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Abstract Blank holder force (BHF) is one of the important
process parameters for successful sheet metal forming.
Variable blank holder force (VBHF) that the BHF varies
through the forming process is recognized as an advanced
forming technology. It has also been reported that segmented
VBHF (S-VBHF) is valid to a complex shape forming, but the
optimal S-VBHF trajectories are rarely discussed and used. In
addition to BHF, blank shape has an influence on the product
quality. The blank shape minimizing the earing is still an im-
portant issue in sheet metal forming. Simultaneous optimiza-
tion of both S-VBHF trajectories and blank shape is one of the
crucial issues in industries. This paper proposes a method to
simultaneously optimize both the segmented VBHF

trajectories and the blank shape. Numerical simulation in sheet
metal forming is so intensive that a sequential approximate
optimization (SAO) using a radial basis function (RBF) net-
work is adopted for the simultaneous design optimization.
Based on the numerical result, the experiment using the AC
servo press (H2W300, Komatsu Industry Corp.) that can con-
duct the optimal S-VBHF trajectories is carried out. It has
been confirmed from the numerical and experimental result
that the proposed approach is valid.

Keywords Deep drawing . Blank shape . Segmented variable
blank holder force trajectories . Numerical simulation .

Sequential approximate optimization

1 Introduction

Sheet metal forming is one of the important industrial technolo-
gies for producing light weight products with high productivity.
There are many parameters for successful sheet forming such as
lubrication, blank holder force (BHF), blank shape, and die ge-
ometry. Large blank shape generates large flange part called ear-
ing, which is wasted by trimmed off. Since blank shape directly
affects the material cost, it is important to determine an optimal
blankshapeminimizingtheearing. Inadditiontotheblankshape,
BHF has an influence on the product quality. High BHF leads to
tearing, whereas low BHF results in wrinkling. The BHF for
successful sheet forming is mainly determined by the trial and
error method, and a constant BHF throughout the forming pro-
cess is widely used.

Obermeyer andMajlessi suggested that variable blank holder
force (VBHF) that controlled the BHF during forming process
was one of the effective approaches for successful sheet forming
[1]. It is very difficult and time-consuming to determine the
VBHF trajectory for successful sheet forming through
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experiments,andoneof theeffectiveapproaches todetermine the
VBHF trajectory is to use numerical simulation. Let us briefly
reviewseveral representativeapproaches todetermine theVBHF
trajectory in deep drawing. Hsu et al. developed a closed-loop
type algorithm [2], in which both the punch force and the BHF
werewell controlled for successful sheet forming.Thevalidityof
the closed-loop type algorithmwas examined through the exper-
iment.Manabe et al. also proposed a closed-loop type algorithm
to control punch speed and BHF [3], in which fuzzy controller
was developed to control the BHF. In their system, the database
that experimental results were stored was used to control the
BHF, and the system depended on the database. Sheng et al.
developed an algorithm for the VBHF using a proportional and
integral (PI) controller [4]. By adjusting these gain coefficients,
the VBHF trajectory was determined. Lo and Yang also devel-
oped an algorithm incorporating the proportional, integral, and
derivative (PID) controller [5]. Similar approach incorporating
thePIDcontrollerhasbeenreportedbyLinetal. [6].Yagamietal.
developedanalgorithmtocontrol theBHFeliminatingwrinkling
[7]. In their work, at first, a low BHF was applied. When the
wrinkling was observed, a high BHF was used to eliminate the
wrinkling. A low BHFwas then applied again. By iterating this
process, a successful forming was conducted. Kitayama et al.
developed a simple closed-loop type algorithm for the VBHF
considering the thickness deviation during forming process [8],
and the validity of the proposed algorithm was confirmed
through the experiments using an AC servo press (H1F150,
Komatsu Industry Corp.). Unlike above papers, Wang et al. de-
termined S-VBHF trajectories for a rectangle box deep drawing
[9], in which their proposed algorithm using PID controller was
extended to the S-VBHF trajectories. This paper suggests that S-
VBHF trajectories are valid to more complex shape for success-
ful sheet metal forming.

Due to the recent advance of design optimization technique
coupled with machine learning, several papers using response
surface method (RSM) have been published on the determi-
nation of VBHF trajectory in deep drawing. In particular, a
sequential approximate optimization (SAO) that the response
surface is repeatedly constructed and optimized by adding
new sampling points has been recognized as an attractive ap-
proach. Jakumeit et al. determined an optimal VBHF trajecto-
ry by the SAO using the Kriging [10], in which four objective
functions (wrinkling, tearing, maximum thinning, and
springback) were minimized with the weighted sum. Wang
et al. determined an optimal VBHF trajectory in deep drawing
[11], in which the thickness deviation and the risk of both
wrinkling and tearing were minimized. The forming limit di-
agram (FLD) was used to evaluate the risk of both wrinkling
and tearing. Kitayama et al. determined the optimal VBHF
trajectory of square cup deep drawing using the SAO with a
radial basis function (RBF) network [12], in which the thick-
ness deviation was minimized under the wrinkling and tearing
constraints. The effect of VBHF trajectory is mainly discussed

on springback reduction, and several approaches are well
summarized in ref. [13]. Manoochehri and Kolahan adopted
an artificial neural network (ANN) to predict the thinning of
blank and optimized the process parameters such as die radius,
punch radius, blank holder force, and frictional conditions by
using the simulated annealing [25]. Then, they reported that
the minimum thinning was well improved by using the opti-
mal process parameters. Note that this paper does not adopt
VBHF approach. Hosseini and Kadkhodayan introduced the
concept of blank holder gap (BHG) profile [26], which con-
trolled the distance between blank holder and die by the BHF.
To determine the optimal BHG profile, neural network and
simulated annealing were used. They confirmed through nu-
merical simulation that the optimal BHG profile could pro-
duce the desired blank thickness. To control the BHG, VBHF
approach was practically adopted. Meng et al. developed an
active blank holder control system driven by a servo-motor
[27], in which an elastomer was employed and the BHF could
be controlled by changing the servo-motor speed actively. In
addition, a fuzzy logic controller was developed to control the
punch speed. Kitayama et al. identified the formability win-
dow of a difficult-to-draw material by using pulsating BHF
and VBHF [28], in which the punch stroke was maximized
under tearing and wrinkling constraints. In the pulsating BHF,
the amplitude of the vibration, the frequency, the time, and the
phase were optimized, whereas the VBHF trajectory was also
optimized according to ref. [12]. Mostafapour et al. adopted
pulsating blank holder force approach to control the material
flow into die [29], in which the relationship between drawing
depth and input variables (frequency of blank holder, ampli-
tude of blank holder movement, and velocity of punch move-
ment) was investigated. The results showed that the pulsating
blank holder could increase significantly the limiting drawing
ratio (LDR) of deep drawing process about 11.53%, compar-
ison with static one. Ozturk et al. proposed a method to deter-
mine optimal profiles of hydraulic pressure and blank holder
force [30], in which an adaptive finite element analysis meth-
od coupled with fuzzy control algorithm was developed. The
optimal loading profiles could improve the LDR of AA 5754-
O sheet material. This result indicates that VBHF trajectory
will be useful for improving the LDR. One of our targets is to
determine the VBHF trajectory in deep drawing, and the de-
tailed approaches for springback reduction are then not de-
scribed in this paper. Numerical simulation in deep drawing
is generally so intensive that it is preferable to determine the
VBHF trajectory with a small number of simulations. In gen-
eral, closed-loop type algorithms for the VBHF trajectory re-
quire a large number of simulations, and the SAO approach
can determine it with a small number of simulations. Then, we
adopt the SAO approach.

Finally, let us briefly reviewblank shapeoptimization.Unlike
research on VBHF trajectory, this research topic is one of the
classical and important issues in deep drawing. In blank shape
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optimization in deep drawing, it is important to determine an
optimal blank shape minimizing earing. It is difficult to review
all papers, and the representative ones are reviewed. Park et al.
proposedamethodfordeterminingoptimalblankshapeusingthe
geometrical shape error (GSE) [14], in which the finite element
analysis (FEA) was repeatedly carried out until the GSE value
becamevery small. TheGSE iswidelyused for optimizingblank
shape designs, and Wang et al. [15], Vafaeesefat [16], and Fazli
and Arezoo [17] adopted it for determining the optimal blank
shape design in deep drawing. Oliveira et al. indicated that GSE
couldnotdeterminewhether the finite elementnodesof theblank
were insideoroutside the targetcontour [18].Theythenproposed
a target shape error (TSE), which quantified the magnitude of
deviation of the flange contour from the required target contour.
It is possible to determine anoptimal blank shapeminimizing the
earing by using the GSE and TSE, but a closed-loop type algo-
rithm should be developed. As described above, a closed-loop
type algorithm for blank shape optimization also requires a large
numberofsimulations.Todetermineanoptimalblankshapewith
a small number of simulations, the SAO is adopted. Hino et al.
used a RSM for determining the optimal blank shape in deep
drawing [19], in which earing was minimized under two design
constraintswithaconstantBHF.Naceuretal.usedamoving least
square approximation to determine an optimal blank shape [20],
in which seven control points (nodes of the blank) were taken as
thedesignvariables.Liu et al. optimized apolygonal blank shape
by using support vector regression (SVR) [21], in which the risk
of tearing/wrinkling was approximated and five control points
were taken as the design variables. Xiao et al. proposed a blank
dimension method considering energy consumption, machine
cost, and process time, inwhich amulti-objective design optimi-
zation using the non-dominated sorting genetic algorithm-II
(NSGA-II) was solved [31]. They showed that the blank dimen-
sions could be calculated from the cutting depth of minimum
energy consumption and workpiece dimension. It is found from
above brief review that the RSM approach to determine an opti-
mal blank shape has recently been developed and recognized as
one of the important methodologies in deep drawing.

The representative papers are listed in Table 1, from which
we can find that the following issues should be resolved:

1. VBHF approach is still an important forming technology.
Due to the recent advance of press machine such as servo
press [22], the experiment using VBHF trajectory can be
conducted. However, S-VBHF trajectories are rarely
discussed and used. As described in ref. [9], the S-
VBHF trajectories will be valid to more complex shape.
It is important to propose a method to determine the opti-
mal S-VBHF trajectories.

2. Blank shape also affects the product quality as well
as the material cost. In deep drawing, it is important
to determine an optimal blank shape minimizing ear-
ing. Numerical simulation in sheet metal forming is

so intensive that the iterative approach using GSE
and TSE is not preferable. In order to determine the
optimal blank shape minimizing earing with a small
number of simulations, the SAO is much suitable.
We have developed the SAO system using the RBF
network [23], and this is used as the design optimi-
zation tool.

3. It is found from Table 1 that optimization of VBHF
trajectory and blank shape optimization are separate-
ly performed. Therefore, the blank shape is not taken
into account in the papers on VBHF, whereas a con-
stant BHF is used in the papers on blank shape. In
addition, optimization of S-VBHF trajectories is rare-
ly discussed and used. In this paper, the simultaneous
design optimization of S-VBHF trajectories and
blank shape using the SAO is performed. Based on
the numerical result, the experiment using a servo
press (H2W300, Komatsu Industry Corp.) is carried
out in order to examine the validity of the proposed
approach.

The rest of this paper is organized as follows: In the “Finite
element analysis model and validation” section, the FEAmod-
el is described. In the “Simultaneous optimization of blank
shape and S-VBHF trajectories” section, the simultaneous op-
timization of both segmented VBHF trajectories and blank
shape is formulated. The numerical result is shown in the
“Numerical and experimental result” section. In order to ex-
amine the validity of the proposed approach, the experiment is
carried out.

2 Finite element analysis model and validation

2.1 Finite element analysis model

Our target product is a food-type tray, and the punch and the
blank holders are shown in Fig. 1. Various blank holder forces
(BHFs) can be applied to two blank holders. To develop the
FEA model, the experiments using several constant BHFs
were performed. However, in all experiments, the wrinkling
and tearing can be observed. Then, by using these experimen-
tal results, the FEA model was developed.

The FEAmodel is shown in Fig. 2, inwhich the symbol nelm
denotes the number of finite elements. For the symmetry, only a
halfmodel isused.The total stroke is set to75mm. It is clear from
Fig. 2 that two blank holders (blank holder1 and blank holder2)
are modeled, and two BHFs (BHF1 and BHF2) are applied to
positive z-direction. The punch is fixed, and the die drops to the
negativez-directionwith8700mm/s.Note that thevelocityof the
die with 8700 mm/s is used to shorten the computational time
(mass scaling is not used).We have already confirmed that there
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Table 1 Representative papers of VBHF trajectory and blank shape optimization

Topic Ref. Author(s) Year Approach Wrinkling/tearing criterion

VBHF 2 Hsu et al. 2000 Closed-loop Not clearly described

3 Manabe et al. 2002 Closed-loop using fuzzy
controller

Wrinking: distance between die
and blank holder

Tearing: maximum thinning

4 Sheng et al. 2004 Closed-loop using PI controller Wrinking: distance between die
and blank holder

Tearing: maximum thinning

5 Lo and Yang 2004 Closed-loop PID controller Wrinking: distance between die
and blank holder

Tearing: maximum thinning

6 Lin et al. 2007 Closed-loop using PID
controller

Wrinking: distance between die
and blank holder

Tearing: maximum thinning

7 Yagami et al. 2007 Closed-loop Wrinking: distance between die
and blank holder

Tearing: not considered

9 Wang et al. 2007 Closed-loop Wrinking: distance between die
and blank holder

Tearing: maximum thinning

8 Kitayama et al. 2010 Closed-loop Wrinking: distance between die
and blank holder

Tearing: maximum thinning

10 Jakumeit et al. 2005 SAO using Kriging Wrinking: distance between die
and blank holder

Tearing: maximum thinning

11 Wang et al. 2008 SAO using polynomial FLD is used to evaluate the
wrinkling and tearing

12 Kitayama et al. 2012 SAO using RBF network FLD is used to evaluate the
wrinkling and tearing

26 Hosseini and
Kadkhodayan

2014 Neural network and
simulated annealing

Wrinking: distance between die
and blank holder

Tearing: maximum thinning

27 Meng et al. 2016 PID controller using
fuzzy logic

Not discussed.

28 Kitayama et al. 2016 SAO using RBF network FLD is used to evaluate the
wrinkling and tearing

Blank shape 14 Park et al. 1999 Closed-loop using GSE.
A constant BHF is used.

After forming, FLD is used to
check the wrinkling

and tearing.

15 Wang et al. 2009 Closed-loop using GSE.
A constant BHF is used.

Not considered.

16 Vafaeesefat 2011 Closed-loop using GSE.
A constant BHF is used.

Not considered.

17 Fazli and Arezoo 2012 Closed-loop using GSE.
A constant BHF is used.

Not considered.

18 Oliveira et al. 2009 Closed-loop using TSE.
A constant BHF is used.

Not considered.

19 Hino et al. 2006 RSM using quadratic
polynomial (SAO is
not used).

A constant BHF is used.

Wrinkling criterion: not
considered

Tearing criterion: maximum
thinning

20 Naceur et al. 2008 RSM using quadratic polynomial FLD is used to evaluate the
wrinkling and tearing

21 Liu et al. 2013 RSM using SVR (SAO is not used).
A constant BHF is used.

FLD is used to evaluate the
wrinkling and tearing

31 Xiao et al. 2016 NSGA-II Not considered.
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wasnostrainratedependencyduringdevelopingtheFEAmodel.
The rigid element is used to the punch, the die, and the blank
holders. SUS304 is used as the blank, and the Belytschko-Tsay
shell type element with nine integration points across the thick-
ness isusedfor theblankin thenumerical simulation.Thefriction
coefficient and thepenaltycoefficient for contact in the interfaces
(blank/punch, blank/blank holder, and blank/die) are set to 0.10
and 0.15, respectively. Thematerial property is listed in Table 2.
LS-DYNA, which is one of the dynamic explicit FEA codes, is
used in the numerical simulation.

2.2 Validation of finite element analysis model

The validity of FEAmodel is examined. Both the dimensions and
theforminglimitdiagram(FLD)areusedtoexamine thevalidityof
the FEAmodel. As shown in Fig. 3, five dimensions (A, B, C, D,
andE)areselected toexamine thedimensionaccuracy.Thefollow-
ing three cases are tested for thevalidationof theFEAmodel: (case
1) BHF1 = BHF2 = 40 kN are appl ied. (Case 2)

BHF1 = BHF2 = 60 kN are applied, and (case 3)
BHF1 = BHF2 = 120 kN are applied. The numerical and experi-
mental results are showninFig.4andTable3.Note that thedimen-
sion errors are listed in Table 3. It is found from Fig. 4 that many
finite elements are plotted in the wrinkling region with 40 kN and
the wrinkling condition with 60 kN is improved. Finally, several
finite elements are plotted in the tearing region with 120 kN. In
particular, as shown in Fig. 4c, these plots in the numerical simula-
tionagreewellwiththeexperimentalresult. InadditiontotheFLDs,
as listed in Table 3, the dimension errors are small. It is confirmed
from these results that the FEAmodel shown in Fig. 2 is valid.

3 Simultaneous optimization of blank shape
and S-VBHF trajectories

3.1 Objective function

The objective of this paper is to determine both the optimal
blank shape minimizing the earing and the S-VBHF trajecto-
ries simultaneously.

First, let us explain about the objective function using
Fig. 5, in which the solid line represents the exact shape
and the dashed line the trimmed contour, respectively. As
shown in Fig. 5, the trimmed contour is set to 15 mm
from the exact shape. In this paper, the area above the

Punch

Blank holder1

Blank holder2

Fig. 1 Punch and blank holders

z

x

y
BHF1

Die (Rigid,nelm: 6061)

Blank

(Shell,nelm: 41580)

Blank holder1

(Rigid,nelm: 2344)

Blank holder2

(Rigid,nelm: 1540)

Punch(Rigid,nelm: 6544)

BHF2

Fig. 2 Finite element analysis model

Table 2 Material property of SUS304

Full blank size [mm]
(Thickness × Length × Width)

0.80×650×380

Density: ρ [kg/mm3] 7.93 × 10−6

Young’s modulus: E [MPa] 2.13×105

Poisson’s ratio: ν 0.26

Yield stress: σY [MPa] 294

Normal anisotropy coefficient: r 1.00

Strain hardening coefficient: N 0.47

Friction coefficient 0.15

Penalty coefficient for contact 0.10

Number of integration points
across the thickness (blank)

9

Exact shape

A

B

E

D C

Fig. 3 Dimension accuracy
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trimmed contour is simply defined as the earing and is
taken as the objective function to be minimized.

3.2 Design variables

Let us explain about the design variables. The design
variables x consists of two parts: for the blank shape xS
and for the S-VBHF trajectories xT. The design variables
can then be described as x = (xS, xT)

T. First, let us ex-
plain about xS. For the blank shape, the six control nodes
denoted by black circles in Fig. 6 are taken as the design
variables.

Nodes 1 and 6 move along the horizontal line (x-axis),
and nodes 3 and 4 move along the vertical line (y-axis),
respectively. In addition, nodes 2 and 5 move along the
vertex of the initial blank shape. Considering the blank
cutting with a laser processing, these nodes are connect-
ed by straight line, and the optimal blank shape is then
determined. The design variables for the blank shape are
represented as follows:

xS ¼ s1; s2;⋯; s6ð Þ ð1Þ

Next, let us explain about xT. From the mechanical require-
ment to keep a balance between the blank holders, the follow-
ing condition between the BHF1 and BHF2 is imposed:

BHF1 ¼ αmax � BHF2 or BHF2 ¼ αmax � BHF1ð Þ ð2Þ

where αmax(>1) is the coefficient which restricts the min-
imum and maximum BHF, and is a constant value.
Equation (2) indicates that the minimum and maximum
BHF completely depends on the other BHF. Concretely,
let us consider a case where αmax is set to 1.2. In this
case, it is impossible to apply BHF1 = 30 kN and
BHF2 = 70 kN. To keep the balance between the blank
holders, the range of BHF2 should be set from
25 kN(=30/1.2) to 42 kN under BHF1 = 30 kN and vice
versa (the range of BHF1 should be set from 58.3(=70/
1.2) to 84 kN under BHF2 = 70 kN). Under this condi-
tion, a method to determine the S-VBHF trajectories is
developed. To meet the mechanical requirement, we first-
ly consider the VBHF trajectory of blank holder1. After
that, we consider the VBHF trajectory of blank holder2.
First, as shown in Fig. 7, the total stroke is partitioned
into M sub-stroke steps for the VBHF trajectory of the
blank holder1 in Fig. 2, and the BHFs of each sub-stroke
step are then taken as the design variables. In addition,
the sub-stroke steps denoted by L1 , L2 , ⋯ , LM − 1 are
taken as the design variables. In Fig. 7, BHF1 . k

(k= 1 , 2 , ⋯ ,M) indicates the BHF of the blank holder1
at k-th sub-stroke step.

Next, let us consider the other VBHF trajectory
(BHF2 , k, k= 1 , 2 , ⋯ ,M) of the blank holder2. Equation
(2) indicates that the VBHF trajectory of the blank holder2
should be set within the gray area in Fig. 7. Then, the
following equation is used to set the VBHF trajectory of
the blank holder2 within the gray area.

BHF2;k ¼ BHF1;k � βk k ¼ 1; 2;⋯;M ð3Þ

where βk is the design variables to meet the requirement
of Eq. (2) and the range is given as follows:

1

αmax
≤βk ≤αmax k ¼ 1; 2;⋯;M ð4Þ

Wrinkling region

Tearing region

0.6

0.8

1.0

Thickness [mm]
z

x

y

(a) Case1 (BHF1=BHF2=40 kN)

Wrinkling region

Tearing region

0.6

0.8

1.0

Thickness [mm]z

x

y

(b) Case2 (BHF1=BHF2=60 kN)

Tearing region

Wrinkling region

0.6

0.8

1.0

Thickness [mm]

Tearing

Elements of 

tearing region

z

x

y

(c) Case3 (BHF1=BHF2=120 kN)

Fig. 4 FLDwith numerical results and experimental results in all cases. a
Case 1 (BHF1 = BHF2 = 40 kN). b Case 2 (BHF1 = BHF2 = 60 kN). c
Case 3 (BHF1 = BHF2 = 120 kN)

Table 3 Dimension
errors [%] in all cases A B C D E

Case 1 1.9 4.8 2.9 3.9 3.6

Case 2 0.9 5.2 4.5 1.0 5.5

Case3 0.3 0.7 3.0 1.8 0.0
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Note that βk is unknown in advance and this is taken as the
design variables. As the result, the design variables for the S-
VBHF trajectories xT are represented as follows:

xT ¼
�
BHF1;1;BHF1;2;⋯;BHF1;M|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

VBHF1

; β1;β2;⋯; βM|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
VBHF2

; L1;L2;⋯; LM−1

�
T|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Stroke−steps

ð5Þ
Totally, the design variables x can be given as follow:

x ¼ xS ; xTð ÞT
¼
�
s1; s2;⋯; s6|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
Blank shape

; BHF1;1;BHF1;2;⋯;BHF1;M|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
VBHF1

; β1;β2;⋯;βM|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
VBHF2

; L1; L2;⋯;LM−1

�
T|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Stroke−steps

ð6Þ

3.3 Design constraints

Finally, let us describe the design constraints. Tearing and
wrinkling are major defects, and they should be strongly
avoided for successful forming. They are then considered as
the design constraints. The FLD is used to numerically eval-
uate the tearing (g1(x)) and wrinkling (g2(x)). The strains in
the formed finite element are plotted in the FLD, as shown in
Fig. 8. The forming limit curve (FLC) in Fig. 8 was defined in
the principal plane of logarithmic strains proposed by Hillman
and Kubli [24].

ε1 ¼ φT ε2ð Þ ε1 ¼ φW ε2ð Þ ð7Þ

where φT is the FLC that controls tearing, and φW is the FLC
that controls wrinkling. Then, the following safety FLC is
defined:

θT ε2ð Þ ¼ 1−sð ÞφT ε2ð Þ
θW ε2ð Þ ¼ 1þ sð ÞφW ε2ð Þ

�
ð8Þ

where s represents the safety tolerance, and is defined by the
engineers (in this paper, s is set to 0.1). If an element comes to
or lies above FLC, it is assumed that a risk of tearing can be
observed. Similarly, a risk of wrinkling can be assumed if an
element lies in the wrinkling region. By using the following
equations, the tearing and wrinkling are numerically
evaluated:

Earing

Exact shape

15

15 15

15

Trimmed line
Exact shape

Fig. 5 Illustrative example of objective function

1
9

0

650

s1

s2 s3

s6

s5

15

15

15

Unit [mm]

Trimmed line
Initial blank shape

Exact shape

15

1

2

3 5

6

4

s4

Fig. 6 Design variables for blank shape
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]
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,1
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,2
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F 1

,M
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For tearing

g1 xð Þ ¼
X nelm

j¼1
T j

� �1=p
T j ¼ ε j1−θT ε j2

� 	� 	p
ε j1 > θT ε j2

� 	
T j ¼ 0 otherwise



ð9Þ

For wrinkling

g2 xð Þ ¼
X nelm

j¼1
W j

� �1=p
W j ¼ θW ε j2

� 	
−ε j1

� 	p
ε j1 < θW ε j2

� 	
W j ¼ 0 otherwise



ð10Þ

Based on the literature [11, 12], p is set to 4.Also, nelm repre-
sents the number of finite elements of the blank.

Next, let us explain about the third design constraint g3(x). As
shown in Fig. 9, the area below the trimmed contour is generated
with undesirable blank shape. It is strongly required that the area

below the trimmed line should not be generated. To meet this
designrequirement, theareabelowthe trimmedcontour isdirectly
taken as the third design constraintg3(x). Note that the area above
the trimmedcontour isalwaysevaluatedandtakenas theobjective
function.When the area below the trimmed contour is not gener-
ated, zero is assigned to g3(x).

3.4 Procedure for simultaneous optimization using
sequential approximate optimization

The procedure for the simultaneous design optimization of
blank shape and S-VBHF trajectories is described in this sec-
tion. To perform the simultaneous design optimization, the
SAO using the RBF network is used. The detailed procedure
of the SAO using the RBF network is described in Appendix,
and only the procedure is described.

Step 0: Assume that the number of sampling points ism. The
initial sampling points are determined by using the
Latin hypercube design (LHD).

Step 1: Numerical simulation is carried out at sampling
points, and the objective function (the area above
the trimmed contour) and the design constraints
(tearing: g1(x), wrinkling: g2(x), and the area below
the trimmed contour: g3(x)) are evaluated. Then, the
response surface of the objective function and the
design constraints is constructed and optimized.

Step 2: If the terminal criterion is satisfied, the SAO algo-
rithm using the RBF network will be terminated.
Otherwise, to improve the local accuracy, the opti-
mal solution is added. At this point, the total number
of sampling points is updated as m:=m + 1.

Earing (Objective function)

Design Constraint( g3(x))

Trimmed line

Fig. 9 Illustrative example of area below trimmed contour

End

m initial sampling points are generated by the LHD.

Numerical simulation is carried out at the sampling points.

Response surface is developed and optimized.

The optimal solution is added as a new sampling points.

The number of sampling points is updated as m:= m+1

Terminal criterion

count = 1

The density function D(x) is constructed from m sampling points. 

D(x) is optimized.

The optimal solution of D(x) is added as the new sampling point. 

The total number of sampling points is updated as m:=m+1

count < int(n/2)count := count + 1

Yes

No

Yes

No

STEP 0

STEP 1

STEP 2

STEP 3

Fig. 10 Procedure of SAO using
RBF network
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Step 3: The density function to explore an unexplored region
is constructed and optimized. The optimum of the
density function is taken as the new sampling point,
and the number of sampling points is updated as
shown in Fig. 10, where the parameter count is in-
troduced in this phase. This parameter controls the
number of sampling points that can be obtained by
the density function. Thus, in the proposed algo-
rithm, the number of sampling points by the density
function varies according to the number of design
variables. If the parameter count is less than int(n/
2), this parameter is increased as count = count + 1.
The terminal criterion in this stage is given by int(n/
2), where int() represents the rounding-off. By the
iterative use of density function, it is expected to
distribute the sampling points uniformly. As the re-
sult, global approximation can be achieved. The de-
tailed procedure to construct the density function is
described in Appendix. Then, the SAO algorithm
will return to step 1.

The procedure is summarized in Fig. 10, where the differ-
ential evolution (DE) is used as the optimizer.

4 Numerical and experimental result

First, the numerical result is reported. Based on the numerical
result, the experiment using AC servo press (H2W300,
Komatsu Industry Corp.) is carried out. The total stroke is
partitioned into three sub-stroke steps, and the lower and

upper bounds of the design variables are set as follows:

19 mm½ �≤s1≤45 mm½ � 30 mm½ �≤s2≤60 mm½ � 48 mm½ �≤s3≤70 mm½ �
75 mm½ �≤s4≤120 mm½ � 48 mm½ �≤s5≤90 mm½ � 45 mm½ �≤s6≤63:5 mm½ �

�
ð11Þ

10 mm½ �≤L1≤45 mm½ � 50 mm½ �≤L2≤73 mm½ �
40 kN½ �≤BHF1;k ≤140 kN½ � 1

1:3
≤βk ≤1:3 k ¼ 1; 2; 3

)
ð12Þ

Equation (10) represents the lower and upper bounds
for the blank shape, and Eq. (11) represents the one for
the S-VBHF trajectories. Note that αmax in Eq. (2) is set
to 1.3 for the mechanical requirement of AC servo press.
In this paper, the error at the optimal solution is adopted
as the terminal criterion, which is set to 5.0%.

One single simulation in LS-DYNA costs about
45 min using a Core i7-4770 CPU 3.4GHz with four
cores. Thirty-five initial sampling points are generated
by the LHD, and the SAO using the RBF network is
performed. Finally, we could obtain the optimal solution
with 63 sampling points. In other words, in order to
obtain the optimal solution, 63 simulations are required.
The optimal blank shape and S-VBHF trajectories are
shown in Figs. 11 and 12. The FLD at the optimal solu-
tion is also shown in Fig. 13, from which it is found that
no tearing and wrinkling can be observed. It is found
from Fig. 12 that S-VBHF trajectories cross through the

Initial blank shape

Optimal blank shape

Exact shape

Blank 

holder1

Blank 

holder2

Trimmed line

Forming

Fig. 11 Optimal blank shape and deformed shape in numerical result
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Fig. 13 Forming limit diagram at optimal solution
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forming. At the early stage of the forming, the high BHF
is applied to the blank holder1 for compressing the wrin-
kling. On the other hand, the low BHF is applied to the
blank holder2 for flowing the blank into the die. At the
early stage, the high BHF is applied to the blank holder1,
compared with the one of blank holder2. This indicates
that the risk of wrinkling of blank holder1 is higher than
that of blank holder2. To suppress the wrinkling of blank
holder1, the high BHF is applied. Let us move on to the
middle stage. At this stage, in order to avoid the tearing,
both BHFs decrease. It will be useful to apply the low
BHFs for avoiding the tearing, but the low BHFs will
cause the wrinkling. Note that the high BHF of blank
holder2 is applied at this stage. In contrast to the early
stage, the risk of wrinkling of blank holder2 will be
higher than that of blank holder1. Then, the high BHF
is applied to the blank holder2. Finally, let us consider
the final stage. At the final stage, both BHFs increase
again for avoiding the wrinkling. The risk of wrinkling
will be high at this stage, then both BHFs are high. In
contrast to the middle stage, the high BHF of blank
holder1 is applied, compared with the one of blank hold-
er2. This indicates that the risk of wrinkling of blank
holder1 is higher than that of blank holder2. As the re-
sult, the high BHF is applied to the blank holder1 again.
The optimal S-VBHF trajectories can well control the
material flow into the die, and consequently, the success-
ful sheet forming can be achieved.

Based on the numerical result, the experiment using
AC servo press (H2W300, Komatsu Industries, Corp.) is
carried out. The average die speed in the experiment is
approximately 88 mm/s. The optimal blank shape and the

deformed shape in the experiment are shown in Fig. 14.
Figure 15 shows the optimal S-VBHF trajectories in the
experiment, where the dashed line denotes the numerical
result and the solid one the experimental result. It is clear
from the experimental result that the successful sheet met-
al forming is performed. In addition, the AC servo press
shows the high performance for the S-VBHF trajectories.
The dimension errors shown in Fig. 3 are listed in
Table 4, from which the dimension errors are much small.

Readers may consider that this product can produce a
VBHF trajectory without S-VBHF trajectories. Then, we
examined whether the successful sheet forming could be
achieved or not without S-VBHF trajectories. By setting
BHF1 = BHF2, the simultaneous optimization of blank
sh a p e and VBHF t r a j e c t o r y wa s p e r f o rmed .
Unfortunately, no feasible solution could be obtained.
In other words, the optimal solution satisfying all design
constraints could not be obtained. Concretely, the wrin-
kling design constraint was always violated. To confirm
this result, the experiment is carried out. The VBHF tra-
jectory and the experimental result are shown in Figs. 16
and 17, from which it is found that the wrinkling can be
observed on the flange. Consequently, it is confirmed
that the proposed approach is valid for the successful
sheet forming.

5 Conclusion

1. In this paper, simultaneous optimization of blank
shape and segmented variable blank holder force

Forming

Fig. 14 Optimal blank shape and deformed shape in experiment
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Fig. 15 Optimal S-VBHF
trajectories in experiment

Table 4 Dimension errors

A B C D E

Numerical simulation [mm] 20.7 69.2 22.7 36.1 20.7

Experiment [mm] 22.4 71.6 20.7 31.7 19

Error [%] 7.6 3.4 9.7 13.9 8.9
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trajectories is performed. To perform the simulta-
neous optimization, the area above the trimmed line
is taken as the objective function to be minimized.
The wrinkling and tearing which are numerically
evaluated by the FLD are handled as the design con-
straints. In addition, to avoid undesirable product, the
area below the trimmed line is also taken as the
design constraint.

2. Based on the experimental results, the FEA model is
developed. The validity of the FEA model is fully
examined.

3. From the mechanical requirement to keep a balance
between the blank holders, the minimum and maxi-
mum BHF completely depends on the other BHF. A
method to meet this requirement is proposed for the
segmented variable blank holder force trajectories.

4. Numerical simulation in the sheet metal forming is
so intensive that the sequential approximate optimi-
zation using the radial basis function network is
adopted for the simultaneous design optimization. It
is found from the numerical result that the optimal S-
VBHF trajectories cross through the forming. The
optimal S-VBHF trajectories can well control the ma-
terial flow into the die, and consequently, the suc-
cessful sheet forming can be achieved.

5. Based on the numerical result, the experiment using
the servo press (H2W300, Komatsu Industry Corp.)
that can conduct the segmented variable blank holder
force trajectories is carried out. Through the numeri-
cal and experimental result, the validity of the pro-
posed approach is confirmed.

Appendix

Sequential approximate optimization (SAO) using a radial
basis function (RBF) network is described in this appendix.
In particular, the RBF network is used throughout the SAO
procedure. The RBF network and the density function are
briefly described.

Radial basis function network

The RBF network is a three-layer feed-forward network. The
response surface using the RBF network is given by

y xð Þ ¼
X m

j¼1
wjK x; x j

� 	 ðA1Þ

wherem denotes the number of sampling points,K(x, xj) is the
j-th basis function, and wj denotes the weight of the j-th basis
function. The following Gaussian kernel is generally used as
the basis function:

K x; x j
� 	 ¼ exp −

x−x j
� 	T

x−x j
� 	

r2j

 !
ðA2Þ

In Eq. (A2), xj represents the j-th sampling point, and rj is
the width of the j-th basis function. The response yj is calcu-
lated at the sampling point xj. The learning of RBF network is
usually accomplished by solving

E ¼
X m

j¼1
y j−y x j

� 	� �2
þ
X m

j¼1
λ jw2

j→min ðA3Þ

where the second term is introduced for the purpose of the
regularization. It is recommended that λj in Eq. (A3) is suffi-
cient small value (e.g., λj = 1.0 × 10−2). The necessary condi-
tion of Eq. (A3) result in the following equation.

w ¼ HTH þΛ
� 	−1

HTy ðA4Þ

where H, Λ, and y are given as follows:

H ¼
K x1; x1ð Þ K x1; x2ð Þ ⋯ K x1; xmð Þ
K x2; x1ð Þ K x2; x2ð Þ ⋯ K x2; xmð Þ

⋮ ⋮ ⋱ ⋮
K xm; x1ð Þ K xm; x2ð Þ ⋯ K xm; xmð Þ

2
664

3
775 ðA5Þ

Λ ¼
λ1 0 ⋯ 0
0 λ2 ⋯ 0
⋮ ⋮ ⋱ ⋮
0 0 0 λm

2
664

3
775 ðA6Þ

y ¼ y1; y2;⋯; ymð ÞT ðA7Þ

It is clear from Eq. (A4) that the weigh vector w can
be obtained by the matrix inversion. The following
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simple estimate is adopted to determine the width in
Eq. (A2) [23]:

r j ¼ d j;maxffiffiffi
n

p ffiffiffiffiffiffiffiffiffi
m−1n

p j ¼ 1; 2;⋯;m ðA8Þ

where n denotes the number of design variables,m the number
of sampling points, dj,max the maximum distance between the
j-th sampling point and another one in the sampling points.

Density function to find an unexplored region

In the SAO, it is important to find out the unexplored region
for global approximation. In order to find out the unexplored
region with the RBF network, we have developed a function
called the density function [23]. The procedure to construct
the density function is summarized as follows:

(D-STEP1) The following vector yD is prepared at the sam-
pling points.

yD ¼ 1; 1;⋯; 1ð ÞTm�1 ðA9Þ

(D-STEP2) The weight vectorwD of the density functionD(x)
is calculated as follows:

wD ¼ HTH þΛ
� 	−1

HTyD ðA10Þ

(D-STEP3) The density function D(x) is minimized.

D xð Þ ¼
X m

j¼1
wD

j K x; x j
� 	

→min ðA11Þ

(D-STEP4) The point minimizing D(x) is taken as the new
sampling point.

Figure 18 shows an illustrative example in one dimension.
The black dots denote the sampling points. It is found from
Fig. 18 that local minima are generated around the unexplored
region. The RBF network is basically the interpolation be-
tween sampling points: therefore, points A and B in Fig. 18
are the lower and upper bounds of the design variables of the
density function.
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