°
® / 7/ J J3 Rear Roof Rail and C Pillar 0.01x 10°
> - o’ \'% | J4 C Pillar and Rear Weal House 0.20x 10°
f { J5 Rear Weal House and Rear Rocker 0.20% 10°
® ® Front and Rear Rocker 0.20x 1¢°
J6 Rear Rocker and Center Pillar 0.20x 1¢°
Front Rocker and Center Pillar 0.20x 10°
® -G P J7 Hinge Pillar and Front Rocker 0.20x 1¢°

~ : potential joint locations

4.1.3 Measure of Structural Stiffness and Manufacturability of

Fig. 7 Definition of basic members and potential joint loca- Components. Under normal loading conditions, the front door
tions of side frame structure

frame should retain its original shape to guarantee the normal door
opening and closing. Based on this consideratio$pLACEMENTS
(G,y) in Eq. (10) is defined as:

DISPLACEMENTS(G,y)=maxA1A2,B1B2} (11)

where

Al=upper right corner of the front door frame after deforma-
tion.

A2=upper right corner of the front door without deformation,
attached to the deformed hinge.

Bl=lower right corner of the front door frame after deforma-
tion.

B2=Ilower right corner of the front door without deformation,
) ) . attached to the deformed hinge.
5'9'78 S”“Ct“[)a' t.°p°'°g3£9raph ‘éf tge side frame, with nodes PointsAl, A2, B1, andB2 are illustrated in Fig. 10. The loca-

~7 represent basic members, and edges ey~ e;; represent po- . L aa ) .
tential joints between two basic members tions of A1 andB1 are obtained directly from the FEM results.
The following assumptions are made on the locations®fand

B2:

In other words, in Case 1-1 vectarin Eq. (10) is the only ~ * The door only rotates around a point O in Fig. 10. The angle
design variable and vectyris treated as a constant, whereas in  Of rotation is defined as the angle betwe®R0 andOP1.
Case 1-2 bottx andy are design variables. Since the set of fea- OPO represents the hinge without deformation, wheas
sible spring rateF={y|0.01x 10°<y=<0.20x 1¢°} in Case 1-2 represents the deformed hinge.

contains all values in Table 2, the optimization model in Case 1-2° The frontdoor is arigid body: Deformation of the door due to
is a relaxation of the one in Case 1-1. the external loading is negligible compared to the one of the

frame(i.e., the door is a “rigid body}.

4.1.2 Boundary Conditions.The structure was assumed to . . .
be placed on a simple support system consisting of a pair of hinge-1-4 Deécomposition ResultsAs a base line for comparing
supports at the front body mount location and a pair of rolidhe effect of the joints, we first examined one piece structure with
supports at the mount locations near the rear locker pillar as
shown in Fig. 9. The loading condition of the static bending
strength requirement is considered, where the downward loadin F
is the weight of a passenger qdi0,000[N]).

Table 1 Cross-sectional properties of basic members in Fig. 6,

calculated from typical passenger vehicle body geometry [17]
Cross-sectional area Moment of inertia
No. Nomenclature [m?] [m?]
0 Wwindshield Pillar 3.855x 104 1.860% 1077
1 Front Roof Rail 4.789% 104 5.411x 107
2 Rear Roof Rail 4.789x 10°* 5.411x 1077
3 C Pillar 12.840x 10°* 9.967x 1077
4  Rear Wheel House 7.840% 1074 9.342x 1077
5 Rear Rocker 20.730x 10°* 8.792x 1077
6 Front Rocker 20.730x 104 8.792x 1077
7 Hinge Pillar 10.369%x 10~* 12.784x 1077 Fig. 9 Loading condition of basic bending requirement. Load-
8 Center Pillar 5.443x 10~ * 1.625x% 1077 ing F=10,000[N], which is the weight of a typical passenger

vehicle [17].
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original shape
deformed shape
rotated door

Fig. 10 Definition of pisPLACEMENTS (G,y) used in Case Study
1. Overall displacement of side frame is max {d,,d,}, where d;
and d, are the displacements of upper and lower right corners

of the door, respectively, measured with respect to un-
deformed door geometry attached to deformed hinge OP1.

no joints and the fully decomposed structure made of the 9 ba:
members with the 8 joints defined in Fig. 7. The joint rates i
Table 2 are used for the FEM analysis of the fully decompost
structure. Since the joints are less stiff than the material of ti
basic members, it is expected that the fully decomposed structi
exhibits a larger value abisPLACEMENTYG,y) as defined in Fig.

10, than the one piece structure. Figures 11 and 12 show the FL..,
results of the one-piece structure and the fully-decomposed strglc-

significant increase in the amount of DISPLACEMENTS in theq,
structure, as well as much difference in the deformed shapes. The
value of DISPLACEMENTS of the fully decomposed structure
(Fig. 12 is about 6 times larger than that of the one piece struc-

(a)

DISPLACENENT MAGNIFICATION F. GRIDINAL HESH DISPLACED MESH
| RESTART FILE - WALLL  sTER 1 INCRENENT 1
TIME COMPLETED IN THIS STEP 2.220E-16 TOTAL ACCUMULATED TIME 0.

ABAQUS VERSION: 5.8-1 DATE: 09-NOV-2001 TIME: 06:09:19

(b)

Fig. 13 4-component decomposition

. . S . 12 Baseline result.
ture, respectively. As expected, the existence of joints causes. ) “and (b) its deformation with DISPLACEMENTS

DISPLACEMENT WA®

ICATION FACTOR =/ 28.7 DISPLACED MESH
P 9 (T

RESTART FILE = NALLO o
TIME COMPLETED IN THIS STEP 2420
ABAQUS VERSION: 5.8-1

(EN
E/16 TOTAL ACCUMULATED TINE
DATE: 09-NOV-2001 TIME: 06:09:11

0

(b)

(a) fully decomposed structure  (k
=8.251

¢,

DISPLACEMENT MAGNIFICATION FAC .."ﬁ 3.6 ORLSINGL RESH
RESTART FILE = stifN200100  STEP ¥~ INCRENENT 1
TINE COMPLETED IN THIS STEP  2.220E-16 TOTAL ACCUMULATED TINE 0

DISPLACED NESH

ABAQUS VERSION: 5.8-1  DATE: 09-NOV-2001 TINE: 05:14:48

(b)

(k=4) with constant

joint rates in Table 2 (Case 1-1). (a) optimal decomposition and

Fig. 11 Baseline result. (a) one piece structure (k=1) and (b)
its deformation with DISPLACEMENTS =1.411 [mm].

Journal of Mechanical Design

(b) its deformation with
indicates i-th component.

DISPLACEMENTS =0.075 [mm]. C; in (a)
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DISPLACEMENT HE®
RESTART FILE = stif5200100 R
TIME COMPLETED IN THIS STEP  2.320E/16 TOTAL ACCUMULATED TINE 0.
ABAQUS VERSION: 5.8-1  DATE: 09-NOV-2001 TIME: 13:12:51

(b)

DISPLACED MESH

Fig. 14 5-component decomposition (k=5) with constant
joint rates in Table 2 (Case 1-1). (a) optimal decomposition and
(b) its deformation with  pisPLACEMENTS=0.109 [mm]. C; in (a)
indicates i-th component.

2 C1 6

DISPLACEMENT MAGNIFICATION FACTOR = ) 54.8 SRIBINA, HESE DISPLACED MESH
RESTART FILE = 4nev  STEP 1 INCREMENT 1

TINE COMPLETED IN THIS STEP  2.220E-16 TOTAL ACCUMULATED TINE
ABAQUS VERSION: 5.8-1  DATE: 22-JAN-2002 TIME: 04:50:43

(b)

Fig. 15 4-component decomposition  (k=4) with variable joint

rates (Case 1-2). (a) optimal decomposition and  (b) its defor-
mation with DISPLACEMENTS=0.062 [mm]. The number at each
jointin (a) indicates the optimal joint rate in ~ [10* Nm/rad]. C; in
(a) indicates i-th component.
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DISPLACEMENT MAGNT N nc-r\m”-ﬂ/ 5.8 GRIGIRAL ESH DISPLACED MESH

: 1 RESTART FILE = Smew  STER T 1
TINE COMPLETED IN THIS STEP 2. 230P.16 TOTAL ACCUNULATED TINE 0

ABAQUS VERSION: 5.8-1  DATE: 22-JAN-2002 TIME: 13:37:10

(b)

Fig. 16 5-component decomposition  (k=5) with variable joint
rates (Case 1-2). (a) optimal decomposition and  (b) its defor-
mation with DISPLACEMENTS=0.065 [mm]. The number at each
joint in (a) indicates the optimal joint rates in ~ [10* Nm/rad]. C;
in (a) indicates i-th component.

ture (Fig. 11). However, even the one piece structure does not
fully retain the original shape of the front door, resulted in a fairly
large value of DISPLACEMENTS 1.411[mm].

Next, the structure is decomposed to 4 and 5 components, each
with constant joint rates in Table @ase 1-]1 and variable joint
rates between 0.0410° and 0.20x 10° [ Nm/rad] (Case 1-2 Fig-
ures 13 and 14 show the 4- and 5-component optimal decompo-
sitions with constant joint rateCase 1-], respectively. Figures
15 and 16 show the 4- and 5-component optimal decompositions
with variable joint rategCase 1-2, respectively. Table 3 shows a
summary of the results of the case studies including the base line
cases. The following GA parameters are used in these results:

» number of population200.

» number of generation100 (Case 1-J; 200 (Case 1-2
* replacement probability0.50.

« mutation probability=0.001 (Case 1-1, 0.10(Case 1-2
 crossover probability0.90.

Table 3 Summary of results. Note that all optimization results
produce better DISPLACEMENTS than no decomposition and full
decomposition cases. For both k=4 and 5, Case 1-2 exhibits
better pispLACEMENTS with less total joint rate  (hence less weld
spots ) than Case 1-1.

DISPLACEMENTS  Total joint rate

Case [mm] [Nm/rad|
No decompositior{Figure 11 1.411 0.00x 10°
Full decomposition(Figure 13 8.251 1.03%x 10°
Case 1-1k=4 (Figure 13 0.075 0.81x 1¢°
Case 1-1k=5 (Figure 14 0.109 0.82x 10°
Case 1-2k=4 (Figure 15 0.062 0.21x 10°
Case 1-2k=5 (Figure 16 0.065 0.24%x 10°
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Fig. 17 Evolution history of two typical cases. The solid line
indicates the history of 4-component decomposition (k=4)
with variable joint rates, and the dotted line indicates the
5-component decomposition  (k=5) with variable joint rates.
The fitness value converges approximately after 200 genera-
tions, which is used as the termination criterion (Case 1-2).
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Fig. 18 Definition of basic members and potential joint loca-
tions of under body frame structure

Fig. 19 Structural topology graph of the under body side
frame, with nodes 0 ~12 represent basic members, and edge
e0~el7 represent potential joints between two basic members

The evolution history of two typical casd€ase 1-2, 4 and 5
componentsin Fig. 17 shows that the above GA parameters gave
us satisfactory convergence in the fithess value calculated from
Eq. (10).

The decomposition results in Fig. 13—16 indicate that the struc-
ture is decomposed to a desired number of components and the
front door frames after deformation preserve their original shape
fairly well. In fact, all 4- and 5- component decompositions re-
sulted in the smaller values of DISPLACEMENTS than the one
piece structure in Fig. 11. This is due to the fact that rear door
frame (basic members 2, 3, 4 and Sabsorbs” the deformation
due to the external loads by having relatively less stiff joints. All
the optimized shapes show no joints between Front and Rear Roof
Rails (basic members 1 and and Center Pillatbasic member )8
and between Front Rockébasic member 6and Center Pillar
(basic member 8 These two positions seem to be critical to pre-
serve the shape of the front door frame against the external loads.

Table 3 reveals that Case 1-2 exhibits smallesPLACEMENTS
with less total joint ratéhence less weld spgtthan Case 1-1 for
bothk=4 and 5. This means, for the same frame design, one can
achieve a superior performandess distortion of the front door
frame geometrywith less manufacturing effortdess number of
weld spot$. In reality, of course, the distortion of the front door
geometry is one of the many criteria which an automotive body
structure must satisfy, and hence one cannot simply draw a con-
clusion that the conventional joints are over designed from these
results. As stated earlier, the optimization model of Case 1-2 is a
relaxation of the one of Case 1-1. Therefore, the optimal solutions
of Case 1-2 must be at least as better as the ones in Case 1-1,
which is shown in Table 3.

4.2 Case Study 2: Under Body Frame Decomposition of a
Passenger Car. The following assumptions are made to model
this case study:)lunder body frame structure is to be optimized
to minimize the longitudinal twist angle under the longitudinal
torsion, 3 the frame can be modeled as a three dimensional sym-
metric beam structure,) 8lue to the symmetric nature of the under
body frame, right half of the under body frame will be decom-
posed and optimized. The other half side of the under body frame
will have the same structure as the right side, apndemponents
of under body frame are joined with spot welds modeled as three
torsional springs whose axes of rotations are parallel to the 3 axes
in global Cartesian coordinate system.

4.2.1 Structural Model. Using the symmetric nature of the
under body frame, the right half of the under body frame is de-
composed. Figures 18 and 19 show the 13 basic members defined
on the right half of the under body frame in Fig. 5 and the result-
ing structural topology graph, respectively. As in Case Study 1,

Table 4 Cross-sectional properties of basic members in Fig. 18, calculated from typical body

geometry [16]

Cross-

sectional area Moment of inertia  Moment of inertia

Torsional

No. Nomenclature [m?] 1,[m*] I [m*] Rigidity J [m*]
0 Front Cross Member  3.60x 104 5.000x 1077 1.800x 1077 6.800x 1077
1 Front Frame Rail 8.83x 10°*  20.500%x 10~/ 2.780x 1077 23.300% 1077
2 Middle Cross Member 1 8.67x 1074  11.500%x 10/ 6.960x 1077 23.300x 1077
3 Front Torque Box 9.90x 10*  14.800%x 10’ 6.190x 1077 13.100% 107
4 Mid Rail 1 6.17x 1074 6.080x 1077 3.490x 1077 9.570x 1077
5 Frame Side Rail 1 8.75x 1074  22.400x 107 1.525%x 1077 37.700%x 1077
6  Middle Cross Member 2 9.90x 107%  14.800x 10/ 6.190x 1077 13.100% 1077
7 Mid Rail 2 6.17x 104 6.080x 1077 3.490x 1077 9.570x 1077
8 Frame Side Rail 2 8.75x 107*  22.400%x 107’ 1.525x 1077 37.700x 1077
9 Middle Cross Member 3 9.90x 10°%  14.800x 10’ 6.190x 1077 13.100%x 107

10 Rear Frame Stub 6.17x 1074 6.080x 1077 3.490x 1077 9.570x 1077

11 Rear Torque Box 15.90x 1074  24.800x 107 9.190x 1077 53.100x 10~/

12 Rear Cross Member  9.90x 107%  14.800x 1077 6.190x 1077 13.100% 1077
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Table 5 Torsional spring rates of the joints in under body frame of a passenger car from
typical passenger car body model [17]. Here, x, y, z directions are along the length, width and
height of the passenger car, respectively.

Joint rate{Nm/rad|

No. Joint location x direction y direction z direction

JO Front Cross Member and Front Frame Rail 0.004x 10° 0.002x 1C° 0.004% 10°
Front Frame Rail and Middle Cross Member 1 0.045x 10° 0.002x 10° 0.008x 10°

Jl Middle Cross Member 1 and Front Torque Box 0.184x 10° 0.065% 1C° 0.184x 10°
Front Torque Box and Front Frame Rail 0.179x% 10° 0.043x 10° 0.147x 10°

J2 Middle Cross Member 1 and Mid Rail 1 0.045x 10°  0.002x 1¢°  0.008x 10°
J3 Front Torque Box and Frame Side Rail 1  0.004x 10° 0.002x 10° 0.004% 10°
Ja Mid Rail 1 and Middle Cross Member 2 0.045x% 10° 0.002x 10° 0.008%x 10°

Frame Side Rail 1 and Middle Cross Member 2 0.179x 10° 0.043x 10° 0.147x 10°

J5 Middle Cross Member 2 and Frame Side Rail 20.045%x 10°  0.002x 10°  0.008x 1(C°
Frame Side Rail 2 and Frame Side Rail 1  0.184x 10° 0.065x 1C° 0.184x 10°

J6 Middle Cross Member 2 and Mid Rail 2 0.045x% 10° 0.002x 10° 0.008x 10°
Frame Side Rail 2 and Middle Cross Member 3 0.179x 10° 0.043x 10° 0.147x 10°

J7 Middle Cross Member 3 and Rear Torque Box 0.045x 10° 0.002x 10° 0.008x 10°
Rear Torque Box and Front Side Rail 2 0.184x 10° 0.007x 10° 0.184x 10°

J8 Mid Rail 2 and Middle Cross Member 3 0.045x% 10° 0.002x 1C° 0.008x 10°
J9 Middle Cross Member 3 and Rear Frame Stub 0.045x 10° 0.002x 1C° 0.008x 10°
J10 Rear Torque Box and Rear Frame Stub  0.002x 10° 0.045%x 10° 0.008x 10°
J11 Rear Frame Stub and Rear Cross Member (0.002x 10° 0.045%x 10° 0.008x 10°

each basic member is modeled as a beam element with a constargue is calculated as in following equatipi8:
cross section, whose propertieggea, moment of inertia and tor- .
sional rigidity) are listed in Table 4, calculated from the bod (Track of vehiclg
geometry of a typical passenger ¢ai]. 2

As in the previous Case Study, the rates of the torsional springs (12)
at each joint in a decompositiofvectory in Eq. (10)) are re-
garded as following two cases:

B
yl’orque: PAXLE§=(Weight in front axlex

Specific values of a passenger c&,x £=5,000[N], and B
=1.5[m], yield Torque=3,750[Nm]. This value is used in the

e Case 2-1: constants in Table 5. following results.
» Case 2-2: variables between 0.0010° and 0.20 4.2.3 Measuring of Structural Stiffness and Manufacturability
X 10° [Nm/rad].

of Components. In this Case Study, the structural stiffness will
In Case 2-1 vectox in Eq. (10) is the only design variable and be the torsional stiffness of the under body frame. Based on this

vectory is treated as a constant, whereas in Case 2-2xbatidy ~ considerationpisPLACEMENTYG,y) in Eq. (10) is defined as:

are design variables. Since the set of feasible spring Fate

={y|0.001x 10°<y=0.2x 10F} in Case 2-2 contains all values in DISPLACEMENTS(G.y)

Table 5, the optimization model in Case 2-2 is a relaxation of the o A_h
one in Case 2-1. Y w

4.2.2 Boundary Conditions.Pure torsion condition was con- (vertical distarcebtw B, and Q)
sidered as loading condition. Torsion loading case occurs when - (width of frame (13)

only one wheel on an axle strikes a bump. A pure torsion load case
is important because it generates very different internal loads Where
the vehicle structure from the bending load case, and, as such, is 81=Left front corner of the under body frame after deforma-
different structural design case. The structure was assumed totibs.
constrained by a pair of hinge supports at the mount location neatQ1=Right front corner of the under body frame after deforma-
the both ends of Rear Frame Stub as shown in Fig. 20. Appligan.

w=Width of under body frame.

Points PO, P1, QO, and Q1 are illustrated in Fig. 21. The loca-

tions of P1 andQ1 are obtained directly from the FEM results.

4.2.4 Decomposition ResultsAs in the Case Study 1, we
first examined one piece structure with no joints and the fully
decomposed structure made of the 13 basic members with the 12
joints defined in Fig. 18. The joint rates in Table 5 are used for the
FEM analysis of the fully decomposed structure. Since the joints
are less stiff than the material of the basic members, it is expected
that the fully decomposed structure exhibits a larger valueif
PLACEMENTYG,y) as defined in Fig. 21, than the one piece struc-
ture. Figures 22 and 23 show the FEM results of the one-piece
structure and the fully-decomposed structure, respectively. As ex-
pected, the existence of joints causes a significant increase in the

Fig. 20 Loading condition of torsion load case. Applied torque amount of DISPLACEMENTS in the structure. The value of DIS-
value T is 3750 [Nm] assuming the static wheel reaction in the PLACEMENTS of the fully decomposed structu(gig. 23 is
pure torsion analysis case  (Eq. (12)) [17]. about 3 times larger than that of the one piece strudfig 22.
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........ original shape

——  deformed shape (b)
Fig. 21 Definition of DISPLACEMENTS(G,y) used in Case Study 2. Fig. 23 Baseline result. (a) fully decomposed structure  (k
Overall displacement of under body frame is $=Ah/w, where =13) and (b) its deformation with  bisPLACEMENTS =0.9825 [rad].

Ah and w are the vertical distance between P1 and Q1 and
width of under body frame, respectively.
The evolution history of two typical cas¢€ase 2-2, 6 compo-
nents and 7 component® the Fig. 28 shows that the above GA

Next, the structure is decomposed to 6 and 7 components eR@iameters gave us satisfactory convergence in the fithess value
with constant joint rates in Table &ase 2-]1 and variable joint Ca'ﬁ?tleatggcg%np:oiﬂi%r?).results in Figs. 24-27 indicate that the
rates between 0.00410° and 0.20<10°[Nm/rad (Ca§e 22 structure is decomposed to a desired number of components.
Figures 24 and 25 show the 6- and 7-component optimal deco

" . L . - ere, the one piece structure in Fig. 22 resulted in the smallest
positions with constant joint raté€ase 2-1, respectively. Figures value ofbisPLACEMENTSthan the other decomposition cases. This

\?v?tr??/grizzzblz h%\?r/nﬂ:gti—{ggge7;§r?§§n:(?t}v%?“T’ZLfieegOsT]g\?vssltggsdue to the fact that introducing the joint that is less stiff than the
) P Y- .original structure will results in decreased torsional stiffness of the

summary of the results of the Case Study 2 including the base “Qﬁtire structure. However, producing complex structure like this

cases. The following GA parameters are used in these results:under body frame in one piece is difficult to meet the common

» number of populatior100 (Case 2-]; 300 (Case 2-2 manufacturing method with reasonable manufacturing cost. All
» number of generation100 (Case 2-]; 200 (Case 2-2 the optimized shapes show less joints in the outer frame than inner
« replacement probability0.50. frames. This result implies that the joints in the outer structure
* mutation probability=0.10.
» crossover probability:0.90.
C1
C
6
C4
(o
2 :
C
3 05

(b)

Fig. 24 6-component decomposition (k=6) with constant
joint rate in Table 6 (Case 2-1). (a) optimal decomposition and
Fig. 22 Baseline result. (a) one piece (k=1) structure and (b) (b) its deformation with DIsPLACEMENTS=0.3724 [rad]. C; in (a)
its deformation with  pisPLACEMENTS =0.3488 [RAD]. indicates i-th component.
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(20,5,0.1)  (5,15,5) C,

C (10,20,0.1)
(15,15,0.1)

C;

(5.0.1,0.1)

¢,

(b)

Fig. 27 7-component decomposition  (k=7) with variable joint

(b) rates (Case 2-2). (a) optimal decomposition and  (b) its defor-
mation with DISPLACEMENTS =0.3724 [rad ]. The value at each joint
Fig. 25 7-component decomposition (k=7) with constant in (@) indicates the optimal joint rate (K Ky kz) i

. . o /
joint rate in Table 6 (Case 2-1). (a) optimal decomposition and [10"Nm/rad]. C;in (a) indicates i-th component.

(b) its deformation with  pIsPLACEMENTS=0.3825 [rad]. C; in (a)

indicates i-th component. 1000
900

800

will result in higherbispLACEMENTS (higher distortion than the 700
joints near the longitudinal axis of the under body frame. @ 600
Table 6 reveals that Case 2-2 exhibits smatlessPLACEMENTS @ 500
with less total joint ratéhence less weld spotthan Case 2-1 for i£ 49

both k=6 and 7. This means, as discussed in the previous C¢ 300 I
Study 1, one can achieve a superior performafess distortion

in the under body framewith less manufacturing effortdess 200
number of weld spojsfor the same frame design. In reality, of 100 1
course, the distortion of the under body frame due to the torq 0
0O 20 40 60 80 100 120 140 160 180 200
Generation
(10,5,0.1) (15,20,0.1) C1 Fig. 28 Evolution history of two typical cases. The solid line
L indicates the history of 6-component decomposition (k=6)

with variable joint rates, and the dotted line indicates the
7-component decomposition  (k=7) with variable joint rates.
The fitness value converges approximately after 200 genera-
tions, which is used as the termination criterion (Case 2-2).

we0:1:15.10) £ c

o M%.s) 5
2 c. 5501 N
3

(5,0.1,0.1)
c Table 6 Summary of results. Note that all optimization results
6 produce better pisPLACEMENTS than full decomposition cases.
For both k=6 and 7, Case 2-2 exhibits better DISPLACEMENTS with
(@ less total joint rate  (hence less weld spots ) than Case 2-1.

DIS-PLACEMENTS  Total joint rate
Case [rad] [Nm/rad|

No decompositior(Figure 22 0.3488 0.000x 10°
Full decomposition(Figure 23 0.9825 5.959% 10°
Case 2-1k=6 (Figure 24 0.3724 2.627% 10°
Case 2-1k=7 (Figure 25 0.3825 3.594x 10f
Case 2-2k=6 (Figure 26 0.3696 2.118x 10°
Case 2-2k=7 (Figure 27 0.3725 2.916x 10°

(b)

Fig. 26 6-component decomposition  (k=6) with variable joint along the longitudinal axis of the frame is one of the many criteria
rates (Case 2-2). (a) optimal decomposition and  (b) its defor- ~ Which an automotive body structure must satisfy, and hence one
mation with DisPLACEMENTS =0.3696 [rad ]. The value at each joint cannot simply draw a conclusion that the conventional joints are
in (a) indicates the optimal joint rate (ky.k,.k,) in over designed from these results. Again, as stated earlier, the op-
[10* Nm/rad]. C;in (a) indicates i-th component. timization model of Case 2-2 is a relaxation of the one of Case
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2-1. Therefore, the optimal solutions of Case 2-2 must be at leasaterial are those of the authors and do not necessarily reflect the
as better as the ones in Case 2-1, which is shown in Table 6. views of the National Science Foundation.
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