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Two-stage forming process for manufacturing micro-channels of bipolar plate as a component of a proton
exchange membrane fuel cell was optimized. The sheet materials were ultra-thin ferritic stainless steel (FSS)
sheets with thicknesses of 0.1 and 0.075 mm. For the successful micro-channel forming in the two-stage form-
ing approach, three process variables during the first stage were selected: punch radius, die radius, and forming
depth. In this study, the effect of the three process variables on the formability of ultra-thin FSSs was investi-
gated by finite element (FE) simulations, experiments, and central composite design (CCD) method. The
optimum forming process designed by the CCD showed good agreement with those by experiments and FE
simulations. The newly adopted optimization tool, CCD, was found to be very useful for optimization of process
parameters in the multi-step sheet metal forming processes. 
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1. INTRODUCTION

Of the several material candidates for metallic bipolar plates
(BPs), ferritic stainless steels (FSSs) have gained considerable
attention owing to their low stack cost compared to other met-
als, composites, and austenitic stainless steels. In addition,
they have good mechanical, electrical, and thermal properties,
and workability [1-3]. To reduce the weight of the fuel cell and
to make ferritic stainless steel sheets competitive with other
materials, the gauge thickness of the BPs should be as thin
as possible. However, the forming of an ultra-thin sheet for a BP
meets several engineering challenges [4], which include lack
of manufacturing process that can provide low cost, high
productivity, high precision and robust fabrication. These major
technical hurdles must be overcome prior to full commer-
cialization.

Multi-stage forming technology where a final product is
formed sequentially in several stamping stages has been uti-
lized to enhance formability of sheet metal parts [5-12]. This
technology can also be applied to the forming of ultra-thin
sheet material. Since the quality of the final product mostly
depends on process parameters, it is necessary to design the

most optimum forming process. This is particularly essen-
tial for the multi-stage forming which involves more param-
eters due to the increased forming step. However, the design
of the multi-stage forming process frequently relies on engi-
neer’s experience, which leads to increased cost and divergence
of design qualities [11,13,14]. To overcome this problem, in
several previous researches, optimizations of process parame-
ters for the multi-stage forming were conducted by various
approaches. For example, Abe et al. [10] conducted two-stage
cup drawing experiments and relevant finite element (FE)
simulations, in which the effect of drawing ratio and punch
corner radius on decrease in wall thickness at the first forming
stage was investigated. Optimal conditions for the two parame-
ters, i.e., the drawing ratio and the punch corner radius, were
determined by comparative study between experiment and
FE simulations. Mori et al. [6] investigated the shock line
formation on the sheet surface during the multi-stage forming
of the wheel disk for automotive applications. They simplified
the multi-stage forming for the wheel disk as a two-stage forming
consisting of deep drawing and unbending. From experiments
and complimentary FE simulations for the two-stage forming,
they concluded that an increased punch radius at the cup drawing
stage and less unbending at the second forming stage are advan-
tageous to remove the shock lines. Suh et al. [9] studied the
effects of multi-stage forming parameters for U-channel type
automobile parts made of ultra-high strength steel sheets. The
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effect of die angle and direction of punch movement were
evaluated, and these parameters were optimized by the FE
simulations. The optimization in these researches was mainly
based on the comparative studies of experiments and FE
simulations. However, this approach leads to increased num-
ber of experiments and FE simulations, which in turn increased
computational cost. In addition, this approach might be extremely
tedious as the number of design variable and forming stage
increases. 

To efficiently optimize the multi-stage forming processes,
a generic algorithm (GA) was adopted by several researchers.
Roy et al. [5] optimized process parameters such as die
geometry, area reduction ratios and the total number of forming
stages in cold wire drawing and cold forging with micro
GAs. Ko et al. [15] also used the GA approach for a multi-
stage cold heading process and investigated the effect of process
parameters relevant to the process. Tang et al. [16] optimized
tool shape in the first forming stage of a two-step axisymmetric
forming process using GA. However, GA cannot absolutely
assure if it finds a global optimum, which often happens when
the number of design variable and forming process increases.
In addition, the method is not very user-friendly if the users
are not well trained for the algorithm. Therefore, devising
efficient and user-friendly optimization technique for the multi-
stage forming while maintaining high level of accuracy is vital.

Response surface methodology (RSM) proposed by Box
and Wilson [17] is a mathematical and statistical technique
that can be used for studying the effect of several factors at
different levels. Furthermore, it helps to obtain the surface
contour that provides an efficient way for visualizing the
parameter interaction. The objective of RSM is to optimize
the response based on the investigated factors. RSM uses an
experimental design such as central composite design (CCD)
to fit a model by least square method. Appropriateness of the
model is validated using the diagnostic checking tests provided
by analysis of variance (ANOVA). The response surface plots
can be adopted to study the surfaces and locate the optimum
condition. In several industrial processes, RSM has been rou-
tinely used to evaluate the results and efficiency of the oper-
ations.

The purpose of the present study is two-fold. First, the
CCD approach will be introduced in the field of sheet metal
forming in order to optimize process parameters in the two-
stage forming process for manufacturing micro-channels.
To date, the CCD approach has been mainly applied to the field
of chemistry, biomedicine and food science where numerous
combinations of data should be examined [18-23]. Through
the current study, the feasibility and efficiency of the CCD
approach for the optimization of the forming process will be
sought. Second, the simplicity for users (mainly for field engi-
neers) and its accuracy for the optimization of the multi-stage
forming will be discussed based on the results. This study
provides optimization results in the two-stage forming pro-

cess by FE simulation in conjunction with the CCD approach.
The results will be also compared with experiments and FE
simulations. Since the current study is a preliminary work to
validate the accuracy and efficiency of the existing optimi-
zation tool, more investigation should be followed as future
work, which includes the application of the method to realistic
forming process with increased number of process parame-
ters. In this study, the number of the optimized parameters is
limited, but the main essence in terms of the theoretical pro-
cedure should be the same. 

2. TWO-STAGE FORMING PROCESSES FOR 
MICRO-CHANNEL FORMING

2.1. Material
FSS sheet samples of thickness 0.1 and 0.075 mm were

investigated. The sheet material was developed for the applica-
tion to fuel cell BP. Compared to the conventional chemical
composition of FSS, the present material contains nearly
30% Cr for this specific application. With a very strong Cr
passive layer, this material has superior corrosion resistance
required for the application to the fuel cell BP. 

Uniaxial tensile properties of the sheets measured with a
Zwick/Roell tensile testing machine are listed in Table 1.
The tests were conducted at room temperature and at a con-
stant strain rate of 0.001/s. Test specimens, prepared according
to the ASTM E8 standard, were machined with the longitu-
dinal axis aligned with the rolling direction (RD). The Swift
hardening equation  was fitted to the experi-
mental stress-strain curve as listed in Table 1. 

2.2. Two-stage forming 
Two different experimental sets for the two-stage forming

were examined; i.e., Case A and B. and the conditions are listed
in Table 2. The dimensions of the sample and micro-chan-
nel shape after a final stage are shown in Fig. 1(a) and (b),
respectively. The values of channel depth and cell pith are
not stated in Fig. 1(b) due to confidentiality issues. 

All experiments were conducted using a direct-drive digital
servo-press, ZENFormer8300DS. The displacement of a slide
is directly driven through ball screws by four servo-motors

 K  0+ 
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Table 1. Tensile properties of ferritic stainless steel sheets aligned with RD

Thickness (mm) 0.1 0.075
Elastic modulus (GPa) 200 200

Poisson’s ratio 0.3 0.3
Yield Stress (MPa) 398 427

Ultimate Tensile Strength (MPa) 546 584
Uniform Elongation (%) 20.4 21.5

Total Elongation (%) 30.3 29.1
K 1338 1082

0.01 0.009
n 0.230 0.257

0
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and controlled with linear scales attached to the four corners
of the slide. The servo-motors independently control positions
of the four corners of the slide within ±10 μm accuracy using
feed-back from the linear scales. It was decided that the best
choice was to adopt the press for the experiments due to high
precision of the press. 

Two different die sets consisting of a punch and a die cav-
ity were used. A die set with a larger punch radius was used
in the first forming stage, whereas a die set for the desired
final product design was used in the second forming stage.
The forming depth for the micro-channel was prescribed by
punch displacement. In the two-stage forming approach, a
sheet sample was pre-formed by the first die set. This pre-
formed sample was transferred to the second die set, and subse-
quent forming was conducted to produce final product. All
of the experiments were performed without lubrication, and
the slide velocity was 1 mm/s. 

2.3. Observation of cross-section
The micro-channels formed by the servo-press with the

two-stage forming scheme were examined to measure an
absolute maximum thickness strain across the micro-chan-
nel after the second forming stage,  as an indicator
of the formability throughout this study. The parts were cut,

and cross-sections of the micro-channels were polished with
sand paper. To minimize the effects caused by different machin-
ing conditions, samples were always cut at the same spot on
the formed sheet and polished the same amount. The cross-
sections of the unit micro-channels were observed by an
optical microscope.

2.4. Finite element model
A two-dimensional (2D) FE model of the micro-channel

forming is shown in Fig. 2. Here, the sheet material is not
constrained along micro-channel direction, or directions nor-
mal to x and z. The FE software ABAQUS/Standard was used
to simulate the two-stage forming process. The FE model
consists of three components: (1) a die, (2) a punch and (3)
a sheet blank. The rigid body elements were used for the
punch and die. Four channels were modeled and only half
of the blank was used considering the symmetry of the micro-
channels. 

The sheet blank was meshed with 4-node bilinear plane
strain quadrilateral elements with reduced integration (CPE4R).
The mesh size of 0.01 mm × 0.01 mm for Case A (0.1 mm
thick FSS) and 0.0075 mm × 0.0075 mm for Case B (0.075 mm
thick FSS) were used. Therefore, 10 elements through the
thickness direction were used. For computational simplicity,
isotropic elastic-plasticity was assumed for all the simula-
tions in this study. 

The die was fixed in all directions and the punch moved
following the prescribed displacement boundary condition.
The nodes located along the center edge of the sheet blank
were fixed in the x-direction of the global coordinate system

zz max

Table 2. Two sets of experiments

Case Thickness (mm) Sample dimension Channel dimension
A 0.1 Fig. 1(a) Fig. 1(b)
B 0.075 Fig. 1(a) Fig. 1(b)

Fig. 1. (a) Sample dimension for two-stage forming and (b) micro-channel dimension.
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shown in Fig. 2. The nodes can move in the y-direction. There
were two contact pairs in the FE model: (a) the die and top
surface of the sheet blank and (b) the punch and bottom sur-
face of the sheet blank. The Coulomb’s friction law with
friction constants of 0.225 for Case A and 0.175 for Case B
was assumed.

3. DESIGN OF FE SIMULATION

Note that the terminologies for the CCD approach which
appears throughout this paper are defined and summarized
in Appendix A. In this study, RSM was based on face-centered
CCD with a conceptual framework of full factorial design
(FFD). The CCD included an embedded factorial (“cube point”)
with “center point” and “star points” as depicted in Fig. 3. Three
factors during the first forming stage were examined: the punch
radius (Factor X1), the die radius (Factor X2) and the forming
depth, i.e., the pre-forming depth (Factor X3). For each of the
three factors, high (coded level: +1) and low (coded level: -1)
set points were selected. Factors and their levels used in the
face-centered CCD are listed in Table 3. The same levels were
used for Case A and B. 

Based on the factors and their levels, a plan for the FE
simulation was generated using the statistical software Minitab
17. These values are listed in Table 4 for Case A and Table 5
for Case B. The design for both Cases A and B involves 15

runs, and the response variables at each run were calculated
from the FE simulation. The response variable was chosen
as . Here, z' is a direction in a local coordinate sys-
tem depicted in Fig. 2. 

zz max

Fig. 2. 2D FE model.

Fig. 3. Face-centered CCD with three variables.

Table 3. Factors and value levels used in face-centered CCD for 
case A and B

Factors
Low value 
(coded: -1)

Center value
(coded: 0)

High value
(coded +1)

X1 0.25 0.265 0.28
X2 0.31 0.325 0.34
X3 0.40 0.45 0.50

Table 4. Design layout and FE simulation results of CCD for case A

Run 
number

Factor X1

(uncoded)
(unit in mm)

Factor X2

(uncoded)
(unit in mm)

Factor X3

(uncoded)
(unit in mm)

Response 
Variable, Y

1 0.265 0.34 0.45 0.194
2 0.265 0.31 0.45 0.237
3 0.265 0.325 0.45 0.214
4 0.28 0.34 0.4 0.195
5 0.25 0.34 0.4 0.256
6 0.25 0.31 0.5 0.393
7 0.28 0.31 0.5 0.265
8 0.25 0.34 0.5 0.317
9 0.28 0.34 0.5 0.213
10 0.28 0.31 0.4 0.221
11 0.28 0.325 0.45 0.186
12 0.25 0.325 0.45 0.244
13 0.265 0.325 0.4 0.236
14 0.25 0.31 0.4 0.280
15 0.265 0.325 0.5 0.323

Table 5. Design layout and FE simulation results of CCD for case B

Run 
number

Factor X1

(uncoded)
(unit in mm)

Factor X2

(uncoded)
(unit in mm)

Factor X3

(uncoded)
(unit in mm)

Response 
Variable, Y

1 0.265 0.34 0.45 0.194
2 0.25 0.325 0.45 0.249
3 0.265 0.325 0.45 0.213
4 0.265 0.325 0.5 0.338
5 0.28 0.31 0.5 0.267
6 0.265 0.31 0.45 0.238
7 0.25 0.34 0.4 0.196
8 0.28 0.325 0.45 0.181
9 0.265 0.325 0.4 0.293
10 0.25 0.31 0.4 0.207
11 0.25 0.34 0.5 0.351
12 0.28 0.31 0.4 0.259
13 0.28 0.34 0.4 0.236
14 0.28 0.34 0.5 0.197
15 0.25 0.31 0.5 0.378
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By applying multiple regression analysis on the data, the
response variable and the examined factors were related by
the following second-order polynomial equation:

     (1)

where Y is the response variable , k0 is the offset or
constant term, k1, k2 and k3 are the linear effect, k11, k22 and
k33 are the squared effect, k12, k23 and k13 are the interaction
effect. 

3.1. Reduced data sets by CCD approach
The number of necessary data sets for optimization by the

CCD approach is listed in Table 6. The number of necessary
data sets depends on the number of the factors. One of strengths
of the CCD approach is that it can dramatically reduce the
required data sets for the optimization. For example, only 15
data sets are necessary for the CCD approach for a three-dimen-
sional (3-D) optimization problem like the current problem.
If one tries to optimize the 3-D optimization problem by a
case-by-case approach without an optimization technique or
algorithm, say, with l, m and n discretized levels for each
factor, l×n×m data sets are necessary. Therefore, required data
sets will be significantly increased. In addition, the number
will be increased drastically as the number of factor increases.
The CCD approach can avoid this tragic situation. 

4. RESULTS AND DISCUSSION

4.1. Statistical analysis and model fitting
The second order response surface model (Eq. (1)) was

fitted using the analysis of variance (ANOVA) and fitted
equation for Case A is as following:

(2)

Similarly, for Case B:

(3)

The determination coefficient (R2) was calculated by ANOVA
as 0.9825 for Eq. (2) and 0.9743 for Eq. (3). The results indi-
cate that only 1.75% for Case A and 2.57% for Case B were
not explained by the model. Therefore, the models were found
to be highly significant. 

ANOVA determines which of the factors significantly affect
the response variable using Fisher’s statistical test (F-test) [24].
The significances of the linear, quadratic and interactive terms
were digitized for the F-test. The values of the F-test for the
determined regression coefficients are listed in Table 7 for Case
A and Table 8 for Case B. The p-values are used as a tool to
weigh the significance of each coefficient. If the p-value is lower
than 0.05, the coefficient is statistically significant [18,22,23].
The results reveal that, for both cases, all of the linear terms
(X1, X2 and X3), a quadratic term (X3) and an interaction term
(X1X3) are found to be significant with small p-values (<0.05). 

4.2. Model validation
A validation of the developed mathematical models was

performed to evaluate their accuracy using additional FE simu-
lations with various levels of factors. The two-stage forming
conditions for the additional FE simulations were randomly
chosen using a uniform probability distribution function within
the evaluated level of factors. Five randomly chosen condi-

Y k0 k1X1 k2X2 k3X3 k11X1
2 k22X2

2 k33X3
2+ + + + + +=

 k12X1X2 k23X2X3 k13X1X3+ + +
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Y = 0.2192 0.0410X1– 0.0221X2– 0.0323X3+

     0.0054X1
2 0.0049X2

2– 0.0591X3
2+

   0.0028X1X2 0.0098X2X3– 0.0140X1X3–+

Y = 0.2340 0.0242X1– 0.0174X2– 0.034X3+

     0.0241X1
2 0.0233X2

2– 0.0763X3
2+

   0.0067X1X2 0.0078X2X3– 0.0455X1X3–+

Table 6. Number of necessary data set for optimization by CCD 
approach

Number of factors 2 3 4 5 6
Number of data set 9 15 25 49 85

Table 7. Analysis of variance of Eq. (2)

Source DF (Degree of freedom) SS (Sum of square) MS (Mean of square)* F-value p-value
X1 1 0.01681 0.01681 105.54 0.000
X2 1 0.00488 0.00488 30.66 0.003
X3 1 0.01043 0.01043 65.50 0.000
X1

2 1 0.00007 0.00007 0.48 0.520
X2

2 1 0.00006 0.00006 0.39 0.557
X3

2 1 0.00897 0.00897 56.30 0.001
X1X2 1 0.00006 0.00006 0.38 0.565
X2X3 1 0.00076 0.00076 4.77 0.008
X1X3 1 0.00157 0.00157 9.84 0.003
Error 5 0.00080 0.00016
Total 14 0.04555

*MS=SS/DF, F-value=MS/MSerror
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tions for Cases A and B are listed in Table 9. The FE simu-
lations were conducted at the five conditions, and the results were
compared with predicted values from the fitted equations
(Eqs. (2) and (3)). 

Comparisons between FE predicted results and Eqs. (2)
and (3) are provided in Fig. 4 for Case A and Fig. 5 for Case B.
Predicted response variables from the fitted equations are in
good agreement with the results from FE simulations, which
resulted in the relative errors of less than 2% for Case A and
3% for Case B. Therefore, strong evidence of accuracy and
adequacy of the fitted equations could be guaranteed. 

4.3. Visualization of model equations
The response surface plot in a 3D space shows the rela-

tionship between the response variable and the independent
factors. The 2D display of the surface plot is the contour plot.
The plots facilitate the visualization of the shape of the response
surface; in turn, they provide useful information on the vari-
ation of the response variable with respect to the indepen-
dent factors.

The generated response surface and contour plots of Eq. (2)
for Case A is shown in Fig. 6. The same plots of Eq. (3) is shown
in Fig. 6. From Fig. 6(a) and (d), it is apparent that the increase of

Table 8. Analysis of variance of Eq. (3)

Source DF (Degree of freedom) SS (Sum of square) MS (Mean of square) F-value p-value
X1 1 0.00587 0.00587 21.36 0.006
X2 1 0.00303 0.00303 11.01 0.021
X3 1 0.01160 0.01160 42.20 0.001
X1

2 1 0.00003 0.00003 5.43 0.067
X2

2 1 0.00001 0.00001 5.08 0.074
X3

2 1 0.01495 0.01495 54.38 0.001
X1X2 1 0.00036 0.00036 1.31 0.303
X2X3 1 0.00049 0.00049 1.77 0.240
X1X3 1 0.01587 0.01587 57.73 0.001
Error 5 0.00138 0.00028
Total 14 0.05358

Table 9. Two-stage forming conditions for addition FE simulation (unit in mm)

Trial number
Case A Case B

X1 (uncoded) X2 (uncoded) X3 (uncoded) X1 (uncoded) X2 (uncoded) X3 (uncoded)
1 0.278 0.319 0.411 0.280 0.316 0.460
2 0.272 0.334 0.460 0.260 0.327 0.416
3 0.261 0.316 0.445 0.251 0.325 0.423
4 0.278 0.317 0.470 0.256 0.330 0.411
5 0.266 0.330 0.437 0.255 0.314 0.487

Fig. 4. (a) Comparison of predicted Y by FE Simulation and Eq.  for five conditions and (b) relative error of respective trials for case A.
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X1 and X2 leads to the decrease of Y, or improved formabil-
ity. In contrast, Figs. 6(d) and (e) show that Y decreases until
a certain value of X3 and increases again as the X3 increases,
regardless of the level of X1. Additionally, the optimum con-
dition where Y can be minimized is found when X1 reaches

a maximum. Similar results are observed from Figs. 6(c),
and (f), where the optimum condition can be found when X2

reaches a maximum and at certain X3 value within the eval-
uated range. A similar trend is observed for Case B, as shown in
Fig. 7.

Fig. 5. (a) Comparison of predicted Y by FE Simulation and Eq. (1) for five conditions and (b) relative error of respective trials for case B.

Fig. 6. Contour plots for case A: effect of (a) X1 and X2, (b) X2 and X3, (c) X3 and X1, and surface plots for case A: effect of (d) X1 and X2, (e) X2 and
X3, and (f) X3 and X1.
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4.4. Optimization
The fitted model equation was used to determine the optimum

conditions of the three factors to minimize the response variable
Y. The obtained optimum conditions are listed in Table 10.
In both Cases A and B, the results indicate that the two-stage
forming process needs to be designed to maximize the fac-
tors X1 and X2. In contrast, the optimum X3 is found to be
0.447 mm for Case A and 0.456 mm for Case B. 

To verify the optimized results by the CCD, additional case-
by-case FE simulations were performed and compared with
the optimization results in Table 10. Since considering all the
factors in FE simulations are highly laborious and time-con-
suming, the factors X1 and X2 were fixed as determined val-
ues in Table 10 and only the factor X3 was varied as discrete
values from 0.4 to 0.5. The results were compared with the
fitted model equations, and the comparison is shown in Fig. 8.

The results of the two approaches are well matched for both
cases and show the same trend, i.e., a parabolic shape. Based
on the results by the case-by-case FE simulations, the optimum
values are found to be 0.455 mm for Case A and 0.465 mm
for Case B. The relative error of the optimum X3 value with
respect to the case-by-case FE simulations is less than 2%
regardless of the cases as listed in Table 11. 

In addition to the verification by FE simulations, experi-
ments were also conducted with several X3 values. In this
approach, the factor X1 and X2 were also fixed as determined
values in Table 10. Three tests were carried out for each process
parameter X3 and the results were averaged. The cross-sec-
tions of the formed parts were measured following the pro-
cedure described in Section 2.3. The experimentally measured

 was compared with the fitted model equations. The
comparison is shown in Fig. 9. Experimental results follow
a similar trend with good agreement with the CCD results
for both cases. Based on the experimental results, the values
for optimum X3 are determined as 0.448 mm for Case A and
0.470-0.493 mm for Case B. The optimization by the CCD
approach seems to be successful for the prediction of exper-
imental X3 value with the relative error of 0.2% for Case A

zz max

Fig. 7. Contour plots for Case B: effect of (a) X1 and X2, (b) X2 and X3, (c) X3 and X1, and surface plots for case B: effect of (d) X1 and X2 (e) X2 and
X3 (f) X3 and X1.

Table 10. Optimization results (unit in mm)

Factor Case A (uncoded) Case B (uncoded)
X1 0.28 (max) 0.28 (max)
X2 0.34 (max) 0.34 (max)
X3 0.447 0.456
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and 3~7% for Case B as listed in Table 11. 

4.4.1. Optimization with various boundaries of factors
In the optimization problem, a choice of different bound-

ary conditions (BCs) of the factors may not lead to analogous
optimization results. To confirm the reliability and robustness of
the optimization results by the current CCD approach, the

optimization with various BCs of the factors was perform.
Only Case A was considered for this analysis. The applied BCs
are listed in Table 12. The results were compared with the opti-
mum values in Table 10. Optimization results (unit in mm).
The compared results are also shown in Fig. 10.  Figure 10(a)
shows the determined optimum levels of factors with vari-
ous BCs. Among 10 BCs, BC1 corresponds to the reference
BC in this study (same as in Table 3). From the results two
aspects can be observed. First, the CCD gives identical opti-
mized values of X1 = 0.28 mm (maximum) and X2 = 0.34 mm
(maximum). Second, the CCD gives similar optimum values
of X3. The determined optimum X3 with various BCs was
compared with the optimum X3 for Case A in Table 10 (an
optimum X3 at the reference BC). The relative error calcu-
lated from the comparison is shown in Fig. 10(b). Regardless of
the BCs, the determined X3 values are not significantly dif-
ferent with the relative error less than 3.5%. Therefore, the

Fig. 8. Comparison of determined model equation by CCD and additional FE simulations at various X3 when X1 and X2 are fixed as their maxi-
mum, 0.28 and 0.34 mm, respectively, for (a) case A and (b) case B.

Table 11. Relative error of optimization results by CCD

Relative Error in optimum X3
Case A

(uncoded)
Case B

(uncoded)
To case-by-case FE simulations (%)** 1.75 1.94

To experiments (%)*** 0.22 2.98-7.50
**Determined optimum X3 = 0.455 and 0.465 mm for Case A and Case B,
respectively (from Fig. 8)
***Determined optimum X3 = 0.448 and 0.470-0.493 mm for Case A
and Case B, respectively (from Fig. 9)

Fig. 9. Comparison of determined model equation by CCD and experiments at various X3 when X1 and X2 are fixed as their maximum, 0.28 and
0.34 mm, respectively, for (a) case A and (b) case B.
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robustness of the current CCD technique can be guaranteed
in regard to the various BCs for this particular application. 

4.5. Iso-error map of the developed model by CCD
To evaluate the accuracy and the feasibility of the developed

model with more rigorous manner, an iso-error map [25] was
generated for Case A, as shown in Fig. 11. Note that this iso-
error map concept has been frequently used to evaluate the
accuracy of the numerical algorithm for elasto-plastic stress
update scheme. The relative absolute error between the cal-
culated Y from Eq. (2) and the exact Y was used as below.

(4)

Because the experimental results were limited, the calculated
Y from additional FE simulations was assumed as Yexact.

The additional FE simulations were conducted on the
same conditions in Fig. 6, i.e., X1 and X2 plane for a constant
X3 = 0.45 mm, X2 and X3 plane for a constant X1 = 0.265 mm,

and X1 and X3 plane for a constant X2 = 0.325 mm. The FE
simulations were conducted with combinations of two factors
in 7 by 7 matrix while the other factor was fixed. The conditions
are listed in Table 13. 

In Figure 11, the results show that the determined model
equation by the CCD gives accurate prediction within the
error of less than 8% throughout the whole region. 

5. CONCLUSION

The two-stage forming process for the 0.1 and 0.075 mm
thick ultra-thin ferritic stainless steel (FSS) sheets was opti-
mized by a mathematical and statistical technique, CCD
method. To achieve successful micro-channel forming, tries
were made to minimize the response variable, absolute maxi-
mum thickness strain across the micro-channel after the sec-
ond forming stage, by examining the best combination of
the three process variables (factors) during the first forming
stage: punch radius, die radius, and forming depth (pre-form-

Error Ymodel Yexact–
Yexact

------------------------------ 100=

Fig. 10. (a) Optimized factors with various BCs and (b) relative error between optimized X3 values with various BCs and X3 value with reference
BC in Table 3 for case A.

Table 12. Boundary conditions of factors for optimization

X1 X2 X3

Boundary Condition Lowest (mm) Highest (mm) Lowest (mm) Highest (mm) Lowest (mm) Highest (mm)
1**** 0.23 0.28 0.31 0.34 0.40 0.50

2 0.25 0.28 0.29 0.34 0.40 0.50
3 0.23 0.28 0.29 0.34 0.40 0.50
4 0.25 0.28 0.31 0.34 0.38 0.50
5 0.25 0.28 0.31 0.34 0.40 0.52
6 0.25 0.28 0.31 0.34 0.38 0.52
7 0.25 0.28 0.31 0.34 0.42 0.50
8 0.25 0.28 0.31 0.34 0.40 0.48
9 0.25 0.28 0.31 0.34 0.42 0.48
10 0.25 0.28 0.31 0.34 0.38 0.48

****Reference boundary condition in this study (same as in Table 3. Factors and value levels used in face-centered CCD for Case A and B)
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ing depth). Based on the optimization results by the CCD
approach and its complementary finite element (FE) simu-
lations and experiments, the followings could be concluded.

(1) The FE optimized results from the CCD predicted that
larger punch and die radii at the first forming stage were
effective for enhancing the formability of ultra-thin FSS sheet
micro-channels. Moreover, an optimum pre-forming depth
existed within the evaluated level where the formability could
be maximized for both sheets. 

(2) The fitted model equation determined from the CCD
and ANOVA was validated using additional FE simulations
with randomly chosen process conditions. The FE results
correlated well with the CCD model.

(3) The optimized process parameters for the two-stage form-
ing process from the CCD were in good agreement with those
from the case-by-case FE simulations and from experiments

(4) All of the approaches, i.e., CCD based FE simulation,
case-by-case FE simulations, and experiments at fixed punch
and die radii at the first forming stage, showed that an optimum
value of pre-forming depth existed within the evaluated level.

(5) The optimized pre-forming depth by the CCD approach
with fixed punch and die radii (one-dimensional optimiza-
tion problem) was in good agreement with both case-by-case
FE simulations and experiments. Therefore, reliability and accu-
racy of the CCD was guaranteed for the one-dimensional opti-
mization problem.

(6) The accuracy of the CCD with dramatically reduced
number of experiments or FE simulation data for the opti-
mization was demonstrated.

(7) The robustness of the optimization results in regard to
boundary conditions (BCs) in the CCD approach could be
confirmed from the optimization results with various BCs.

(8) The accuracy of the determined model from the CCD
was demonstrated by the iso-error map analysis. 

(9) The investigation in this study opened up opportuni-
ties for the application of the CCD optimization techniques
to the sheet metal forming field by taking advantage of their
accuracy, simplicity and flexibility. 
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Appendix A

Terminologies in the CCD approach are defined and
briefly described as following. 

Factor: process parameter 
Level: specific value of factors
Responds variable: measured output at various combina-

tions of levels and factors. 
Uncoded level: real level of factor 
Coded level: -1 for the lowest uncoded level, +1 for the

highest uncodede level, and 0 for a central uncoded level. 
Full factorial design (FFD): an experimental design with

all input factors set at the highest and lowest levels. It corre-
sponds to face-centered CCD only with cube point in Fig. 3.
Face-centered CCD with three variables (without star and
center points).

Run: a test at a given test condition.
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