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Abstract In this article, the design of the flexible forming
process considering die shape compensation using an
iterative overbending method based on numerical simula-
tion is carried out. In this method, the springback shape
obtained from the final step of the first forming simulation
is compared with the desired objective shape, and the shape
error is calculated as a vector norm with three-dimensional
coordinates. The error vector is inversely added to the
objective surface to compensate both the upper and lower
flexible die configuration. The flexible dies are made up of
several punches that make a forming die that is equivalent
to a solid die, thus the forming surface shape can be
reconfigurable with regard to the compensated die shapes.
The flexible die shapes are recalculated, and the punch
arrays are adjusted according to the overbent forming
surface. These iterative procedures are repeated until the
shape error variation converges. In addition, experimental
verification is carried out using a 2,000-kN flexible forming
apparatus for thick plates. Finally, the configuration of the

prototype obtained from the experiment is compared with
the numerical simulation results, which have consideration
of the springback compensation. Consequently, it is
confirmed that the suggested method for compensating the
forming error could be used in the design of the flexible
forming process for thick-curved plates.

Keywords Flexible forming . Flexible die . Springback
compensation . Iterative overbending method . Thick-curved
plate forming

1 Introduction

In thin sheet metal-forming processes, iterative modifica-
tion of the forming process usually would be carried out by
numerical and experimental approaches to obtain more
accurate products [1, 2]. The main reasons for the
configuration errors observed in the metal-forming products
are due to roughly designed processes, tool shape errors,
unexpected deformation of the blank or billet materials, and
the springback effect subsequent to the unloading state [2, 3].
Except for the springback phenomenon, other errors could be
mitigated and eliminated by modifying the forming con-
ditions such as the tool shape, forming sequences or steps,
forming loads, lubrication, circumferential temperature, and
so on. However, the springback is inevitable because it is
caused by the mechanical properties of the raw materials that
continue elastic recovery [4–6]. Therefore, the springback
should be improved by estimating and compensating the
elastic behavior of the metallic materials and the products.

Springback phenomenon is also observed even in thick
plate-forming process [7–9]. In a flexible forming process
for thick-curved plates used for a part of hull structures, the
springback is one of the shape error factors besides the
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discrete flexible die shape itself. The shape accuracy of such
plates is important because the plates are to be assembled
together through welding for constructing large-hulled struc-
tures. In a flexible forming process, these errors could be
modified simply through the reconfigurability of the forming
apparatus by adjusting the shape of the flexible dies. A
reconfigurable die is composed of several forming punches
that have a round tip as a forming tool [10–13]. These
punches are arranged in a square matrix form in both the
upper and lower dies, and they are adjusted according to an
objective surface having rather large curvature radii [14, 15].
Owing to reconfigurability, the forming die shapes can be
modified in real time in the manufacturing field for
compensating the shape errors [16, 17].

In this paper, an iterative modification method for
compensating the flexible die shape in the light of
springback is proposed by using an iterative overbending
surface scheme based on numerical and experimental
approaches. In addition, in the present study, the effect of
the location of the relative contact point on the forming
accuracy was investigated by using the numerical
simulation method. In order to verify the feasibility of
the springback compensating method, an experiment
using a 2,000-kN flexible forming apparatus for thick
plates was carried out. The configuration of the deformed
thick specimen was compared with the required objective
shape. In conclusion, it was confirmed that the proposed
iterative overbending surface method was a useful
approach for compensating the forming error; thus, it
could be used in the modification of the flexible die
shape in flexible forming processes for thick-curved plates.

2 Punch height calculation using offset surface method

In a flexible forming process, reconfigurable dies that have
several round-tip forming punches are used as the forming
tool instead of a one-shot milled solid die set as shown in
Fig. 1. The flexible die generates numerous discrete
forming surfaces by adjusting its heights according to the
objective surface. The calculation of each punch height is
based on the prediction of the contact points between the
punches and the forming surface. Many researchers have
studied the computational scheme using nonuniform

rational B-spline and high-precision, triangular-plate bend-
ing elements [13]. In the reported studies, the punch heights
are determined based on the surface-to-surface contact
condition. These approaches involve complicated series of
numerical and mathematical formulas. For convenience, a
simple method (i.e., the offset surface method) is used in this
study for determining the punch heights of the flexible dies.

Usually, the forming punches have a round-tip shape
with a uniform radius of curvature as a partial spherical
geometry for smoothing the forming surface. Due to the
spherical shape of the punch tip, the determination of the
punch heights becomes relatively simple. When the partial
spherical punches of radius-of-curvature r contact with the
forming surface of radius-of-curvature R, the centers of all
the punches are to be aligned with a surface that is offset by
the punch tip radius r from the forming surface, as shown in
Fig. 2. Then, the surface-to-surface contact problem
becomes a simpler, point-to-surface problem. In addition,
the radii of curvature of the plates used in hull structures are
relatively large; thus, the discretized surface that is made up
of patches and nodal points from the offset surface can be
assumed to be the same as the original curved surface, i.e.,
the forming surface, as shown in Fig. 3a. Using the
discretized rectangular patches, the punch height can be
calculated using the above geometrical constraint of the
forming punches, namely that the centers of the punches are
to be aligned on the offset surface. Among the offset
patches, a planar patch that is expressed by ΣP that includes
the center of the punch P(xp, yp, zp) is investigated to obtain
the flexible die shape, as shown in Fig. 3a, because the
center point of a punch would be placed on just one patch.
When the patches including points of the punches are
ascertained, the planar equation of each patch is derived.
The equation would be expressed as a function of the
coordinates of the nodes ni xi; yi; zi; i ¼ 1 � 4ð Þ that consti-
tute the connectivity of the patches, as shown in Fig. 3b.
Thus, the constraint that the center of the punch lies on the
patch can be enforced by the following equation:

N
!� P!¼ 0; ð1Þ

where N
!

and P
!

respectively denote the normal vector of
the patch and the direction vector from the node, n1, to the
point, P(xp, yp, zp), as shown in Fig. 3b. Then, Eq. 1 can be

equivalent shape

(a) Conventional die forming            (b) Flexible die forming 

Fig. 1 Schematic view of con-
ventional die forming and
flexible forming method. a
Conventional die forming. b
Flexible die forming
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expressed by the coordinates of any node, ni, and of the
center point, P(xp, yp, zp), as follows:

Fðxp � xiÞ þ Gðyp � yiÞ þ Hðzp � ziÞ ¼ 0; ð2Þ
where F ¼ ðy2 � y1Þðz4 � z1Þ � ðy4 � y1Þðz2 � z1Þ;

G ¼ ðx4 � x1Þðz2 � z1Þ � ðx2 � x1Þðz4 � z1Þ; and
H ¼ ðx2 � x1Þðy4 � y1Þ � ðx4 � x1Þðy2 � y1Þ:

On this occasion, it is assumed that the punch array lies on
the x–y plane; thus, the coordinates of xp and yp are
predetermined values in contrast to zp, which denotes the
required location along the longitudinal direction of the punch
to generate an equivalent forming surface. Therefore, Eq. 2
can be expressed in terms of the only unknown, zp, as follows:

zp ¼ �Fðxp � xiÞ � Gðyp � yiÞ þ Hzi
H

: ð3Þ

Equation 3 denotes the expression of the punch height
for a punch arrayed at the location of xp and yp. Finally, the
punch height according to a given forming surface can be
calculated by using Eq. 3 for all punches.

For the use of the above method, both the upper and
lower offset surfaces made from the forming surface should
be prepared. The summation Σpi over the unit normal
direction vectors n!i of the adjacent patches for each node

r

r

forming surface, R

offset surface, R-r

Fig. 2 Geometrical relationship between the centers of round-tip
punches and forming surface

Contact

forming surface

P(xp, yp, zp)

discretized offset surface

: patch that includes
the punch center, P

PΣ

(a) Determination of patch that includes center of punch

A

B

N

P

P (xp, yp, zp)

n1(x1, y1, z1)

n2(x2, y2, z2)

n3(x3, y3, z3)

n4(x4, y4, z4)

PΣ

(b) Constraint that center point of punch lies on an offset patch element

Fig. 3 Determination of punch
height using geometrical rela-
tionship between the punch
centers and discretized offset
surface. a Determination of
patch that includes center of
punch. b Constraint that center
point of punch lies on an
offset patch element
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is considered to decide the offset direction, as shown in
Fig. 4. As shown in Eq. 4, the vector summation of the
adjacent patches,

P
n!i, is divided by its length to yield the

resultant unit direction vector, n!upper, of the node in the
upper direction, which determines the offset direction.

n!upper ¼
n!1 þ n!2 þ n!3 þ n!4

� �

n!1 þ n!2 þ n!3 þ n!4

�
�

�
� : ð4Þ

Usually, the objective surface is modeled by referring to
the neutral surface of the plate along the thickness direction.
Therefore, the offset distance d could be determined by
summing up half the thickness of the blank, viz. 12 bt (i.e., the
thickness from the neutral midsurface of the thick plate), the
thickness of urethane pads ut, and the punch tip radius r, as
shown in Fig. 5. Here, it is assumed that the neutral surface
of the objective curved plate remains strain free during the
forming process. In addition, for convenience, the variation
in the thickness of the plate and in that of the urethane
pads during the process is neglected in the alculation of
the punch height. Finally, the resultant offset direction vector

for the upper side Ω
!

u is obtained by multiplying the
resultant unit direction vector n!upper by the offset distance

d, i.e., Ω
!

upper ¼ d � n!upper. Similarly, the opposite direc-

tion vector for the lower side Ω
!

lower is also obtained as
follows:

Ω
!

lower ¼ �Ω
!

upper: ð5Þ

3 Compensation of springback using iterative
overbending method

A flexible die generates various equivalent die shapes with
regard to conventional solid dies by adjusting the punch
height appropriately according to objective surfaces that
have relatively slight curvatures. Figure 6 shows the general
procedure of a flexible forming process from the design of

the objective surface to the manufacture of the product.
Using the objective surface shape, initial curved plate
modeling is carried out; further, the model is used to
calculate the flexible die shape using the offset surface
method. In contrast to the design of a conventional forming
process using a solid die, there are two choices in the
design of flexible forming processes namely numerical and
experimental methods. In an empirical manufacturing
procedure based on trial and error, the flexible die has high
flexibility and reconfigurability due to its discrete forming
surface that comprises forming punches; thus, its die shape
can be changed immediately without any additional cost for
tool shape modification. This is one of the most valuable
characteristics of the flexible forming apparatus; further, due
to this flexible characteristic, it is quite appropriate for small-
quantity batch production. In the numerical simulation
method, a similar procedure as the empirical one would be
performed. In the simulations, explicit-to-implicit sequential
analysis is conducted using the LS-DYNA solver, which has
both the explicit dynamic- and implicit-based codes for the
forming and springback simulations, respectively. From the
empirical or numerical results, the shape error is examined to
determine whether the procedure can progress to production
or should revert to die modification. If the shape error does not
converge to such a level, the die shape is regenerated. In this
study, the numerical method was utilized to design a flexible
forming process using finite element analyses and the
following iterative overbending method. Although thick
plates are used in the flexible forming process for manufac-
turing hull structures, springback is observed because most of
the thick-curved plate parts undergo slight deformation and
have large radii of curvature. In addition, springbackmakes up
a considerable portion of the errors observed in the flexible
forming processes. Therefore, modification of the die shape
for compensating the springback and secondary errors should
be undertaken at least more than once—similar to the case of
thin sheet metal-forming processes. Also, other errors due to
the deformation of the urethane pad and the plate material
themselves would be included in the process.

In previous studies, several researchers have sought to
minimize and compensate springback by using numerical
approaches such as the spring-forward method [18–20] and
the displacement adjustment method [21, 22]. In the spring-
forward method, the stress state of the blank is calculated,
and the external forces are recorded at the end of the
forming process. Then, the stresses are inversely imposed
using numerical techniques for simulating springback. The
displacement adjustment method is used to adjust the die
shape until the objective part shape is obtained. The
displacement is inversely imposed on the objective surface
to make a new die shape. In the method, only the vertical
displacement components are considered in the calculation
of the displacement.

1n

2n

3n

4n runit vecto:in

uppern

upperlower nn

1P

2P

3P

4P

Fig. 4 Determination of nodal offset direction in generating offset
surface from discretized patches
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In this study, an advanced springback compensation
scheme named the overbending surface method that
considers the error vector in three-dimensional coordinates
is proposed. In this method, the objective shape Sobj is the
target shape and is used as a reference configuration for
comparing the results regarding deformation. In die shape
modification, the shape error vector between the objective
surface Sobj and the deformed blank shape Ssb is consid-
ered, as shown in Fig. 7a. The error vectors

*

Ei at the nodes
ni of the target shape are defined by the direction vectors
between the nodes ni of the objective surface and the nodes
nsbi of the springback surface. A modified shape of the die,
Smod, is derived from the vector sum of the direction
vectors of the objective surface and the inversed error
vectors � *

Ei, as shown in Fig. 7b. Similarly, the error
vectors in practical three-dimensional problems are derived
as shown in Fig. 7c. From the modified forming surface,
both the upper and lower surface patches are generated, and
the punch heights of both the flexible dies are recalculated
for the improved second stage forming process.

4 Application of springback compensation method
to flexible forming process

4.1 Flexible forming process using objective surface shape

In this study, a saddle-type curved plate, which is one of the
most frequently used types of plate in hull structures, was
selected as the application model. The objective surface of the
plate with radii of curvature of 1,000 and −1,000 mm and
thickness of 10.0 mm is shown in Fig. 8a. As depicted in
Fig. 8b, the blank size was 600×600 mm2, and the number of
punches in a flexible die was determined by the punch size.
As depicted in Fig. 9a, both the punch width wp and the tip
radius rp were 50.0 mm; thus, the number of punches used
for the blank was 144 (12×12) for each die according to the
blank size. Figure 9b shows the simulation model of the
flexible forming process, which includes both the upper and
lower flexible dies, urethane pads, and the blank. The
punches were assumed to be rigid; thus, only the tips of the
punches that contacted with the urethane pads were modeled
using shell elements, as shown in Fig. 9b. The blank plate

tt burd
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1
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tu
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r

blank

padurethane

tu

tu
tb

tt burd
2

1
padurethane

(a) Punches contacting with flat plate         (b) Punches contacting with curved plate 

Fig. 5 Equivalence of offset
distance from neutral surface of
blank to punch center contacting
with various flat and deformed
blank. a Punches contacting
with flat plate. b Punches
contacting with curved plate
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of flexible die 
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modified forming
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simulation

Numerical approach
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Material test

Fig. 6 Design and modification
of the flexible forming process
using numerical and empirical
approaches

Int J Adv Manuf Technol (2012) 59:915–928 919



was made up of quadrilayered solid-type elements along the
thickness direction. The blank model had 18,605 nodes and
14,400 elements, and the reduced integrated brick element
type was used for the elements. In terms of the material
properties, the steel plate made of AH32 steel was assumed to
follow an elastoplastic material, and the relationship for
exponential work-hardening plastic material, s ¼ K"n, was
applied for the plastic deformation model with a plastic

strength coefficient (K) of 790.5 MPa and a work-hardening
exponential (n) of 0.168, which were obtained from the
results of a uniaxial tensile test. For the elastic behavior, the
Young's modulus E and the Poisson's ratio ν were taken as
210 GPa and 0.29, respectively.

The urethane pads were inserted between the punches
and the blank as a practical forming method. An elastic pad
had pentalayered solid-type elements along the thickness

objective surface, Sobj
springback surface, Ssb

over-bent surface, Smod

A
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Ssb

Smod

A

(a) Over-bending surface normal to objective surface 
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(b) Generation of modified die shape using error vector between objective surface
 and springback shape 
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 springback and modified surfaces 

Fig. 7 Schematic view of overbending surface method for
compensating shape error in flexible forming process. a Over-
bending surface normal to objective surface. b Generation of

modified die shape using error vector between objective surface
and springback shape. c Geometrical relationship of the objective,
springback, and modified surfaces

R1000

R1000
600mm

60
0m

m

Blank10t

10t

(a) Saddle type curved plate model         (b) Dimension of rectangular blank  

Fig. 8 Configuration of saddle-
type plate model and blank
size used in flexible forming
process (unit in millimeters). a
Saddle-type curved plate model.
b Dimension of rectangular
blank
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direction. Each urethane pad model had a fine mesh with
262,086 nodes and 216,320 elements for covering the
contacts with the punches that had a relatively small radius
of curvature compared with that of the saddle plate. The
material properties of the elastic pad are a crucial factor that
determines the deformation behaviors in the flexible
forming simulation [23]. A nonlinear stress–strain relation-
ship should be considered due to the considerable defor-
mation of urethane pads during the forming process.
Usually, urethane with a hardness of shore A90 is used; it
exhibits the mechanical behavior of hyperelastic material
that can be captured by the Mooney–Rivlin hyperelastic
model in the finite element simulation. The Mooney–Rivlin
hyperelastic material model with two coefficients is
expressed as follows based on the strain energy per unit
volume W.

W ¼ C10ð I1 � 3Þ þ C01ð I2 � 3Þ ð6Þ
Here, C10 and C01 are temperature-dependent material

parameters, and I1 and I2 are the first and second invariants
of the deviatoric strain tensor. The nominal stress–strain
relationship of the urethane material used in the simulation

is shown in Fig. 10. The elastic pads were modeled with a
slightly larger area than that of the blank, and their
thickness was 10 mm. The friction coefficients between
the materials were assumed as 0.1. In the modeling

(a) General punch tip shape of flexible forming punch 

upper die

lower die

urethane pad

blank

(b) Configuration of flexible forming analysis model 

wp

rp

wp

rp

Fig. 9 Punch tip shape and
simulation model of flexible
forming process. a General
punch tip shape of flexible
forming punch. b Configuration
of flexible forming analysis
model
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Fig. 10 Nominal compressive stress–strain relationship of urethane
pad used in flexible forming analysis
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procedure, the calculated punch height data were imported
using the ANSYS parametric design language, which is a
scripting language that users can use to automate common
tasks or even build a model in terms of parameters
(variables). Explicit-to-implicit sequential simulations were
carried out by using the LS-DYNA explicit solver for the
plate-forming analysis; implicit simulations were executed
for springback analysis.

Figure 11 shows the configuration of the curved plate and
the results obtained from finite element analysis. Figure 11a
depicts the configuration of the closed flexible die at the end
of the process. The flexible dies are thoroughly closed,
contacting with all the punches and urethane pads. The stress
and strain distributions of the curved plate at the time are
shown in Fig. 11b, c. The maximum stress and the maximum
strain of the curved plate were predicted as 418.7 MPa and
0.0234, respectively, at the side edges of the plate. The stress
and the strain showed a slightly discrete distribution over the

surface due to the discontinuous load that was transferred
from the punch array. The simulation results after the
springback are shown in the following figures. Figure 11d
describes the effective stress distribution of the plate under a
maximum stress of 385.1 MPa, and Fig. 11e depicts the
strain distribution under a maximum strain of 0.0028.
Subsequent to springback, the stress and strain are released
from 418.7 to 385.1 MPa and from 0.0234 to 0.0028,
respectively. The maximum displacement from the deformed
result of the plate after springback is estimated as 4.63 mm.

4.2 Forming accuracy using the iterative overbending
method

To investigate the shape error with regard to the objective
shape in the neutral surface of the plate, the error
distribution of the first simulation result was displayed in
a three-dimensional spatial Cartesian coordinates system, as

(a) Closed die shape of flexible forming simulation model   

(b) Stress distribution at the end of forming process 

(c) Strain distribution at the end of forming process 

(d) Stress distribution after springback 

(e) Strain distribution after springback 

(f) Displacement of curved plate after springback 

Fig. 11 Finite element analysis results of flexible forming process for
saddle-type curved plate. a Closed die shape of flexible forming
simulation model. b Stress distribution at the end of forming process.

c Strain distribution at the end of forming process. d Stress
distribution after springback. e Strain distribution after springback. f
Displacement of curved plate after springback
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shown in Fig. 12a. From the result, the maximum error was
obtained as about 6.5 mm at the edge of the plate. This
value was larger than that of the maximum displacement
after springback, viz. 4.63 mm, as shown in Fig. 11f.
Therefore, it could be inferred that the difference between
the springback and error values compared with the
objective shape resulted from multiple causes such as
complicated compressive deformation of the urethane pads
and the discrete die surface, which comprised the forming
punches. However, these accumulated errors can be revised
by modifying the shape of the flexible die. To compensate the
errors in the following second forming stage, the iterative
overbending surface method was applied. In this step, the
second forming surface, Sob′ (i.e., the first modified surface,
Smod), considering the error vectors, was generated by
overbending the springback surface, Ssb, with the objective
surface, Sobj, as shown in Fig. 7. Similarly, simulations of the
second stage flexible forming process were carried out; the
error plot of the second forming stage is also displayed in
Fig. 12b. As shown in this figure, the distribution of the error
in the first stage results with a saddle-type shape definitely
improved over the entire area. In contrast to the inner area,
the error values steeply increased at the boundary.

To improve the forming accuracy at the boundary, the
third stage forming process was additionally carried out by
using the third flexible die shapes, Sob″ (i.e., the second
modified surface, Smod′). Figure 12c depicts the error
distribution under the third stage forming process. As
shown in this figure, the forming error at the boundary
did not reduce through the modification of the punch
height; the maximum error value was about 2.03 mm. The
main reason for these errors at the region was the inherent
attribute of a flexible forming process that uses a
reconfigurable die set made up of round-tip punches, which
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is called the “straight effect.” Basically, flexible forming is
based on surface-to-point contact between the blank and
punches although elastic pads are inserted to prevent
forming failure. Therefore, not only cannot the forming
surface at the boundary of the blank be maintained
accurately but also the plate shape would remain straight,
as shown in Fig. 13. The boundary region of the blank
marked with a dotted circle is not fully deformed because
the area of accuracy of the forming surface made by the
round-tip punches is limited within the contact point P0 of
the outermost punches of the punch array that support the
bending force.

4.3 Effect of relative position between blank and punch
array on forming accuracy

At the beginning of the design stage, the punch array of
dimensions 12×12 was intuitively determined according to
the size of the punch with a width of 50 mm and a blank
having an area of 600×600 mm2. On this occasion, however,
the inevitable forming error area at the plate boundary was
enlarged due to the inappropriate relative position between
the punches and the blank. The straight effect zone would be
reduced by relocating the blank with regard to the punch
array using a 13×13 array. Figure 14a, b shows the
improvement in the forming accuracy by the relocation of
the blank, which plays the role of shifting the external
contact point from the inner area towards the boundary. In
this figure, the identical blank size and the curvature shape

are used to compare only the forming accuracy and the range
of the straight effect zone at the boundary. Actually, as shown
in both figures, the punches at the lower left corner would
not contribute to the generation of the forming surface due to
the straight effect because the curvature shape at the left side
of the leftmost contact point on the upper surface of the
blank would not be maintained as the objective surface.

(a) Punch array of 12×12 

(b) Punch array of 13×13 

Fig. 15 Comparison of relative location of blank with regard to two
different punch array sizes. a Punch array of 12×12. b Punch array of
13×13

(a) Straight effect zone in array of 12×12  (b) Straight effect zone in array of 13×13

Fig. 14 Improvement of form-
ing accuracy at the boundary
by shifting contact point due
to relocation of blank with
regard to punch array. a
Straight effect zone in array
of 12×12. b Straight effect
zone in array of 13×13
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Therefore, the relative location of the boundary contact point
supporting the forming load upon the blank should be moved
out towards the boundary as much as possible. By means of
shifting, the straight effect zone of the blank can be reduced
as shown in Fig. 14b.

According to the relocation approach, the numerical
simulation of the flexible forming process and the com-
pensation of the shape error using the iterative overbending
surface method were carried out as follows. Figure 15a
shows the numerical simulation model having a punch
array of 12×12; further, the analytic model having a larger
forming area than that of the blank due to the use of a
punch array of 13×13 for modifying the relative position of

the blank is shown in Fig. 15b. The modified die model had
the same blank and urethane pads as the previous one, and
only one row and one column of punches were added.
Using this model, the forming analyses were carried out
until the second stage of die shape compensation. Similar to
the foregoing procedure regarding the simulation results,
the error distribution of the second stage result was
investigated and compared with the previous results, as
depicted in Fig. 16a, b. In these figures, the error plots of
both the third stage result using the 12×12 punch array and
the second stage result using the 13×13 array are compared
to verify the extent of improvement. The error observed in
Fig. 16a would be considered as indicating the extent of
improvement in the forming accuracy using the array of
12×12. In contrast, the result using the array of 13×13 for
shifting the contact point to outside of the blank showed
considerable improvement in the forming accuracy, as can
be seen in Fig. 16b. From the result, the error values were
observed to be within about 0.96 mm, which were quite
smaller than that of the result obtained from the flexible
forming model using the array of 12×12, viz. 2.03 mm.
Consequently, it was confirmed that the relative position of
the blank with regard to the punch array affects the forming
accuracy due to the location of the contact point on the

Fig. 17 Flexible forming apparatus with 2,000-kN hydraulic press
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(a) Error distribution of 3rd stage forming procedure using punch array of 12×12 
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(b) Error distribution of 2nd stage forming procedure punch array of 13×13 

Fig. 16 Comparison of relative location of blank with regard to two
different punch array sizes. a Error distribution of third stage forming
procedure using punch array of 12×12. b Error distribution of second
stage forming procedure punch array of 13×13
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blank. Therefore, appropriate positioning of the blank
considering the location of the outermost contact points
should be determined to obtain better accuracy in the
flexible forming process.

5 Experimental investigation

An experiment on curved plate forming for a saddle-type
geometry was carried out to confirm the forming accuracy

of the modified die shape. Figure 17 depicts the 2,000-kN
flexible forming apparatus fabricated for thick plate form-
ing up to a thickness of 25 mm. The forming machine was
4.2 m high, and both the upper and lower flexible die
punches were controlled by servo motors. Each flexible die
had 192 punches (in a 16×12 array); the length of each
punch could be adjusted by adopting a bolt-and-screw
assembly structure. The minimum punch length was about
320 mm and could be enlarged up to about 520 mm with a
200-mm stroke range for generating forming surfaces; also,

(a) Flexible die adjusted for saddle-type plate forming 

(b) Flexible forming process using urethane pads 

(c) Saddle-type curved plate manufactured by flexible forming process 

Fig. 18 Configuration of
adjusted punch array for saddle-
type curved plate forming
process and deformed plate. a
Flexible die adjusted for
saddle-type plate forming. b
Flexible forming process using
urethane pads. c Saddle-type
curved plate manufactured
by flexible forming process
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the punch tip had a width and radius of 50 mm. An
AH32 steel plate with a thickness of 10 mm and a
blank size of 600×600 mm2 was used. Figure 18a shows
the flexible die shape that was adjusted to the shape of a
saddle. Only the experiment using the 12×12 array was
carried out due to the limitation on the punch array size
that had only 12 punches along the lengthwise direction,
as shown in the figure. Shore A90 urethane pads having
10 mm thickness were used for smoothing the forming
surface and preventing defects such as scratches and
dimpling caused by contact between both the metallic
materials, as shown in Fig. 18b. As a result, the saddle-
type curve plate was obtained as seen in Fig. 18c, and it
was scanned for comparison with that of the objective
surface. Figure 19 depicts a comparison of the major
profile of the midsurface along the section A–A′ shown in
Fig. 18c with the objective surface and that of the
simulations. As shown in this figure, the sectional profiles
have good agreement with each other at the center of the
curved plate. However, it is confirmed that the profiles
have a difference of about 1.9 mm at the boundary due to
the straight effect. Nevertheless, it could be concluded that
the forming errors originating from various factors in the
flexible forming process were considerably reduced by
using the modified die shape obtained from the iterative
overbending surface method.

6 Conclusion

In this study, a method was proposed for determining the
punch height for arbitrary objective forming surfaces. An
offset surface scheme considering the geometrical relation-
ship when round-tip punches contact with the forming
surface was developed to calculate the punch height. By

using this method, the surface-to-surface contact prob-
lem between the punch tip surfaces and the forming
surface could be simplified to a point-to-surface contact
problem between the center points of the punches and
the forming surface. The vector sum of the adjacent unit
normal vectors of each node was used to generate the
offset surfaces from the midsurface (i.e., neutral surface)
of the objective shape for calculating the punch height.
This offset surface generation method was also applied
to develop the compensated surface obtained by using
the iterative overbending method.

In addition, a compensation method was proposed for
the forming error observed in flexible forming processes.
An iterative overbending surface method using the
numerical simulation method was developed to modify
the flexible die shape. To apply the method to a flexible
forming process, iterative sequential explicit-to-implicit
numerical simulations for the forming and springback
processes were carried out with the die shape compen-
sation algorithm. In the method, the shape error vectors
were considered to evaluate the forming accuracy and
compensate the errors in view of the three-dimensional
spatial coordinates. The error vectors were inversely
added to the objective surface during the iterative
simulation stages. The advantage of the method is that all
the factors regarding the shape error such as the deformation
of the urethane pads would be compensated by modifying the
flexible die shape. In terms of the results, the shape error plots
were compared for each step, and it was confirmed that the
objective surface would be obtained by using the proposed
method. However, it was also observed that the improvement
in the forming accuracy by adjusting the punch height was
inherently limited due to the straight effect at the boundary of
the plate. To minimize the straight effect, the effect of the
relative location between the punches and the forming surface
on the forming accuracy was investigated. The contact points
at the plate boundary were shifted by adding one line of
punches in each row and each column of the flexible dies.
From the investigation, considerable improvement in the
forming accuracy was observed at the boundary of the plate.
Therefore, the relative position between the flexible dies and
the blank should be considered to minimize the shape error in
flexible forming processes.

To verify the feasibility of the methods, an experiment
using a 2,000-kN flexible forming apparatus was carried
out. It was also noted that the modified shape of the flexible
die obtained from the iterative overbending method
considerably improved the forming accuracy. Although the
effect of the contact points on the blank on the forming
accuracy was not confirmed by the experiment due to the
limited specification of the forming apparatus, it was
confirmed that the relative location also is quite an
influential factor in the design of flexible forming process.
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surface, simulation, and experimental results
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