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Abstract

The quality of the sheet metal forming product is determined by defects such as wrinkling, springback, etc. Optimization techniques
can avoid such defects while the desired final shape is obtained. The design variables of the optimization process consist of the structural
parameters and process parameters. The structural parameters are the initial blank shape, geometry, etc. and the process parameters are
the blank holding force (BHF), the drawbead restraining force (DBRF), etc. In this paper, the two groups of parameters are separately
optimized. The structural parameters are optimized by the equivalent static loads method for non linear static response structural optimi-
zation (ESLSO) and the process parameters are optimized by the response surface method (RSM). A couple of examples are solved by

the iterative use of ESLSO and RSM, and the solutions are discussed.

Keywords: Equivalent static loads (ESL); Equivalent static loads method for non linear static response structural optimization (ESLSO); Sheet metal form-

ing; ESLs for the nonlinear strains; Response surface method (RSM)

1. Introduction

The product of the desired shape is made by the plastic de-
formation of the material in the sheet metal forming process.
However, the defects of a workpiece occur due to wrinkling,
springback, material failure and others [1]. The problems of
the defects can be improved by optimization of the metal
forming process. Two kinds of design variable groups exist in
this optimization; one is the structural parameter group and the
other is the process parameter group. The structural parame-
ters are the initial size, shape of the blank, etc. which are the
geometries of the workpiece. The process parameters are the
working conditions such as the punch velocity, the blank hold-
ing force (BHF), the drawbead restraining force (DBRF), the
drawbead length (DBL), the friction factor, etc.

A different optimization method is employed for each group
of the parameters. Researches on the optimization of structural
parameters are typically based on an interpolation method [2-
5], an inverse finite element method [6-8] and others [9-12].
The research goal using these methods is to determine the
initial blank shape for the desired final shape. When the plastic
deformation path of metal and other parameters are not con-
sidered exactly, these researches have the disadvantages of
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increasing errors and overlooking material failure. Researches
on the optimization of the process parameters are typically
based on a probabilistic (design of experiments (DOE)) or an
approximation method (response surface method (RSM)) [13,
14]. These methods are not mathematically complicated and
are easier than the conventional method using gradient infor-
mation. Optimization of the process parameters is employed
when the wrinkling and springback phenomena should be
improved and material failure is considered [13-16].

Researches on optimization considering both groups of pa-
rameters are not studied much. DOE or RSM can be used
when the structural and process parameters are simultaneously
considered. Many design variables, which can control the
blank shape, are typically involved in determining the detailed
shape. Therefore, these methods are quite expensive because
many nonlinear analyses are required when the number of
design variables is large.

In this research, the sheet metal forming process is opti-
mized considering both the structural and the process parame-
ters. Two groups of parameters are separately optimized by
structural optimization and RSM, respectively. The two opti-
mization processes iteratively proceeds until the convergence
criteria are satisfied. The initial blank shape, which is the
structural parameter, is determined as the desired final shape
after the forming process by using structural optimization
under the given process parameters. The process parameters
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such as BHF, DBRF and DBL are optimized by using RSM.
Because BHF, DBRF and DBL are the input in conventional
structural optimization, they cannot be used as design vari-
ables. On the other hand, they can be used as the design vari-
ables in RSM. Moreover, since the number of process vari-
ables is small, RSM can be exploited to determine the process
variables. Finite element analysis is utilized to evaluate the
sheet metal forming process in optimization [1-16].

An optimization problem is formulated and solved with the
structural and the process parameters as the design variables.
In optimization using structural optimization, the structural
parameters are only used as the design variables. In optimiza-
tion using RSM, only the process parameters are used as the
design variables. Wrinkling, springback and material failure
are considered in the optimization formulation. A new ap-
proach is required when the structural parameters are opti-
mized. This is because the formulated optimization is nonlin-
ear dynamic response optimization and considers some phe-
nomena. The equivalent static loads method for non linear
static response structural optimization (ESLSO), which is a
structural optimization method, is adopted for this formulated
optimization [17-19]. An existing method is utilized for RSM.

Equivalent static loads (ESLs) are defined as the loads for
linear analysis, which generate the same response field as that
of nonlinear analysis. In ESLSO, nonlinear dynamic loads are
transformed to ESLs and the ESLs are used as the loading
conditions in linear static response optimization. The design is
updated in linear static response optimization. Nonlinear anal-
ysis is performed with the updated design and the process
proceeds in a cyclic manner until the convergence criterion is
satisfied. An advantage of ESLSO is that the finite element
nodes in the design domain can be controlled easily and ex-
actly in the shape optimization process. However, some de-
sign variables cannot be used because only the design vari-
ables, which can be defined in linear static response optimiza-
tion, can be used in optimization using ESLSO [17-23]. New
ESLs are proposed to solve the metal forming optimization.
Some optimization examples of the sheet metal forming proc-
ess are defined and solved using the proposed ESLs. Nonlin-
ear dynamic analysis of the sheet metal forming process is
performed using the commercial software LS-DYNA [24].
Commercial software NASTRAN [25] is used for the compu-
tation of the linear stiffness matrix, which is utilized in the
calculation of the ESLs, linear static response analysis and
optimization. Commercial software LS-OPT [26] is used for
optimization using the RSM. A program is developed to cal-
culate the proposed ESLs, and is interfaced with LS-DYNA
and NASTRAN.

2. Metal forming analysis and optimization
2.1 Metal forming analysis
The general tools in the sheet metal forming process are the

blank holder, the die and the punch as illustrated in Fig. 1.
Generally, the sheet metal is plastically deformed when the
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Fig. 1. Schematic view of the tooling when forming the sheet metal.

blank holder and the punch are pressed into the sheet metal.
The deformation of a metal depends on the plastic deformation
path which is dependent on the strain rate and material proper-
ties. The yield strength of a specific area of the sheet metal is
reduced by the effects of bending and unbending during the
forming process and these effects are called the Bauschinger
effect [1, 27, 28]. The used material has a nonlinear stress-
strain curve, which is an exponential function for work harden-
ing. Moreover, the material is normal anisotropic material or
planar anisotropic material. In forming analysis, the normal
anisotropic material is analyzed based on the Hill’s theory and
that of planar anisotropic material is analyzed by Barlat’s yield
criterion. In this research, Barlat’s yield criterion is adopted. In
Barlat’s yield criterion, the strain in the 0° direction (the roll-
ing direction), the strain in the 45° direction, the strain in the
90° direction (the transverse direction) and the strain in the
thickness direction are not the same [1, 24, 29].

Deformation of the material is generally quite large in the
sheet metal forming process, whereas the strains are not rela-
tively large because the change of the surface area and the
thickness are not very large. Therefore, the sheet metal form-
ing process is a large deformation and small strain process,
and this is a sufficient condition for geometric nonlinearity in
analysis. Contact between the metal and the blank holder, the
die or the punch occurs, and these contacts are the sources for
boundary nonlinearity in analysis. Therefore, computational
analysis of the sheet metal forming process depends on time
and requires nonlinear dynamic analysis. Finite element anal-
ysis is typically employed for the analysis [1, 24, 28].

The sheet metal forming analysis consists of two analyses.
They are the forming process analysis and the springback
analysis. The springback phenomenon is the elastic restoration
of a material after the forming process. When the springback
phenomenon occurs, the residual stresses are reduced in each
element and the strains and displacements are changed by the
reduced stress. For this reason, the dimensions of the product
before springback are not the same as those after springback.
This phenomenon occurs quite often when the yield strength
is large or the stiffness modulus is small. In this research, the
forming process and the springback analysis are performed
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Table 1. Material properties.

Young’s modulus (GPa) E =207
Poisson’s ratio v=0.28
Stress-strain curve (MPa) & =648(0.006+ )"
R,=1.87
Lankford value R, =127
R, =2.17
Initial sheet thickness (mm) 0.8
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Fig. 2. Forming limit diagram (FLD).

using a commercial finite element software system called LS-
DYNA [1, 24].

The failure of a metal can be checked at each element by
using the forming limit diagram (FLD) and the FLD is made
using the major strain and the minor strain of each element as
illustrated in Fig. 2. In FLD, the forming limit curve (FLC) is
the failure criterion of the used material. The shape of the FLC
is changed by the characteristics of the used metals and the
FLC is generally obtained by experiment. The FLC utilized in
this research is provided by a commercial software system and
is calculated using the thickness and the work hardening coef-
ficient [1, 24]. The used material in Fig. 2 is equal to that of
the examples in this research. The material properties of the
used sheet metal are summarized in Table 1. The detailed
explanation of this material is written in Sec. 4.

2.2 Metal forming optimization

The purpose of the sheet metal forming process is to manu-
facture the final product which has the desired shape and does
not have defects. Optimized structural and process parameters
are needed to manufacture the desired final product. The struc-
tural parameters such as the initial blank shape can be deter-
mined by using various methods. They are the slip line field
[2-5], the geometric mapping [9, 10], the plastic deformation
theory [11, 12] and the inverse finite element method [6-8].
The process parameters such as BHF, DBRF and DBL can be
generally determined by using a probabilistic method (DOE)
or an approximation method (RSM) [13, 14].

The slip line field method has some errors because the me-

thod is based on an approximation method. The initial blank
shape is determined using the velocities of the nodes. The
velocities of the nodes are interpolated from the initial velocity
of the punch and the slip line field using an approximation
method [2-5]. In the geometric mapping method, the initial
blank shape can be obtained through the mapping process,
where the desired final shape is projected onto the plane.
However, this method has some errors because the plastic
deformation of a metal and the geometric constraints cannot
be considered exactly [9, 10]. The plastic deformation theory
method can determine a more accurate initial blank shape
compared to the previous methods and can estimate the strains
of the elements in the blank. However, the plastic deformation
path of a material is not considered exactly and the Bausch-
inger effect is ignored in this method [11, 12].

The inverse analysis method is a combination method,
which is made by geometric mapping and the plastic deforma-
tion theory. If the plastic deformation path of the forming
process is complicated, the errors increase when the one-step
inverse analysis is used because the plastic deformation path
and the blank shape at the mid-step are not estimated exactly.
Therefore, the multi-step inverse analysis is typically used to
decrease the errors. However, this analysis requires a lot of
time and cost compared to the one-step inverse analysis. Also,
the multi-step analysis needs the blank shapes at the mid-step
because an accurate initial blank shape cannot be determined
when the shapes are not expressed exactly [6-8].

In this research, the initial blank shape (structural parame-
ters) is determined using ESLSO. ESLSO is a nonlinear dy-
namic response optimization method. Nonlinear dynamic
analysis and linear static response optimization are involved in
ESLSO. It is well known that the process parameters cannot
be used as design variables in linear static response optimiza-
tion. In other words, the design variables must exist in a de-
sign object but the process parameters do not exist on the
blank. The process parameters should be optimized as well
because the desired final forming product is also determined
by some process parameters. General researches to optimize
the process parameters are conducted by using a probabilistic
method or an approximation method. Whereas these methods
are not mathematically complicated, they have some errors
and require quite a large amount of nonlinear analyses. It is
noted that these methods are easier than the conventional op-
timization method using gradient information and all kinds of
design variables can be used. Therefore, the process parame-
ters can be used as design variables in these methods. More-
over, since the number of process parameters is small, these
methods can be utilized to determine the process parameters.

Optimization of the sheet metal forming process uses nonli-
near dynamic response, so it is nonlinear dynamic response
optimization. To overcome the disadvantages of the above
mentioned methods, ESLSO is used to optimize the structural
parameters in this research. Formulation of the optimization is
as follows:
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Find bER" (1a)
to minimize  f(b) (1b)
subject to gMd<=0 (i=1,2-,4). (Ic)

Eq. (1) is a formulation to determine the initial blank shape
for the final desired shape. b is the design variable vector for
the structural parameters and 7 is the number of design vari-
ables. The design variables are the scale factors for the pertur-
bation vectors, which control the blank shape. The objective
function in Eq. (1b) is expressed by the function for the de-
formed final shape, which can be the mean of radii or the
standard deviation of displacements of the selected nodes. The
constraints are design specifications including the conditions
of the FLD and the desired final shape. The FLD condition is
obtained by the characteristics of the used material. The con-
straints for the desired shape are expressed by the function and
they are the standard deviation of radii and the distances be-
tween a reference line and the selected nodes. The reference
line means the boundary shape of the desired final shape. As
mentioned earlier, RSM is used for optimization of the proc-
ess parameters. The optimization formulation for the process
parameters are the same as the one in Eq. (1). Details will be
explained later.

3. Optimization methods

As mentioned earlier, the structural parameters are opti-
mized by ESLSO while the process parameters are optimized
by RSM. A flow is created to efficiently use the two methods
as illustrated in Fig. 3. First, optimization is conducted to de-
termine the structural parameters while the process parameters
are set to constants with the current values. Second, the proc-
ess parameters are optimized with the optimum structural
parameters determined in the previous process. The two op-
timizations are sequentially carried out until the convergence
parameters are satisfied as illustrated in Fig. 3. The conver-
gence parameters are defined by the norm of the change of the
design variables. It is well known that the optimum solution is
a local minimum. At this moment, there is no mathematical
optimization method which can find the global minimum
point. The only remedy for this is to use many initial design
points. The solution in this paper is obtained by many trials of
the initial points.

3.1 Non linear static response structural optimization (ESLSO)

ESLSO is made up of two domains which are the analysis
domain and the design domain as illustrated in Fig. 4. In the
analysis domain, nonlinear analysis such as the metal forming
analysis is simulated and the actual nonlinear responses are
obtained from this analysis. ESLs are calculated from the non-
linear response vector and the linear stiffness matrix. In the
design domain, linear static response optimization is carried
out using the calculated ESLs. When linear response analysis
is carried out using the ESLs, the nonlinear responses are

| Optimize the structural parameters using ESLSO ¢

|

| Update design variables for the structural parameters

l

[ Optimize the process parameters using RSM |

}

| Update design variables for the process parameters |

Satisfy termination criterion?
o s

Fig. 3. Optimization process using ESLSO and RSM.

R

New design
variables

Analysis domain

Nonlinear response analysis

Design domain

Linear response optimization

[Under dynamic loads] [Under equivalent static loads]

Fig. 4. Schematic process between the analysis domain and the design
domain.

equal to the linear responses. Therefore, if the ESLs are used
as the loading conditions in linear static response optimization,
the same responses as the nonlinear responses can be consid-
ered at the beginning of linear response optimization. The
structural design is updated from linear static response optimi-
zation, and nonlinear analysis is performed again using the
updated design in the analysis domain. This ESLSO process is
repeated until the convergence criterion of the design variables
are satisfied [17, 18].

The ESLs for the displacement, which are the static loads,
are used to consider the nonlinear dynamic response in linear
analysis. When these ESLs are used in linear analysis, the
nodal displacement fields from linear analysis are equal to
those at the arbitrary time in nonlinear dynamic analysis. In
the finite element method, the governing equation of a struc-
ture considering nonlinearity in the time domain is

M(b)z, (1) + C(b)z, (1) + K(b,z, ())z,, (1) = £(2)
(t=ty,t, 1)

@
where M is the mass matrix and C is the damping matrix.
These matrices are the functions of the design variable vector
b. K is the stiffness matrix which is the function of the
design variable vector b and the nodal displacement vector
z. 7 is the nodal acceleration vector and z is the nodal
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velocity vector. f(¢) is the external load vector and ¢ means
the time. The constant / is the total number of the time steps
for the numerical integration points. The subscript N means
nonlinear dynamic response analysis. z, at all the time steps
is obtained from Eq. (2).

The equivalent static load vector for the displacement is de-
fined as follows:

f,()=K, (b)zy(s) (s=12,-,10) €)

where f (s) is the equivalent static load vector for the dis-
placement at each time step. K, is the linear stiffness matrix
and z,(s) is the nodal displacement vector from Eq. (2).
The subscript L means linear static analysis. The new notation
s is used because the equivalent static load vector is not de-
fined in the time domain and exactly matches with time ¢ .
Therefore, the total number of s is / and / equivalent
static load vectors are obtained from Eq. (3). f; (s) is used in
linear static analysis as follows:

K, (b)z,(s) =1} (s) Q)

where the linear nodal displacement vector z,(s), which is
obtained from the linear static analysis using f; (s), has the
same values as the nonlinear nodal displacement vector
z,(¢) in Eq. (3). Therefore, if linear static response optimiza-
tion is performed using a loading condition of f}(s), the
same nodal displacements as those of the nonlinear dynamic
response analysis can be considered in linear static optimiza-
tion. To consider the time steps of the nonlinear dynamic re-
sponse analysis, the ESLs sets are calculated for each time
step and these sets are used as multiple loading conditions in
linear static response optimization. It is well known that many
loading conditions can be easily treated in linear static re-
sponse optimization [24, 25]. Optimization with ESLs for the
displacement for metal forming has been proposed by Lee and
Park [19].

3.2 Definition of the equivalent static loads for the nonlinear
strains

When ESLs for the displacement are used in linear static
analysis, the displacement field of nonlinear analysis is the
same as that of linear analysis. However, other responses such
as stresses and strains do not have the same values in the two
analyses. Thus, ESLs for such responses should be newly
defined [30]. Since the FLD conditions, which need major and
minor strains, are utilized for constraints, ESLs for the strain
are made. In other words, ESLs, which can generate the same
response field as the strain field of nonlinear analysis, are de-
rived. In ESLSO of the sheet metal forming process, only the
final step of the process is considered because the desired
shape and the nonlinear strains, which are used the objective
function or the constraints in optimization, are the shape and
the strains of the final product after the forming process. In

other words, ¢, is only considered among the / time steps
of Eq. (2) where f means the final time step [19, 27].

In linear static analysis, the linear von-Mises stress and von-
Mises strain of an element are expressed as follows [25, 31]:

1

o, = %[(ax -0, )2 + (()’y -0, )2 + (f)’__ -0, )2 + 6(%2 + rv‘,zz + TZXZ )] :

+37,,
2
&)
l
€ :g[(ex —a,)z +(e, —az)z +(e.-8,) +6(r, +7.7+ V:XZ)J 2
2, 2 _
LGRS N
(6)

The stress-strain relationship of the isotropic elastic material
is expressed from the generalized Hook’s law as follows [31]:

G G G 0 0
GX C12 CII C12 0 0 8)
G, G, G, G 0 0 0 €,
o.l o 0 0 (Cn - C12) 0 0 €.
- 2
. C.—C) T
T, 0 0 0 0 € > 12 0 Y.
Tov _ Ve
0 0 0 0 0 €. -Cy)
L 2 J
(7a)
E Ev
Cr=|—+—— (7b)
l+v  (1+v)1-2v)
Ev
12 (7¢)

T drvi-2v)

where E is the Young’s modulus and v is the Poisson’s
ratio.

The linear von-Mises stress is rewritten using Eq. (7) as fol-
lows:

®)

From Eq. (8), we have the linear von-Mises stress of the ith
finite element as follows:

31

o, =——"
SRS

Ee, ;. ®

The new ESLs are made by modifying the Young’s
modulus E to E*. With E*, the stiffness matrix is changed
from K to K*. If we conduct linear static analyses with K and
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Table 2. Comparison of the results of two linear analyses with different
stiffness matrices.

Stiffness matrix K, |Stiffness matrix K|
Calculation the ESLs for
. f =K,z, P =K'z,
the displacements d g “ g
Linear static analysis using P
K,z, =f Kz, =f
these ESLs LR Teq LEL T e
Comparison of displace- Z,=12, z,=12,
ment vectors nz, =17
Comparison of linear von- . .
son of i b, =6, (v2,=1))
Mises strains ’
Comparison of linear von- .
. + K, #FK
Mises stresses Iui ™0 ( L L )

K*, then the two results have the characteristics in Table 2. As
shown in Table 2, the two results have different ESLs sets, the
same displacement fields, the same von-Mises strain fields
and different von-Mises stress fields. Therefore, with E* we
have

. 31 .. 301 .
= & . =—L.&, .
L,i 21+V iYL,

21+v |

Li ™~

( N :32,[) (10)

where E; is the modified Young’s modulus for the ith finite
element. It is noted that the von-Mises stress ¢, , of each
element depends on the each Young’s modulus E; .

Ev
Suppose E; is defined by —E where ¢, , is the
Oy,

nonlinear strain of each element from the nonlinear dynamic
analysis. &, , can be any major strain or minor strain in

nonlinear analysis. Then the modified linear von-Mises stress
o, and the nonlinear strain &, ; are the same because

B 31 R .31 1
0,i=% € =E — Ee, . —
+v +v
’ 21 ’ 21 " E 1
«Ori  EninOL (b
=E,—=—""E——=¢,,
E o E

In other words, the values of the nonlinear strains are equal
to the values of the modified linear von-Mises stresses when
E; is used in linear static analysis. Therefore, the constraints
with the nonlinear strains can be replaced by the von-Mises
stresses in linear static response optimization.

As mentioned earlier, the ESLs for the displacement should
be calculated using the displacement at the final step of the
nonlinear dynamic analysis. The equivalent static load vector
for the displacement f g{] can be calculated from Eq. (3) and
f F’; is used as a loading condition in linear static response
optimization. The modified Young’s moduli are calculated by
the nonlinear strains, the linear von-Mises stresses and the
Young’s modulus of the workpiece as follows:

=V (12)

The modified linear stiffness K; is based on the modified
Young’s modulus of each element E;.

In the same way, the modified equivalent static load vector
for the displacement fé{; can be calculated using the modi-
fied stiffness matrix K and the nonlinear nodal displace-
ment vector zf at the final step as follows:
f"=K'z' . (13)

eq

f/] is used as a loading condition in linear static optimiza-
tion. The modified linear von-Mises stress o, , and the mod-
ified linear von-Mises strain ¢, , are calculated from Eq.
(13). Two linear von-Mises strain &, ; and ¢, , are the
same and two linear von-Mises stress o, , and o, , are
different due to the characteristic of the ESLs for the dis-
placements as shown in Table 2. However, the modified linear
von-Mises stress o) , is equal to the nonlinear strains &,
from Eq. (11). For this reason, f{g* is called the equivalent
static load vector for the nonlinear strain.

3.3 Optimization using the equivalent static loads for the
nonlinear strain

Optimization of the sheet metal forming requires two kinds
of nonlinear strain: the major strain and the minor strain. The
FLD is defined by the two strains and the failure of the mate-
rial can be found from the FLD. To consider the two strains in
the linear static optimization of ESLSO, two linear finite ele-
ment models are required because one linear finite element
model has one kind of linecar von-Mises stress. That is, one
finite element model expresses the nonlinear major strain and
the other finite element model expresses the nonlinear minor
strain as illustrated in Fig. 5. Fig. 6 shows the optimization
process of the sheet metal forming process using the ESLs for
the nonlinear strains. &, is the major strain and &, is the
minor strain, and the steps of this process are as follows:

Step 1 Set values of the initial design variables and parame-
ters (design variables: b® =b® | cycle number: k=0, con-
vergence parameter: a small number ¢ ).

Step 2 Perform nonlinear dynamic response analysis. In this
step, the linear stiffness matrix and nonlinear responses such
as displacements, major strains and minor strains are obtained.

Step 3 Calculate the equivalent static load vector for the dis-
placements at the final step # of nonlinear dynamic analysis
as follows:

f/ =K,z . (14)
Step 4 Solve the linear static analysis as follows:

K,z] =f/ . (15)
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Fig. 5. Schematic process between the analysis domain and the design
domain using two kinds of ESLs for the nonlinear strains.
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Fig. 6. Optimization process using two kinds of ESLs for the nonlinear
strains.

The linear nodal displacement vector z/ , the linear von-
Mises stresses o, ;’s and the linear von-Mises strains ¢, ;
are the results of the linear static analysis using f 3{7 .

Step 5 Calculate the modified Young’s moduli for the two
kinds of nonlinear strains as follows:

&l
El=—"E (16a)

O-L, i

f
E=22Nig (16b)

Oy,

where i is the element number. E! is the modified Young’s
modulus for the nonlinear major strain of each element and
E’ is the modified Young’s modulus for the nonlinear minor
strain of each element. The nonlinear major strain of each
element is ¢ 4, and the nonlinear minor strain of each ele-
ment is &, 4, from the nonlinear analysis in Step 2. The
linear von-Mises stress of each element o, ; is the result of
the linear static analysis in Step 4.

Step 6 Calculate the equivalent static load vector for the two
kinds of nonlinear strains at the final step ¢ of nonlinear

dynamic analysis as follows:

f,/=K!z] (17a)
f, =Kz} (17b)

f,/ and K| are the equivalent static load vector and the
modified stiffness matrix for the nonlinear major strains, and
f, jq and K’ are the equivalent static load vector and the
modified stiffness matrix for the nonlinear minor strains. K}
and K; arebasedon E; and E’.

Step 7 Solve the following linear static response optimiza-

tion problem:

Find b* e R" (18a)
to minimize f(b%**") (18b)
subject to K, (b“")z/ =1, -e/q (f=D (18¢)
K"z =£,!  (f=]) (18d)
g/, 2])<0 (w=1,2,---,m) (18¢)
b-<b <b’ (v=L2,---,n). (18f)

The external load f,/ and f,/ are the equivalent static
load vectors for the nonlinear strains. These vectors are used
as the loading conditions during the linear static response op-
timization process. g means the constraint and m is the
number of constraints. The superscript L and U represent
the lower and upper bounds, respectively.

Step 8 Update the design results.

Step 9 If

b —p®| <€ (19)
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then terminate the process. Otherwise, set k£ =k +1 and go to
Step 2.

3.4 Optimization process considering both the structural and
the process parameters

In the optimization using ESLSO, the structural parameters
can only be used because the process parameters cannot be
used as the design variables in linear static response optimiza-
tion. However, process parameters are important variables to
obtain the desired final product. In the previous researches, the
process parameters are determined using RSM [9, 13, 14].

RSM is an approximation method and used in optimization.
The objective function and constraints are approximated to
explicit functions and the approximated functions are used in
the optimization process. A response surface is interpolated
(approximated) by the information of sampled points. The
general selection methods of data points are the factorial,
composite, D-optimal and Latin Hypercube design [32]. An
approximated response surface is generated by using the re-
gression analysis, and the general type of the surface is the
linear or the linear with interaction or the quadratic model.
The optimum point of RSM is that one point has the best val-
ue after comparing the result value of data points and points in
the generated surface. This comparing process is necessary
because the approximation method has some errors, which are
residual between the real data points and the response surface
[17, 26]. In this research, an existing RSM in a commercial
software system is utilized [26].

When the number of the design variables is small, this me-
thod is usefully employed because the number of data points
is relatively small. Thus, the process parameters such as BHF,
DBRF and DBL can be easily determined using this method.
However, using this method is unsuitable in the optimization
of the structural parameters because many design variables are
required for the desired shape. Therefore, in this research, the
structural parameters are optimized using ESLSO and the
process parameters are optimized using RSM. The optimiza-
tion method using both ESLSO and RSM in Fig. 3 is a new
optimization concept which is to consider the characteristics
of the design variables.

4. Optimization of the proposed method with examples

Two example problems for the sheet metal forming process
are solved by using the proposed method. One is shape opti-
mization of the blank and the other is optimization for both the
blank shape and process conditions. The first example has
only structural parameters and the second one has structural
and process parameters. The objective functions are the de-
sired shapes after the forming process, and they are expressed
by the functions of the displacements. The material properties
of the used sheet metal are summarized in Table 1. The util-
ized metal is a planer anisotropic material under plane stress
conditions and the used yield criterion is Barlat’s yield crite-

Blank holder

Punch

)i}.

%

Die

Fig. 7. Tooling of the circular cup.

rion [1, 24]. As mentioned earlier, LS-DYNA is employed for
nonlinear dynamic analysis [24] and NASTRAN is employed
for linear static response optimization at each cycle in ESLSO.
The optimization algorithm in NASTRAN is based on the
feasible directions method [25, 33].

4.1 Optimization of the circular cup

This example is shape optimization of the sheet metal form-
ing of the circular cup. The parameters, which are used as the
design variables in ESLSO, are the curvature and radii of the
initial blank. The parameters are the structural parameters
because the blank shape is expressed by the values of the cur-
vature and radii. The tooling for the sheet metal forming of the
circular cup consists of the die, the punch and the blank holder
as illustrated in Fig. 7. The punch velocity and the blank hold-
ing force are constant. The die is fixed and the stroke of the
punch is 40 mm. The static friction factor is set to 0.125 and
the dynamic friction factor is set to 0.12. A quarter of the cir-
cular cup is used for the shape of the used model in nonlinear
dynamic analysis and linear static response optimization.

Nonlinear dynamic analysis includes the manufacturing
process and the springback [24]. The used nonlinear responses
are at the final step of nonlinear analysis after the springback
phenomenon for the elastic recovery of the material [1]. In this
example, the ESLs for the nonlinear strain are made in
ESLSO and these ESLs are generated by the major strains,
minor strains and displacements from the nonlinear dynamic
analysis.

Fig. 8 is the results of the nonlinear dynamic analysis when
the radius of the initial blank is 64 mm. Fig. 8(a) is the maxi-
mum major strain contour for the forming limit curve (FLC)
and Fig. 8(b) is the forming limit diagram (FLD). The failure
criterion is 1.0 and failure of the material occurs at the bottom
of the wall as illustrated in Fig. 8(a). The failure parts are
shown in Fig. 8(b) [1, 7, 24].

The objective function is maximization of the radius at the
edge of the flange. The constraints are the FLD conditions of
all the finite elements and the shape of the flange edge. The
radius of the used initial blank is 50mm. The formulation of
the optimization is as follows:

Find b, b,, b,

s Yoo

(20a)
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(a) The maximum major strain contour for the forming limit curve
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Fig. 8. Results of nonlinear dynamic response analysis of the circular
cup (initial blank radius: 64 mm).

Fig. 9. The initial blank shape and design variables of the circular cup.

to minimize —m, (20b)
subject to & <—0.626¢,” +0.552¢, +0.312 200)
(if €,20.1)
& <—¢€,+0.312 (if €,<-0.1) (20d)
£,<0.312-0.236¢, +14.237¢,’
-2.348¢,> - 970.0¢,"
©2 &2 (20¢)
+39.125¢,” +29100.0¢,°
@i -0.1<e&,<0.1)
00<s5 <05 (20D

where, b, b, and b, are the scale factors of the perturbation
vectors (shape variables) as illustrated in Fig. 9. The radii and
curvature of the design domain in the blank are controlled by
the perturbation vectors. The vectors are determined based on
the Lankford value because the used material is a planner
anisotropic material and has a different strain at each direc-

tion; the base directions of the Lankford value are 0°, 45°
and 90° for the rolling direction. The used Lankford value is
expressed in Table 1. m, is the expected value of the radii of
the sampled nodes in the flange edge after deformation. The
constraint m, is defined as follows:

1 4

m :476er (21)

r=1

where 46 for r is the number of sampled nodes of the flange
edgeand R, is the radius of the r th sampled node.

The reason why the expected value of the radii is maxi-
mized is that a large flange can have a failure at the wall of the
cup while a large flange is sometimes required to attach acces-
sories on it. Although a large flange is desirable, it is difficult
for a designer to identify how large it can be. We can define
the objective function with a desirable target for the magni-
tude of the flange, however, this work has already been done
in other research [19, 34].

& 1is the major strain and ¢, is the minor strain from
nonlinear dynamic analysis. The original FLC cannot be di-
rectly used in linear static response optimization because the
point where the minor strain is zero is a non-differentiable
point as illustrated in Fig. 8(b). So the FLC is interpolated to
be differentiable at all the points. The interpolated curve is
expressed by three conditions in the constraints, which are Egs.
(20c)-(20e). These constraints for the nonlinear strains are
used for the von-Mises stresses of linear static analysis in the
design domain when the ESL for the nonlinear strains is used
in ESLSO. s, is the standard deviation of the radii of the
sampled nodes and defined as:

-m) . (22)

The convergence criterion is 0.001. The optimization proc-
ess converges at the 29th cycle. The infinite norm of the de-
sign variables is 0.0. Table 3 shows the shape comparison of
the initial model and the optimum model. The radii of the
sampled nodes in the optimum model are not the same be-
cause the strain in each direction is not the same due to Bar-
lat’s yield criterion. Fig. 10 shows the nonlinear analysis re-
sults of the optimum model. Fig. 10(a) is the maximum major
strain contour for the FLC and Fig. 10(b) is the FLD. The
objective function decreases from -40.033 to -57.088 and the
history of the objective function is illustrated in Fig. 11. The
constraint violation decreases from 19.3% to 0.0%. The initial
blank shape, which can be deformed to the desired shape
without failure, is determined.

The friction factor is an important parameter determining
the optimum blank shape in the sheet metal forming process.
The optimum models are changed according to the friction
factors. Table 4 shows the comparison of the optimum shapes
of each friction factor. When friction is large, the area of the
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Table 3. Shape comparison of the circular cup between the initial
model and the optimum model.

Shape of blank after the sheet metal

Initial blank shape ;
forming

Initial
model

y
x

Le—m78M—

Expected value of the outer radii
:40.033 mm

Li: 50 mm
I: 50 mm

Optimum
model

£«

Expected value of the outer radii
1 57.088 mm

Oz
0Oy 62.59 mm
Oy 61.55 mm

1.000e+00
9.000e-01 ]
8.000e-01
7.000e-01 _
6.000e-01
5.000e-01
4.000e-01
3.000e-01 _
2.000e-01
1.000e-01
0.000e+00

(a) The maximum major strain contour for the forming limit curve
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(b) Forming limit diagram

Fig. 10. Results of nonlinear dynamic response analysis using the
optimum model of the circular cup.
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Fig. 11. History of the objective function of the circular cup.

Table 4. The comparison of the optimum shapes of each friction factor.

Initial blank shape
[Optimum model]

Shape of blank after the sheet metal

Friction factor ;
forming

Friction type A
Mg s 0.125

L

Expected value of the outer radii
: 57.088mm

Hopamre + 012

Al:62.59mm
Al: 61.55mm

Friction type B
My 0.14

Hignamic 0,135

t. x
Expected value of the outer radii
: 54.392mm

B1: 60.65mm
B2: 58.13mm

Friction type C

M+ 0155
>

TI_-X

Hinamic © 0,15

C1: 56.31mm
C2: 54.23mm

Expected value of the outer radii
: 48.837mm

initial blank and the radius of the flange edge of the deformed
shape become smaller because the strains are large and the
necking occurrence probability is high. The friction factor is
not used as the design variable in this research. Further in-
depth research on the friction factor is required.

4.2 Optimization of the square cup

This example, which is an optimization of the square cup,
consists of an optimization for the structural parameters using
ESLSO and an optimization for the process parameters using
RSM. The structural parameters are curvatures, angles and
radii of the initial blank and the process parameters are BHF,
DBRF and DBL [1, 14-16, 26]. The two optimization proc-
esses iteratively proceeds until the convergence criteria are
satisfied as illustrated in Fig. 3.

Sequential response surface method (SRSM), which is one
of the RSMs, is used in this example. SRSM uses the region
of interest, which is a subspace of the design space, to deter-
mine an approximate optimum value. The initial size of the
region is made by the lower and upper bounds of the design
variables. After the optimization process, the center of the
region is moved and the size of the region is reduced. This
process is repeated until the convergence criteria are satisfied.
The used selection method of data points is the D-optimal
method and the order of the used model is quadratic in this
example [26].
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The tooling for the sheet metal forming of the square cup
consists of the die, the punch and the blank holder as illus-
trated in Fig. 12(a). The punch velocity is constant. The die is
fixed and the stroke of the punch is 40 mm. The static friction
factor is 0.125 and the dynamic friction factor is 0.12. The
used model, which is used in nonlinear dynamic analysis and

linear static response optimization, is a quarter of a square cup.

Nonlinear dynamic analysis includes the manufacturing proc-
ess and the springback. The ESLs for the nonlinear strain are
employed in linear static optimization of ESLSO [1, 7, 24].

The objective function is wrinkling reduction at the edge of
the flange. The constraints are the FLD conditions and the
shape of the flange edge. The radius of the initial blank is
90mm. The optimization formulation for the structural pa-
rameters is as follows:

Find b (i=1,2,3,--,15) (23a)
to minimize s, (23b)
subject to  —-03<D <03 (w=L2,3,---,51]) (23¢)
£ <—0.6268,” +0.552¢, +0.312 @34

(if & >0.1)
£<-£+0312 (if ,<-0.1) (23e)

£ <0312-0.236¢, +14.237z,
~2.348¢,> ~970.0¢,* 230

+39.125¢,° +29100.0¢,°
(if —0.1< e, <0.1)

where b, b,, -+, b are the scale factors of the perturbation

vectors as illustrated in Fig. 12(b) and these design variables
are used in linear static optimization of ESLSO. The radii and
curvature of the design domain in the blank are controlled by
the perturbation vectors. s, is the standard deviation and is
used to reduce wrinkling. It is calculated from the displace-
ment in the z-direction of the sampled nodes at the flange part.
The standard deviation is minimized to make the edge flat. s,
is defined as follows:

1 (15 .
s, = m(Z(zk —z) ) 24)

k=1

where z, is the displacement in the z-direction of the kth
sampled node and z is the expected value of z’s.

The constraint D, is the distance between the target line
and the deformed position at the wth edge node as illustrated
in Fig. 14. The target line is the desired final shape of the
flange edge, which is desired radius at the sampled node. The
target means the nodal coordinate of the desired shape. The
constraint D, is defined as follows:

_ [ 2
RT xw +yw

D =

w

(w=1,2,3,,51) (25)
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Fig. 12. Model of the sheet metal forming of the straight square cup.

Fig. 13. Deformed shape of a wrinkled square cup.

Target
line

2
~ Target

Fig. 14. The constraint of the straight square cup.

where R, is the target radius of the flange edge after the
forming process. x, is the coordinate of the deformed posi-
tion in the x-direction and y, is the coordinate of the de-
formed position in the y-direction at the wth edge node after
the forming process. This constraint is used to obtain the de-
sired planar shape of the final product. Egs. (23d)-(23f) are the
interpolated FLD condition.

Wrinkling generally occurs when BHF is weak, and Fig. 13
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Fig. 15. Schematic view of the drawbead.

shows the deformed shape of a wrinkled square cup. Then, the
wrinkling can be controlled by BHF. If BHF is too large, the
wrinkling is reduced but necking may occur in the wall of the
forming product. Therefore, when BHF is fixed, wrinkling can
be controlled by the blank shape in the first stage of Fig. 3
although the impact is not very large. In the second stage,
RSM is used to determine BHF and DBRF and the objective
is to minimize the wrinkle. As illustrated in Fig. 3, the two
stages are repeatedly used until the convergence criterion is
satisfied. It is noted that BHF and DBRF are coupled. They
are independently considered in this research. Since those
variables are simultaneously considered as design variables in
the second stage (RSM), the decision of a variable is depend-
ent on the decision of the other variable. Therefore, they are
not independently determined.

The formulation of the RSM to optimize the process pa-
rameters is as follows:

Find b, (h=16,17,18) (26a)
to minimize s, (26b)
subjectto —-03<D, <03 (w=l2,3,---,51) (26¢)
£ <—0.626¢,” +0.552¢, +0.312 (26d)

(if €,20.0)
£ <-5+0312 (if & <0.0) (26¢)

where b, b, and b, are the design variables of the proc-
ess parameter and they are BHF, DBRF and DBL, respec-
tively. As mentioned earlier, the commercial software LS-
OPT is utilized to solve the problem of Eq. (26) [26]. The
FLD constraint in LS-OPT uses real FLC of material. There-
fore, the interpolated curves, which are used in ESLSO, are
not used in RSM. The objective function and the constraint for
the plane shape are equal to those of ESLSO.

The convergence criterion of ESLSO is defined as 0.01 and
the convergence criterion of RSM is defined as 0.03. The total
optimization process converges in the 3rd cycle. The history
of the optimization results is shown in Table 5. The objective
function decreases from -40.033 to -57.088 and the constraint
violation decreases from 18343.0% to 0.0%. Figs. 16 and 17
show the results of the initial model and the optimum model.
Fig. 16 presents the initial and deformed blank shapes of the

Table 5. History of the optimization results of the square cup.

Structural
Process parameter
parameter
) — o The number
Design Infinite Objective
. of nonlinear
cycle Data DBL DBRF BHF norm of function
. . analyses
point (mm) | (Nmm) (kN) the design
variables
Initial 30.00 | 10000 | 15.00 1.000
#1
30.00 100.00 15.00 0.0013 1.052 9
ESLSO
Tter. 1 -
. 10.00 50.00 15.00 0.535
#1 point 7 .
RSM Opt '
K 16.12 50.00 14.63 0.616
point
#2
10.00 50.00 15.00 0.0066 0.500 20
ESLSO
Tter. 6 —
. 11.70 50.00 16.47 0.419
#2 point 3
97
RSM Opt.
12.83 50.00 16.87 0.430
point
#3
11.70 50.00 16.47 0.0049 0.465 21
ESLSO
Tter 1 -
11.70 50.00 16.47 0.465
#3 point 1
33
RSM Opt
K 10.00 54.09 15.08 0.576
point
[+ B
s
AY
N
~
~
= -~ —
Target

& ) T line
X 90mm

1) Before forming i1) After forming

(a) Initial model

Target
line

95.4mm
1) Before forming 11) After forming

(b) Optimum model

Fig. 16. The initial blank shape and the deformed blank shape of the
square cup.

initial and the optimum models. Fig. 17 illustrates the maxi-
mum major strain contour for the FLC and the FLD of each
model.

5. Conclusions

The optimization process of sheet metal forming, which has
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Fig. 17. The result contours and FLD of the initial model and the opti-
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geometric, material and boundary nonlinearities in finite ele-
ment analysis, is nonlinear dynamic response optimization.
The final shape after the forming process is affected by the
structural and the process parameters. These parameters have
been generally optimized using an interpolation method, a
probabilistic method, an approximation method, etc. However,
it is quite difficult to optimize both the structural and the proc-
ess parameters simultaneously because the number of design
variables is large and errors may increase. A design method is
proposed to optimize both parameters by using ESLSO and
RSM.

ESLSO can be applied to nonlinear dynamic response op-
timization using the linear static response optimization tech-
nique. The design variables, which can be used in linear static
response optimization, can only be considered in ESLSO.
Typically, structural parameters are such variables. On the
other hand, the process variables, which cannot be used in
linear static response optimization, are optimized using RSM.
That is, ESLSO is used to optimize the structural parameters
and RSM is used to optimize the process parameters. The two
optimization processes proceeds iteratively until the conver-
gence criteria are satisfied.

Material failure, which influences the quality of the final
product, is considered in the optimization of the sheet metal
forming process. However, ESLSO using the ESLs for the
displacement cannot be directly utilized because material fail-
ure is the function of the nonlinear strain. Therefore, the ESLs
for the nonlinear strain are proposed and the nonlinear strains
from nonlinear dynamic analysis are considered using these
ESLs in linear static response optimization of ESLSO. Two
examples are successfully solved by using the proposed me-

thod. However, various nonlinear conditions are not yet con-
sidered. Also, the objective and constraint functions which
have practical meanings should be considered later. Extension
of the current research is required to solve such problems.
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Nomenclature

b : Design variable vector

C : Damping matrix

D,  :Distance between the target line and the deformed

position at the wth edge node

E : Young’s modulus

E : Modified Young’s modulus

E’ : Modified Young’s modulus for the ith finite element

f : External load vector

f : Final step (superscript)

: Equivalent static load vector for the displacement

: Equivalent static load vector for the nonlinear strain

at the final step

: Constraint

: Stiffness matrix

: Linear stiffness matrix

: Modified stiffness matrix

: Cycle number

: Linear static analysis

: Lower bound (Superscript)

: Total number of the time steps for the numerical

integration points

: Mass matrix

: Number of constraints

: Expected value of the radii of the sampled nodes

: Nonlinear dynamic response analysis

: Number of design variables

: Lankford value

: Radius of the r th sampled node

: Target radius of the flange edge after the forming

process

: Standard deviation of the radii of the sampled nodes

: Standard deviation of the z-direction displacement of

the sampled nodes

: Time

: Upper bound (Superscript)

X : Coordinate of the deformed position in the x-
direction at the wth edge node after the forming
process

Vo : Coordinate of the deformed position in the y-
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direction at the wth edge node after the forming
process

z : Nodal displacement vector

z : Nodal velocity vector

Z : Nodal acceleration vector

z : Expected value of the sampled nodes

z, : Displacement in the z-direction of the kth sampled
node

£ : Effective strain

£ : Linear von-Mises strain

& : Major strain

£, : Minor strain

: : Convergence parameter

v : Poisson’s ratio

o : Effective stress

o, : Linear von-Mises stress
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