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ABSTRACT

This paper presents a method for identifying the optimal
designs of components and joints in the space frame body
structures of passenger vehicles considering structural
characteristics,  manufacturability = and  assembleability.
Dissimilar to our previous work based on graph decomposition,
the problem is posed as a simultaneous determination of the
locations and types of joints in a structure and the cross
sections of the joined structural frames, selected from a
predefined joint library. The joint library is a set of joint
designs containing the geometry of the feasible joints at each
potential joint location and the cross sections of the joined
frames, associated with their structural characteristics as
equivalent torsional springs obtained from the finite element
analyses of the detailed joint geometry. Structural
characteristics of the entire structure are evaluated by finite
element analyses of a beam-spring model constructed from the
selected joints and joined frames. Manufacturability and
assembleability are evaluated as the manufacturing and
assembly costs estimated from the geometry of the components
and joints, respectively. The optimization problem is solved by
a multi-objective genetic algorithm using a direct crossover. A
case study on an aluminum space frame (ASF) of a middle size
passenger vehicle is discussed.

INTRODUCTION

While often ideal from a structural viewpoint, monolithic
designs are not realistic solution for complex structures such as
automotive bodies considering the cost-effectiveness of
manufacturing processes. As a result, most structural products
are designed as assemblies of components with simpler
geometries. During the conceptual stage of such products,
designers need to determine the set of components and the

* corresponding author

methods of joining the components, by decomposing the entire
product geometry. In the automotive industry, for example, a
handful of basic decomposition schemes considering geometry,
functionality and manufacturing issues have been used in this
process. However, these decomposition schemes depend
mainly on the designers’ experience, which may cause the
following problems directly related to the component and joint
configurations:

o Insufficient structural stiffness: Components and joining
methods specified by designers cannot meet the desired
stiffness of the final assembly due to the inappropriate
allocation of joints that are less stiff than components.

o Insufficient manufacturability: Components and joining
methods specified by designers cannot be economically
manufactured due to the inappropriate geometry in
components and joints.

These problems are often found in the production/testing
phases and require expensive and time-consuming iteration.
Therefore, a cost-effective and systematic optimization method
which can be used in determining components set by
considering overall structural characteristics, manufacturability,
and assembleability will be of a significant impact on industry.
As such, this paper presents a method for identifying the
optimal designs of components and joints in space frame body
structures of passenger vehicles considering structural
characteristics, manufacturability and assembleability.
Dissimilar to our previous work based on graph
decomposition [1,2], the problem is posed as a simultaneous
determination of the locations and types of joints in a structure
and the cross sections of the joined structural frames, selected
from a predefined joint library [3]. The joint library is a set of
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joint designs containing the geometry of the feasible joints at
each potential joint location and the cross sections of the joined
frames, associated with their structural characteristics as
equivalent torsional springs obtained from the finite element
analyses (FEA) of the detailed joint model made of solid and
plate elements. To minimize the computational overhead during
optimization, the Artificial Neural Network (ANN) associated
with the FEA analyses results [4-5] is built for each
configuration type in the joint library by using sampled designs
of feasible joints and joined frames [6] and utilized in the
overall optimization problem.

Structural characteristics of the entire structure are
evaluated by the finite element analyses of a model made of
beam elements (frames) and torsional spring elements (joints),
constructed from the selected joints and joined frames.
Manufacturability of components is evaluated based on the
estimated manufacturing cost consisting of the costs of
extrusion die, bending operation, and casting component for
each joint. Assembleability is estimated by the cost of welding
in the assembly process. The optimization problem is solved by
a multi-objective genetic algorithm [7] using a direct crossover
[8-9]. A case study on an ASF of a middle size passenger
vehicle is discussed.

RELATED WORK

DFA/DFEM and Assembly Synthesis

Design for assembly (DFA) and design for manufacturing
(DFM) refers to a collection of design methods that aim to
identify and alleviate manufacturing and assembly problems at
the product design stage. Boothroyd and Dewhurst [10], who
are regarded as major establishers of DFA/DFM concepts,
suggest to reducing part count first, followed by part redesign
to improve manufacturability and assembleability [11]. The
analyses of manufacturability and assembleability require a
targeting product to be decomposed into elementary
manufacturing and assembly features, such as, surfaces,
dimensions, tolerances and their correlations [12]. Therefore,
the conventional DFA/DFM methods assume pre-determined
components with given geometries and suggests the
improvements by modifying the given geometries.

Decomposition-based assembly synthesis [1-2,9,13-14]
adopted in this paper, on the other hand, emphasizes the
determination of components prior to the manufacturability and
assembleability analyses. The method starts with no prescribed
components and generates an optimal components set
considering the properties including structural characteristics of
the assembled product, manufacturability, and assembleability.

Automotive Body Structural Modeling

During the early design stage of automotive body-in-white
(BIW), simple beam models are widely used. While beam
elements can reasonably model structural members, difficulties
often arise in modeling the structural property of joints.
Modeling joints as torsional springs [15] is a classic but

popular method due to its simplicity, where equivalent torsional
spring rates are identified from experiments or detailed FEA
models made of shell elements. Lee and Nikolaidis [16]
proposed a 2-D joint model in order to consider joint flexibility,
the offset of rotation centers and coupling effects between the
movements of joint branches. Kim, et. al. [17] discussed the
accuracy of FEA based joint rate evaluations regarding
transformation error from shell element model to spring rate
and proposed their own model [18].

Aiming at joint design, Long [6] presented two tools that
link the performance targets for a joint in a BIW to its
geometry. The first tool, called translator A, predicts the
structural performance of a given joint geometry using artificial
neural network (ANN) and response surface method (RSM).
The second tool, called translator B, solves the inverse problem
of finding a joint geometry that meets the given performance
targets, using the translator A and sequential quadratic
programming (SQP). Nishiwaki, et. al. [19] proposed a tool
based on First Order Analysis (FOA) to design basic layouts of
automotive structures considering models of beam and spring
elements. The above works, however, are on the analyses of
structural properties of joints, separately or as an integral of an
overall structure, and do not addresses the automated synthesis
of joint locations and designs within a BIW as addressed in this

paper.

Aluminum Space Frame (ASF) Design

Figure 1. Audi A2 (a) and ASF (b) [20]

During the last two decades aluminum has drawn a
significant attention to the automotive industry due to the
increasing demands on high gas-mileage, light weight and
environmentally friendly vehicles. While aluminum has been
successfully utilized in drive trains and heat exchangers, it
usage in chassis and body is still under development. Since a
body-in-white (BIW) accounts for approximately one third of
the vehicle weight, many efforts have been put on the
adaptation of aluminum in BIW [21-24], resulting in a number
of commercial mass-produced vehicles with the ASF such as
Acura’s NSX [25], Audi’s A2 and A8 [20], BMW’s Z8 [26].
Ahmetoglu [27] discussed the design of extruded profiles,
bending, friction and formability of aluminum components.
Chung, et. al. [28] studied joint designs in the ASF by
comparing FE models with experimental results. Powell, et. al.
[29] and Barnes, et. al. [30-31] summarized the joining
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technologies currently used in aluminum structure vehicles
including resistance spot welding (RSW), gas metal arc
welding (GMAW), self-piercing joint, and laser welding. In the
present paper, we are providing a way of finding optimized
configurations of components in the ASF considering structural
response, manufacturing and assembly process.

APPROACH

Stepl Construction of Topology Graph and Joint Library
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Figure 2. Approaches used in this paper

The proposed method consists of the following 3 steps
(Figure 2):

1.Geometry of a given structure is transformed into a
structural topology graph that represents the liaisons
between basic members, the smallest decomposable
components of the given structure, identified by the potential
joint locations specified by the user. For each potential joint
location, corresponding joint library is built.

2.The structural topology graph defined in the first step is
decomposed, through an optimization process, into
subgraphs representing components by assigning to some of
the potential joint locations the joint types and the cross
sections of the joined frames, selected from the joint library.

3.The components set represented as the subgraphs is
evaluated by considering 1) stiffness of the assembled
structure, 2) manufacturability of components and cast
“sleeves” for joints, and 3) assembleability of the
components with the selected joints.

The rest of the section describes the details of the above steps
with a sample space frame structure in Figure 3. As illustrated
in Figure 3 (b), it is assumed that frames are extruded tubes,
bent or welded with cast “sleeves” at joints, following a typical
construction method of AFS.
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Figure 3. (a) A sample space frame structure and (b)
decomposed structure with joints (welded cast sleeves).

Stepl: Construction of structural topology graph with
Joint Libraries
Different from our previous approach [1,2] where the basic
members are specified by the designer, the present method
requires the designer to specify the potential joint locations.
This is to guarantee that the final design contains only the
joints feasible for the available frame manufacturing and
joining methods.
110
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Figure 4. Specified 6 potential joint locations (0~5, colored
as gray boxes) and possible configurations (types) for each
joint
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Figure 4 illustrates an example of six potential joint
locations shown as gray boxes. At each potential joint location,
the designer must also specify feasible joint types to be
included in the joint library. The joint library is a set of joint
designs containing the geometric configurations (types) of the
feasible joints, the cross sectional dimensions of the joined
frames and the welding design at each potential joint location.

The joint library J; of potential joint location i is defined as
a triple:

Ji = (T, S,W) 1)
where T;, S;, and W; are the set of the feasible geometric
configuration types, the set of feasible cross sections of the

intersecting frames, and the set of feasible welding designs,
respectively, at potential joint location i. Since multiple frames
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intersect at a potential joint location, the elements s; of S;is a
vector:

5, € FSpy 0 X FSpy o X =% FSpy ) )

where FSy is the set of valid beam cross section designs for
frame k in the structure, FJ; is the set of id’s of the intersecting
frames at potential joint location i, and |FJ;| = nf;. For example,
the joint library J; at the potential joint location 1 of Figure 4 is
(T, Sz, Wa) with Ty = {ty 0, t11, t12 tr 3}

The structural properties of a joint is determined by a joint
configuration type, a cross section design of the joined frames,
and a weld design. As described in the next subsection, an
ANN is constructed for each joint configuration type, in order
to represent the mapping between the joint design variables
(cross section and weld designs) and its structural property
(torsional spring rates).

With given potential joint locations, basic members in the
structure can be identified as shown in Figure 5 (a). Then, the
structural topology graph G = (V, E) is constructed from basic
members such that:

o Basic member mj is represented as node n; in V.
e The liaison between two basic members m; and m; is
represented as edge e = {n;, n;} in E.

Figure 5 (b) illustrates the structural topology graph G with
seven nodes corresponding the seven basic members in Figure
5 (a) and ten edges connecting the adjacent nodes.

m
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(a)

Figure 5. (a) 7 basic members (my; ~ mg) and (b) structural
topology graph with 7 nodes (ny ~ ng) and 10 edges (g, ~ €y).

Step2: Structural topology graph decomposition
using the edge removing

Different from our previous approach [1,2] where
structural topology graph G is decomposed by removing its
edges, the present method decomposes G by selecting a joint
configuration type in the library at each potential joint location.
From the selected joint configuration types, the corresponding
edges in G are removed. For example, by selecting joint
configuration type t;, in T, for location 1 in Figure 6, the
corresponding edges e; = {n;, n,} and e, = {n;, ng} are
removed.

I NG

Figure 6. Selected joint types and topology graph with the
corresponding edges removed.

The motivation behind the new approach over the simple
removal of edges (as in our previous work) is to establish one-
to-one mapping between the topology of G and joint
configuration designs. With the simple edge removal, multiple
topologies of G can correspond to a joint configuration type.
For example, all possible joint configuration types involving 3
frames (e.g., location 1 in Figure 6) is 5 while number of
possible graphs with three nodes is 2" "¢ = 23 = 8 This is
because the case where all three frames are connected can be
represented by 4 different topologies in the graph. The simple
edge removal, therefore, often vyield overly connected
components, which can be prevented by using the new
approach above.

The selection of joint configuration types and the removal
of the corresponding edges in G result in subgraphs of G, each
of which corresponds to a component. The cross sectional
dimensions of a component are then set as the averages of the
ones of the joining frames associated with the selected joint
configuration types in the component, which are subsequently
used for retrieving the pre-computed structural properties of the
joints from the joint library. Figure 6, for example, shows three
subgraphs (Figure 7 (a)) and the corresponding components
(Figure 7 (b)) resulted from the selection of the joint types in
Figure 6.

@ c1
o @ —->
oy & .
c2
(a) (b)

Figure 7. (a) 3 sub-graphs and (b) corresponding 3
components.

4 Copyright © 2004 by ASME



Step3: Evaluating Components Set Design

Within an optimization loop, a decomposed structure
consisting of components and joints obtained as above is
evaluated based on 1) stiffness of the assembled structure, 2)
manufacturability of components and cast “sleeves” for joints,
and 3) assembleability of the components with the selected
joint types.

N \w b
AT

Figure 8. (a) frames with connected by a T-joint, and (b)
their FE model with beam elements (solid lines) and
torsional spring elements (gray lines).

Structural Stiffness

The structural stiffness of the assembled structure is
evaluated as a negative of the magnitude of total displacements
at specific locations of the assembled structure under given
loading conditions. The displacements are calculated with finite
element analyses, where the components and joints are
represented by beam elements and torsional spring elements,
respectively. For example, a T-joint in Figure 8 (a) is modeled
as three beam elements connected by torsional spring elements
ko, ki, and k,, each of which has torsional stiffness (rate) around
three local orthogonal axes attached to the joint. Note that the
relative translations of these elements are constrained.

The section properties of the beam elements are obtained
from the cross sectional dimensions of the components. The
rate of the torsion spring elements are estimated by the finite
element analyses of the detailed model of a joint, where frames
are modeled with plate elements, a cast “sleeve” is modeled as
solid elements, and welds joining the frames and the sleeve are
modeled as plate elements, as illustrated in Figure 9.

(@) (b)

Figure 9. (a) Detailed 3D solid model of a joint, and (b) its
FE model with plate elements for beams, solid elements for
casting, and plate elements for welding.

Figure 10 illustrates the loading and boundary conditions
for calculating torsional spring rates of in-plane rotation. To

facilitate the load application and the measurement of distortion
angles, a rigid beam element is added to the center of the frame
subject to rotation. In Figure 10, distortion angles ¢, ,4,, and
6, account for the effects of, respectively, k; and kp, ko, and k,
and kg and k; in Figure 7. Assuming moment arm length L, the
following equations are used to estimate ko, ki, and k; for in-
plane rotation:

PL 1 1 1
I(O,InPIane = - 97 t—+t—
0

2 6, o,
K oooo-Peft 1.1 @)
1,InPlane 2 00 01 ,
K Pyt 11
2,InPlane 2 00 Hl 92

The other two components of torsional spring rates are
calculated in a similar manner. The values of the torsional
spring rates for typical joint types, cross sectional dimensions
of the joined frames, and amount of welds are pre-computed to
produce a set of training data for an Artificial Neural Network
(ANN) that implements the joint library. Similar to the
translator As in [6], this approach allows the spring rates of a
joint can simply be retrieved from the joint library without
computational overheads during optimization.

", P
P o, 4
)
4 b .
{ 4 ) 6
A PA
(a) P (b) (c)

Figure 10. Estimating torsional spring rates using FE
analysis

Component Manufacturability

The manufacturability of components is evaluated as a negative
of the total cost of producing components. As stated earlier, it is
assumed that frames are extruded tubes, bent or welded with
cast “sleeves” at joints, following a typical construction method
of AFS. For example, the design in Figure 11 (a) is composed
of three frames (Figure 11 (b)) and 4 cast sleeves (Figure 11
(c)). The cost of producing components is estimated by the sum
of the cost of extrusion die (assumed as proportional to the size
and complexity of the frame cross sections) and the cost of
bending operations (assumed as proportional to the number of
bending). The cost of producing cast sleeves is estimated by the
cost of casting, which is assumed as simply proportional to its
volume.
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Component Assembleability

The assembleability of components is calculated as a negative
of the total cost of joining. In this paper, the method of joining
is assumed to be the GMAW (Gas Metal Arc Welding), which
is widely used for the ASF [27]. The welds are applied between
the frames and the cast sleeves at joints. The cost is assumed to
be proportional to the volume of total welds, which can be
calculated from the total welding length multiplied by weld
thickness.

co

c1

c2

()
Figure 11. (a) Sample design, (b) 3 components with 3

bends (shown as shaded spheres), and (c) 4 cast sleeves
for joining.

(a)

MATHEMATICAL FORMULATION

Definition of design variables

A design is uniquely specified by 1) the joint configuration
types at all potential joint locations, 2) the cross sectional
dimensions of all frames (basic members), and 3) the welding
designs at all joints, which are represented by the following
three vectors X, y, and z, respectively:

XeTyxT x---xT
yeFSyxFS, x---xFS, (4)
2eW, xW, x---xW,_

where

o T; is the set of feasible joint configuration types at potential
joint location i (Equation (1)),

e n is the number of the potential joint locations,

e FS, is the set of valid beam cross section designs for frame k
in the structure (Equation (2)),

o B is the number of frames in the structure,

o W; is the set of valid welding design at potential joint
location i (Equation (1))

Note that in general, the elements of vectors y and z are also
vectors depending on the definitions of beam cross section
designs and welding designs, as appeared in the following case
study.

Definition of objective functions

Using the design variables X, y, and z, the three objective
functions described in the previous section are given as
follows:

fan (X, Y,2) = —DISP(XSEC(X, ), JRATE(XSEC(X, ¥),z)) (5)

n-1

fog (X,Y) = 0 > {DIEC(COMP(i, x), y)-+ BNDC(COMP(i, X))}
—ZO:CASTC i, X) ©
fon(2)= —CWEWLDL(L 2)x WLDT(i, 2) (7)
where

e n and m are the numbers of components and joints in a
decomposes structure, respectively.

o DISP is the amount of displacements at predefined points of
the beam-torsional spring FE model of assembled structure.

o XSEC(x y) is the cross sectional properties of the components
specified by x with the beam cross sectional dimensions
specified by y.

o JRATE returns the torsional spring rates at each joint with the
cross sectional properties XSEC and welding design z. This
function is using the ANNSs to mapping the design variables
to the torsional spring rates.

o COMP(i,x) is the i component specified by x.

e DIEC and BNDC are the cost of extrusion die and bending
operation of a component, respectively.

e CASTC(i,x) is the casting cost at the i-th joint specified by x.

e C,, is the cost of welding operation per unit weld volume.

e WLDL(i,z) and WLDT(i,z) are the length and thickness of the
welds at the i'" joint as specified by z.

Optimization problem

Given the design variables and the objective functions as
defined above, the following multi-objective optimization
problem is formulated:

maximize:
subject to:

{fstiff (Xv y’ Z)! fmfg (X, y)’ fassm (Z)}

XeTyxT x---xT,
ye FSyxFS; x---xFS; ;
2eWy xW, x---xW,_,

Note that there is no explicit constraint in this problem.

A modified Non-Dominated Sorting Genetic Algorithm-II
(NSGA-II) [7] is adopted for the above problem due to the
discrete nature of the design variables, and its ability to solve
multi-objective problems without predefined weight or bounds.
Some enhancements to the conventional NSGA-II are made in
the niching based on the distances in object function space and
the stochastic universal sampling, which were successfully
applied in our previous works [2].
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A chromosome ¢ (an internal representation of design
variables for Genetic Algorithms) is a simple list of the 3
design variables:

c=(xY,2) (8)

Since the information in X, y, and z are linked to the geometry
of structure, the conventional one point or multiple point
crossover for linear chromosomes [32] are ineffective in
preserving high-quality building blocks. For this type of
problems, direct crossover has been successfully applied to
improve the performance [2,8-9], whose details can be found in
[2] along with the description of the modified NSGA-I1.

CASE STUDY

This section presents a case study on a model of the ASF
for a passenger vehicle shown in Figure 12. The actual vehicle
design (Figure 12 (a)) is first simplified (Figure 12 (b)), where
all frames are assumed as square tubes with identical external
dimensions and with possibly different internal thicknesses.
Since the actual vehicle body is a mixture of extruded and cast
parts, only the portions corresponding to the extruded parts are
subject to decomposition in the simplified model. Assuming the
symmetric components in the left and right sides of the body,
the design variables are assigned to only one side of the
simplified model.

Figure 12. (a) ASF for Audi A8 [20] and (b) simplified frame
model used in the case study. Extruded and cast
components are shaded dark and light, respectively.

Table 1. Material Properties in the ASF model

Process Name E* Poisson’s ratio  density**
Extrusion | A6061-T6  70.5 0.33 2700.00

Casting A356.0-T6 724 0.33 2685.00
Welding A4043 70.5 0.33 2700.00

E: Young’s Modulus [GPa], ** Density: [kg/m®]

Table 1 shows the material properties used in this case
study. Total of 30 possible joint locations are specified as
shown in Figure 13 (a). These possible joint locations are
classified into three types A, B, and C, each of which has
feasible joint types shown in Figure 13 (b) with 90 or 180
degree angles between the joined frames. Location type A has
two joint types a0 and al. In a0, beams O and 1 are one
component ((0,1)) while in a1, beams 0 and 1 are welded with

cast sleeve ((0),(1)). Location type B has three configuration
designs bo, b1, b2. In bo, beams 0 and 2 is one component,
joined to 1 ((0,2),(1)). Similarly, b1 and b2 have two
components ((0,1),(2)) and ((0),(1,2)), respectively. For
location type C, c0, c1 and c2 have joint types ((1,2),(0)),
((1),(0,2)), and ((0,1),(2)), respectively.

Location A

0
© R0, R
, v N
Location B b0 b1 b2

1

0 i
Ll
Location C

c0 c1 c2
(a) (b)

Figure 13. (a) Possible joint locations and (b) feasible joint
types at each location.

Figure 14. (a) Resulting 42 basic members and (b)
constructed structural topology graph with 42 nodes and
66 edges

Based on the specified possible joint locations, 42 basic
members are identified (Figure 14, (a)). The structural topology
graph G with 42 nodes and 66 edges is constructed from the
identified basic members (Figure 14, (b)). Figure 15 illustrates
the definition of beam cross section design variable and joining
design variable. Note that the height and width of the cross
section are not included as design variables. Considering the
symmetricity, the variables are assigned only to the 21 basic
members corresponding to the left half of the body structure.

Stiffness of the assembled structure is calculated
considering the maximum displacement of floor frame under
bending loads (Figure 16). The main loads of powertrain Fp;,
the front passengers/seats Fpy, the rear passenger/seats Fy,, and
the luggage F, are only considered [33], where the magnitude
of each load is the weight of the corresponding component
multiplied by a dynamic load factor. The rear suspension
locations are constrained in X, y, and z translations while the
front suspension locations are constrained in z (upward)
translation only. Table 2 shows magnitude of the applied loads
and the dynamic load factor.
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w weld, o

weld:

Figure 15. Definitions of the beam cross section design and
welding design: (a) (thickio, thick;) € FS,, the i beam cross
section design used to define variable y (upper/lower
thickness dip and side thickness d;;) and (b) (weldp,
weldiyl)eWi, the i potential joint location welding design

used to define variable z (weld thickness for component 0,
weld;, and for component 1, weld; ;).

translation fixed L
z For For  x.z translation fixed

Figure 16. Loading condition and boundary condition [33]

Table 2. Applied load and dynamic load factor (One side)

Default value*  Dynamic factor ~ Applied value*
Fot 4,000.0 2.0 8,000.0
Fot 1,200.0 2.0 2,400.0
For 1,200.0 2.0 2,400.0
F 500.0 2.0 1,000.0
* Unit [N]

Table 3. GA Parameter values used in the case study

Parameters Value
Number of Generation 100
Number of Population 1000
Replacement Rate (m/n) 0.5
Crossover Probability 0.9
Mutation Probability 0.1

As training data for the artificial neural network (ANN)
that implements the joint library, the detailed 3D models of 7
joint types (a1, bo~b2, c0~c2) in Figure 13 (b) are analyzed
using finite element analyses. For joint type a1, 3 torsional
spring rates (x, y, and z components between two joining
frames) are calculated. For the other joint types, 9 torsional
spring rates (x, y, and z components among three joined frames
as shown in Figure 8) are calculated. For each spring rate, a
radial basis network [34] (Figure 17) is built using the input
vectors with 6 elements (4 for two wall thickness of the two
beam components and 2 for the two weld thicknesses in the

joining sleeve), 1,250 (= S' in Figure 17) hidden layer nodes
and 1 (= S? in Figure 17) output node (joint rate). The networks
are trained with newrb function in Matlab [35] to reach a
satisfactory convergence (RMS Error < 10%).

Input Radial Basis Layer Linear Layer W
iy here
r N Al R =number of

S'xr alements in
input vector

51 =number of
neurons in
layer 1

52 =number of
J neurons in
layer 2

al = radbas (Il IWui-pll &1) ot = purelin (LW ai +bi)

alis ith alement of & where TWiiis a vector made of the i 1 row of TWia

Figure 17. Radial Basis Networks. In this case study, R = 6,
§'=1,250 and S? = 1. Adapted from [35].

The ASF model in this case study contains total 30
possible joint locations and 42 basic members. However,
considering symmetricity reduces these to only 18 possible
joint locations (12 in the left half and 6 at middle plane) and 21
basic members in the left half. Therefore, the chromosome c in
Equation (8) is composed of 96 elements. Table 3 lists the
parameter values for GAs used in the case study. The number
of generation (100) was used as the termination condition.
Using a PC with hyper-threaded Pentium 4 3.07 GHz, one
optimization run takes approximately 4 days and 12 hours,
mainly for about 50,000 FE analyses (Each FE analysis takes
about 7 seconds).

ﬁrﬁ:
/’/"- i
/ -~
f assm /,-'/
, (b) Sstigr
J{ 1’.?.\‘.\'!"
(o4
\\'\.. =
Jsigr |
ﬁrr_r:;: . ( c ) ﬂﬂﬁ
_/{ LS A
(@
\.\\ c
S
(d) o

Figure 18. (a) Pareto solutions at generation = 100. Total
656 individuals among 1000 population are in the Pareto
set. (b) Pareto solutions near fim = -57.5. (c) Pareto
solutions near fy = -380.0. (d) Pareto solutions near fy; = -
2.4*10°,
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Figure 18 shows the Pareto optimal solutions obtained at
the terminal generation (=100). Figure 18 (a) is the three-
dimensional distribution of the 656 Pareto solutions (out of
1000 population). To better illustrate the trade-offs among the
three objectives, Figure 18 (b) shows the solutions near fasem = -
57.5 projected on the fyir— fmi plane, Figure 18 (c) shows the
solutions fuiy = -380.0 projected on the fyix — fassm plane, and
Figure 18 (d) shows the solutions near fyifness = -2.4*10°
projected on the fry — fassm. Three designs A, B, and C selected
on these “sliced” plots are shown in Figure 19, and their
objective function values are listed in Table 4.

Figure 19. Designs selected in the Pareto results in Figure
17: (a) Design A (14 components) with good stiffness and
assembleability, (b) Design B (12 components) with good
manufacturability. (c) Design C (12 components) balanced
in all three objectives.

Design A (Figure 19 (a)) shows good results both in
stiffness and assembleability. This structure has components
with relatively complex 3D geometries in the rear cabin (C1)
and a long one-piece roof rail (C2), which gives a high rigidity
in the structure. Also, this design minimizes number of joint
casting components by not having joints at location type A (See
Figure 13), resulting in good assembleability. However,
relatively large numbers of components increases the extrusion
die costs. Also, complex components with more bending
increased the manufacturing cost.

Design B (Figure 19 (b)) shows good manufacturability.
This design contains minimum possible number of components
(12) with the given joint library, which minimized the extrusion
die costs. Also, relatively large but simple components (C3 and
C4) reduced bending, resulting in good manufacturability.
Design, C (Figure 19 (c)) exhibits a relatively balanced result
in all three objectives. It contains one-piece roof rail
component (C5) as design A, which gave this structure high
rigidity. Also, by having minimum number of components (12)
as design B, and having relatively straight components it
reduced the manufacturability cost.

Table 4. Objective function values for Design A~C

# Comp. fiee [mm] Fintq [$] Fassml$]
A 14 -0.002 -510.0 -69.08
B 12 -0.155 -360.0 -71.36
C 12 -0.003 -380.0 -79.52

CONCLUSION AND FUTURE WORKS

This paper described a method for synthesizing multi-
component assemblies of a frame structure using joint library.
The problem is posed as a simultaneous determination of the
locations and types of joints in a structure and the cross
sections of the joined structural frames, considering structural
characteristics, manufacturability and assembleability. Multi-
objective genetic algorithm combined with direct crossover and
FE analyses is utilized. As a case study, a simplified model of
the AFS body structure of a commercial vehicle is optimally
decomposed into components. Three representative designs
among the resulting Pareto solutions are examined, and their
design characteristics and the trade-offs among the three
objectives are discussed.

Followings are the topics considered as the future works of
this research: 1) adding objective functions for dimensional
adjustability [11], 2) expanding the joint libraries, 3)
integrating the “basic member library” to allow more diverse
frame cross sectional geometries for basic members, and 4)
using different multi-objective optimization algorithms besides
the GAs.
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