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a b s t r a c t

At most shipyards, flame bending has been widely used to fabricate curved shells. Since residual
deformation of flame bending is produced by thermo-elastic–plastic strains, it is difficult to accurately
achieve the desired shape. Therefore, mechanical bending processes such as multi-press forming and
multi-point press forming have become attractive because such processes can accurately control the
desired shape. Springback is one of the major problems associated with mechanical bending. When
the pressing tools are removed after the loading stage, the workpiece springs back due to the elastic
recovery and the shape deviation needs to be compensated. The tools of the press forming process
therefore need to be changed in order for the produced surface to reach the desired shape accurately after
springback. Generally, forming tools are designed and constructed to operate through an iterative process
in which the die and the pistons are adjusted to compensate for springback after a pressing operation.
Such adjustments require significant time and effort. Therefore, the present study investigates not only
how to simulate springback deformation, but also the degree of adjustment required to the stroke of
pistons in multi-press forming. Finite Element Analysis (FEA) of thick metal forming and an iterative
displacement adjustment algorithm are integrated for practical application. Shape deviations between
the design surface and the deformed plate are minimized to reach the desired shape.

© 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Generally, the objective of the design of a hull form in a ma-
rine vessel is to obtain a hull surface with minimum resistance to
meet the required dead weight. The geometry of the hull surface
is represented by a complex surface. Thereafter, the hull surface is
divided into several hundred surface pieces according to the hull-
block assembly and the lines of weld joints. In general, more than
50%–70% of the surface pieces are grouped into the curved surface
with a double curvature. In most shipyards, the plates with double
curvature are deformed from flat plates by flame bending (or line
heating) or sequential roll-press forming and flame bending. How-
ever, the flame bending process is mostly dependent on the skill
of experienced workers because of its complexity in the thermo-
elastic–plastic deformation generated by the moving flame. Heat-
ing information such as the location of heating lines, sequence of
lines, speeds, and maximum temperature have been determined
byworkerswhohave several years of experience. Also, flamebend-
ing needs to be carried out for several hours to obtain the de-
sired shape since the heat source moves on many lines. Therefore,
over the past 40 years many shipyard engineers and scholars have
made numerous studies to develop an automation technique for
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line heating [1,2]. Such studies have not only included the thermal-
elastic–plastic behavior of the line heating process but also the au-
tomation of the process. The first attempt to simulate line heating
was performed based on a simplified model [3,4]. Throughout the
1990s,many researchers investigated FEM to calculate the residual
deformation generated by line heating [2,5]. Over the past 9 years,
a number of practical systems [6–8] have been carried out for the
automation of line heating processes. Tango et al. [6] developed an
integrated system that carries out line heating automatically. The
system, called IHI-Alpha, calculates a heating plan which includes
the speed and electric current of induction heating. Park et al. [9]
proposed a geometric assessment method in order to establish a
theoretical foundation for the automation of line-heating. They fo-
cused on measurement, comparison, and the measurement data
process in the overall system which was developed for the Sam-
sung Heavy Industry Co., Ltd.
Despite a powerful simulation technique of flame bending,

basic studies are still being conducted on the line heating process
since the mechanism for line heating is too complicated to obtain
accurate control. There is an urgent need for the development of
the automation of the forming of curved surfaces.
Comparedwith flamebending, cold forming can reduce thepro-

duction time even though it requires significant hydraulic power
to form a thick plate. It is well known that die forming is use-
ful for the mass-production of products such as automobiles or
consumer goods. However, the fixed die is not suitable for ship-
building because each hull piece differs. Also, there is no control
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Fig. 1. Schematic view of multi-press forming machine.

in the forging process because of the thickness of the hull plates
(generally over 12 mm). On the other hand, with the advantage of
die-less forming, re-configurable press forming, and multi-point
forming, cold forming is an attractive process in many shipyards.
The forming system using reconfigurable press technology is a
flexible tooling system for the automatic fabrication of arbitrary
3D surface parts [10]. In addition to the inherent flexibility of
plate thicknesses, cold forming can form a variety of intricate shell
shapes in shipbuilding within a short period of time. Therefore,
cold forming technology has been considered in several shipyards
as a way to overcome the difficulties associated with traditional
line heating [11]. Since 2006, STX Offshore & Shipbuilding Co., Ltd.
(STX shipyard) has been investigating cold forming methods that
are adequate for shipbuilding. Evaluating the cold bending meth-
ods, i.e. multi-press, multi-point dieless forming, and multi-point
press forming, the STX shipyard has designed a multi-point press
forming (MPPF) device that has a reconfigurable discrete die to
form thick plates that have large dimensions. TheMPPF is a single-
sided reconfigurable-die device with 9 inner rods and 16 edge
constraint rods. Inner pressing rods are reconfigured by hydraulic
movement in combination with pressing rods in edge constraints.
The three-dimensional pressing value for the workpiece should be
converted to NC data and downloaded to themachine controller of
hydraulic presses that have freedom of movement along the X–Y
plane on the guide lines. Through an investigation of themaximum
height of the hull pieces extracted from design data of containers,
the maximum height of strokes of the punches was designed for
manufacturing plates of any size. The in-plane movement of the
plates is allowed because the projected area of the plate after the
forming process on the initial plane of the plate is smaller than the
initial area of the plate before processing. The schematic configu-
ration of the MPPF equipment is illustrated in Fig. 1. The aim of the
present study is to provide the MPPF equipment developed by the
STX shipyard with a method to calculate the strokes of each press-
ing punch.
However, there are still a number of key technological problems

that need to be solved for automatic dieless multi-point forming.
Springback is one of the major problems of MPPF as it is with
othermechanical bendingmethods.When the presses are released
after the forming stage, the plate springs back due to elastic
recovery [12]. Because the geometric tolerances can be tight for
hull plate assembly, this shapedeviation canbecomeunacceptable.
Springback can also make it difficult to approach the desired
design shape at the first forming. The desired shape can, however,
be efficiently achieved by an iterative process of bending and
compensation. Therefore, springback compensation is necessary so
that the punches of a multi-point press are adjusted such that the
manufactured plate becomes geometrically accurate.
Redesigning or adjusting the tools manually to achieve the de-
sign shape for themanufactured plate is a time consuming process.
Furthermore, because a hull surface is assembled fromseveral hun-
dreds of pieces of curved plate, an integrated system is required in
order to automatically calculate the adjusted piston strokes.
Several completely automatic springback compensation algo-

rithms have been reported and tested in previous studies [11–15].
The algorithm of the Displacement Adjustment (DA) method uses
the shape deviation between the manufactured product and the
desired shape, multiplied with modifying factors on each of the
piston points, as a compensation function for the geometry of the
tools. The advantages of the DA method are that the modification
of the controlled stroke can also be carried out with a finite ele-
ment analysis (FEA), and that it is possible to control the algorithm
automatically.
The goal of this paper is to develop an integrated system that

can automatically perform the springback compensation process
and the calculation of piston strokes. Taking into consideration the
predicted shape obtained by FEA, iterative displacement adjust-
ment modifies the offset of pressing punches. We select the DA al-
gorithm specifically applied to the bending of thick plate. FEA and
the DA are incorporated in an integrated system so that the sys-
tem can iteratively calculate the compensated geometry of amulti-
point press. Here, a surface with a limited set of points is used to
compare and evaluate the desired product shape and the unfolded
shape, and to modify the strokes. For the practical application of
this method, a program system has been developed to automati-
cally offset the strokes of punches for the MPF procedure.

2. Data procedure in multi-point forming

2.1. Geometric data flow in multi-point forming

Generally, fitting and fairing the lines drawn from the data of
ship offsets is often the beginning of the ship hull design procedure.
The hull design procedure defines the surface of the ship hull,
which approximates the points belonging to the hull [16]. Welding
lines of the seam and butt are defined on the hull surface according
to the plan of the block division. Thereafter, the hull surface is
divided into many pieces that will be developed or unfolded into
the two-dimensional (2D) flat pieces. The design surfaces are first
trimmed from the three dimensional surface of the hull form.
Thereafter, the pieces are unfolded onto the flat plates [17]. For
most of the pieces, flame bending or press bending is applied to
produce the desired shape. The schematic data flow of the desired
surface and unfolded surface in the hull plate design is explained
in Fig. 2.
For the application of multi-point forming, the initial stroke of

each press is obtained from the displacement difference between
the curved design surface and the flat unfolded surface. The frame
coordinate of the design surface extracted from the computer-
aided design (CAD) of a ship differs from that of the unfolded sur-
face calculated by the unfoldingmodule, for which a preprocessing
step for surfacematching, such as ‘surface registration’ or ‘localiza-
tion’, is required [18–22]. Having two sets of point data, a surface
matching process in which geometric shapes are represented by
sparse points is then carried out, and the difference between press-
ing points is calculated through surfacematching by a combination
of the iterative closest Point (ICP) algorithm and the localization al-
gorithm suggested in various studies [18–22].
Sparse points on the desired surface are taken, and a corre-

sponding set of points on the unfolded surface is determined.
Comparing the displacement difference between the unfolded sur-
face and the design surface, the initial stroke of each press is
determined. Fig. 3 introduces in detail the overall process of the
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Fig. 2. Data flow of desired surface and unfolded surface in hull piece design.
Fig. 3. Schematic process to determine the compensated stroke of press.
extraction of surfaces, the role of the ICP algorithm, and the de-
termination of the amount of springback compensation. The sur-
face registration describes the rotation and translation matrix to
fit the unfolding surface for the desired surface. The ICP approach
to register the surfaces is reported in various studies [18–22]
and is thus not detailed in this paper. Displacement Adjustment
accounts for the offset of the pressing tool in conjunction with
the deformation prediction. First, the object surfaces and un-
folded surfaces are matched together via the ICP method. Sec-
ond, the initial offset or stroke of the pressing tool is directly
assumed from the object surface. With these offset conditions,
elastic–plastic analysis is performed. Third, the compensated off-
set is applied again to the analysis until the produced surfacemeets
the desired surface. After the procedures have been completed, the
offset is fastened to the pressing tools.

2.2. Representation of surface geometry

The design surface extracted from the ship CAD and the un-
folded surface are identified as sets of points.When the design sur-
face andunfolded surface data have been collected as sparse points,
they are useful for making a surface representation to manipulate
the required data for computation. Surface representation is par-
ticularly required to express the boundary points and inner points
on the produced surface and unfolded surface. The explicit polyno-
mial surface is taken into consideration for an efficient represen-
tation of the surfaces in this paper. Although parametric models
such as Bezier, B-Spline, or Nonuniform Rational B-Spline (NURBS)
are generally used for the representation of a surface in a geometric
process, the polynomial equation is sufficient to extract the bound-
ary points and inner points aswell as to generate the finite element
meshes for the spring back compensation. The polynomial function
D(x, y) for independent variables (x, y) of degree (k, k) can express
the surfaces expressed as

z = D(x, y) =
k∑
i=0

k∑
j=0

aijxjyj (1)

where aij is a coefficient of each polynomial term.
Since the values of points (xi, yi, zi) are generated from the

desired surfaces and measured points, the polynomial surfaces
were interpolated to the given sets of points. We evaluate the
polynomial surfaces for degrees (2, 2), (3, 3), and (4, 4) by
comparing the interpolated points obtained from the polynomial
surface with those from the desired surface. We found that the
cubic polynomial of the (3, 3) degree showed good agreement.
The polynomial function can satisfy zi = D(xi, yi) for m data
points (xi, yi, zi) given, and the formulations are described by a
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matrix form. Introducing the coefficients, a1, a2, . . . , a16which are
rearranged from aij, Eq. (1) can be transformed to a matrix form
as follows in Eq. (2). It is possible to calculate the coefficients by
introducing the givenm data points.
The interpolation coefficients are obtained by easy calculation

as follows:

(NTN) a = NTq (2)

where N is a matrix expressed by the given data points of (xi, yi),
a is a coefficient vector of the polynomial, and q is a vector of zi at
the given data points. These are represented as follows:

N =


x31 x31y1 · · · 1
x32 x32y2 · · · 1
...

...
...

...

x3m x3mym · · · 1

 (3)

a = {a1, a2, . . . , a16}T (4)

q = {z1, z2, . . . , zm}T . (5)

2.3. Stroke of punches

The ICP algorithm and localization algorithm are used for ge-
ometric alignment and registration of three-dimensional surface
models, as described in the previous section. The algorithm starts
with two surfaces, the design surface and the unfolded surface, and
iteratively determines the transformation by considering pairs of
corresponding points on the surfaces and minimizing the distance
between the design surface and the unfolded surface. According
to the displacement distance, points on the flat unfolded surface
adjust the strokes of the pressing punches. The punches are ar-
ranged between the unfolded surface and the design surface. The
point of the curved piece is projected onto the point on the flat
piece, and the correspondence stroke is assumed based on a point-
to-point distance. As stated earlier in Fig. 1, the pressing machine
has nine pressing rods in the inner region of theworkpiece and six-
teen pressing rods along the constraint edges. Hydraulic pressures
are used for all rods so that the inner rods push the plate and the
edge rods pull the plate.
Therefore, the initial stroke ci that will be imposed on the ith

point of the unfolded flat surface can be easily assumed by:

ci = ri − ui (6)

where ri and ui denote the vertical offset of points on the desired
shape and the location of the pressing punch, respectively. The
points of the workpiece are projected onto the desired surface and
the corresponding points can be easily obtained.
However, the head of the rodmakes contactwith theworkpiece

as the punch is pressed with the above initial stroke. To determine
the vertical locations of punches, it is necessary to determine the
relative position of each punch. The relative position of the rod
should be determined by the contact point as seen in the side
view shown in Fig. 4, since the punches’ spherical head will always
contact theworkpiece at a tangency point and not at a center point.
Considering the contact configured by the radius (r) of the

punch head and the workpiece thickness (t), the stroke of the
punch can bemodified as shown in Fig. 4. Cai and Li [23] suggested
a non-linear equation to calculate the contact points and the
position coordinate of pressing punches for sheet forming. Their
non-linear equation was selected for this present study and an
incremental scheme was used to calculate the contact point.
The incremental process can be summarized as follows:

1. Determining the location of the contact point of the punch head
on the surface.
Fig. 4. Determining the relative contact position of punch’s head.

Fig. 5. Surface function of lower punch’s head with contact condition.

2. Calculating the normal vector at the contact point.
3. Calculating the surface function of the center of the punch
heads.

The region of a punch head projecting onto a workpiece is dis-
cretized using dense points as shown in Fig. 5. The location of the
closest points is determined as the contact points after the distance
between the points on the punch head and the projected point set
are calculated.
Since the objective three-dimensional surface of the workpiece

to be formed f (x, y) is represented with a polynomial, we can
calculate the normal vector (n(x, y)) at the contact points as
explained in Eq. (7).

n(x, y) =
fx(x, y)× fy(x, y)∣∣fx(x, y)× fy(x, y)∣∣ (7)

where, fx(x, y) and fy(x, y) form the differential equation of the
polynomial surface f (x, y) expressed by ∂ f (x,y)

∂x ,
∂ f (x,y)
∂y , respectively.

After we obtain the normal vector, the location of the punch
heads can be obtained by the following equation:

fLower(x, y) = f (x, y)+ (r − t/2)n. (8)

3. Finite element model of deformation process

Using the iterative algorithms, there is a sequential coupling
between the FE software and the compensation algorithm as
depicted in Fig. 3. Each step of displacement adjustment requires
the running of an FE model. In the case of metal forming, this FE
analysis must be robust and needs to be sequentially performed.
The forming of hull plates can be defined as the deformation of

thick, flat plates into desired surfaces. In many studies, springback
is analyzed by an elasto-plastic bending model. If the springback
shape is predicted, the results of the prediction can be used in the
re-arrangement of the tool in the repeated compensation. Since
the deformation component can be divided into bending strains
and in-plane strains, the deformation of the MPPF can be modeled
by the elasto–plastic deformation of a thick plate. Considering
that the finite element model is an efficient method to compute
the springback shape, an elasto-plastic shell element capable of
large strain and large deformation is adopted. The present method
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Fig. 6. Stress–strain curve for hardening model.

Fig. 7. Typical feature of Shell 181 element.

used to compensate for springback involves offsetting the strokes
of the pressing punches according to the difference between the
desired and the predicted-springback plate. The final strokes can
be determined once the error between the designed and predicted
shapes converges to a specified tolerance through a number of
finite element computations.

3.1. Finite element model

Various investigations have reported that springback is a
complex problemwhich involves plastic strain. Therefore, to accu-
rately model the problem it is preferable to use appropriate mod-
els that are capable of describing material behavior such as the
Bauschinger effect. The finite element method is a successful way
to model the plastic deformation of the multi-point forming pro-
cedure. The commercial program ANSYS was used to simulate de-
formation under various piston stokes. Themajor conditions of the
finite element analysis are given as follows:

• The materials were defined as isotropic and homogenous.
• The kinematic hardening model with the Bauschinger effect
was used for strain hardening.
• The thermal effects and friction effects were neglected.

The kinematic hardening rule representing the rigid motion of
the yield surface during loading was used, as shown in Fig. 6. It is
capable of simulating the load–displacement response, including
the Bauschinger effect. The finite element chosen was SHELL181,
a plastic-shell element that is suitable for the simulation of shell
structures and which permits the incorporation of plastic-elastic
behavior according to the requirements of the simulation. The
element was a 4-node element with six degrees of freedom at
each node: translations (u, v, w) in the x, y, and z directions, and
rotations (θx, θy, θz) about the x, y, and z-axes as shown in Fig. 7.
This element represents themeshes in three dimensions and needs
four or three nodes to be defined [24].
SHELL181 is suitable for analyzingmoderately thick shell struc-

tures. It is well-suited for linear, large rotation, and/or large strain
Table 1
Material property of AH32 TMCP steel.

Material property Value

Young’s modulus (GPa) 210.0
Poisson’s ratio 0.3
Yield Stress (MPa) 312.0
Tangent modulus (GPa) 10.0

Fig. 8. Boundary condition at loading stage.

nonlinear applications. The accuracy in modeling a thick plate is
governed by the first order shear deformation theory (usually re-
ferred to as the Mindlin–Reissner shell theory). The interpola-
tion of shear strain for the elements is adjusted to avoid shear
locking. The problem of large rotations and deflection is treated
by considering the shear deformation as well as the nonlinear
strain–displacement relationship.
Considering the material properties of the AH32 Thermo

Mechanical Controlled Process (TMCP) steel plate, the mechanical
properties of the work pieces were assumed as listed in Table 1.

3.2. Boundary conditions

The finite elementmeshes and the boundary conditions at load-
ing and unloading state are shown in Figs. 8 and 9. If the bound-
ary condition allows the rigid body motion due to the lack of
constraints, then the stiffness matrix of the FE model is singular.
The mid node was constrained to prevent the rigid body trans-
lations and rotations at the loading state as well as the nodes at
the vertices were linked with the spring element that was fixed at
one end. The displacement constraints of translations and rotations
were applied to themid node of the surface in order to prevent the
rigid body motion. This is a stable constraint, preventing all possi-
ble rigid bodymovements, leading to a nonsingular stiffnessmatrix
and thus a successful solution during FEA. Also, the stiffness of the
spring element was assumed to be very small so that it only pre-
vented the translation of themeshes without affecting the amount
of residual deformation. To simulate the forced displacement that
occurs during the forming, anupwarddisplacement (or stroke)was
imposed on the inner pressing points. However, the upward dis-
placement was determined by the difference from the mid node
because the mid node was fixed.

4. Displacement adjustment

The finite element model described above will provide the
springbackprediction. Thepredicted results can thenbeused in the
repeated step of compensation.Whilemany studies for springback
compensation have been carried out, the displacement adjustment
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Fig. 9. Boundary condition at unloading stage.
method has been proven to be the most successful [25,26]. The
principle behind the DA method is efficiency and repetition.
Because the produced surface springs back in a direction, the tool
offset is modified into the opposite direction in consideration of
the predicted shape. In this chapter, an optimum technique DA
is summarized to construct the offset of a multi-point pressing
machine. The DA technique is incorporated into the finite element
code via the interface to help the construction of the modified
offset.

4.1. Constituents of iterative displacement adjustment

The desired surface and unfolding surfacewerematched or reg-
istered based on the ICP as shown in Fig. 3. When the surfaces
are registered, press bending needs to be carefully configured and
springback compensation must be carried out to improve the geo-
metrical accuracy of the manufactured workpiece. To enhance the
iterative manual springback compensation, a finite element anal-
ysis was integrated with the displacement algorithm rather than
using real prototype tools. The error due to springback is defined
as the normal direction from a node of the predicted surface to the
desired surface. The details of each step in the DA algorithm are
discussed below in detail.

4.2. Displacement adjustment

To date, the DA method has proven to be the most effective
and simplest method. The principle behind the method is well
known and has already been applied in sheet metal forming. The
present studyuses theDAalgorithm implementedby Lee et al. [10],
Lingbeek et al. [14], and Lan et al. [15]. The idea involvesmeasuring
the deformed surface and calculating the displacement between
the produced surface and the desired shape [14]. Simply, the
method compares the deformed surface with the desired surface
and calculates the distance between the produced workpiece and
the desired surface. The stroke of the presses is then adjusted in
the opposite direction to the springback deformation. The same
process is iterated until the deviation of displacements satisfies the
given tolerance.
The DA method is based upon the iterative compensation com-

puted by the difference between the reference surface and the pro-
duced surface. Fig. 10 shows the desired surface, the springback
surface at the released state, and the deformed surface at the load-
ing state in the DA method. Eri (or R), Esi (or S), and Eci (or C) rep-
resent the desired reference surface, the springback surface, and
the compensated surface, respectively. Therefore,Esi−Eri represents
the shape deviation between the desired shape and the deformed
shape that experiences the springback. The DA method involves
offsetting tool surface nodes in the opposite direction to that of
the springback deviation. In the method, the iterative work is ap-
plied to the points on the nodes of the finite element mesh and the
desired reference surface. The points are given as the collections of
Fig. 10. Sectional view of object surface and sprung back surface.

m points in R3.

S = {Esi|Esi ∈ R3, 1 ≤ i ≤ m} (9)

R = {Eri|Eri ∈ R3, 1 ≤ i ≤ m}. (10)

While the tool’s offset is adjusted to compensate for the spring-
back, the amount of springback increases. Therefore, theworkpiece
must be overbent to accommodate this phenomenon. For this rea-
son, the overbending factor is useful. This fundamental principle is
shown in Eq. (11).
Prior to the work of this paper, the DA algorithm was imple-

mented by Lee et al. [10] as an aim of springback compensation,
but the implemented DAwas performed by iterativemanual work.
Also, the modification factor was assumed to be a fixed value that
was small enough to carefully adjust the stroke in that study. The
present study selected the normalized factor to determine the di-
rection as well as the amount of modification. Therefore, the com-
pensated geometry Ct+1 after the tth iteration is easily tested by
the modification factor (α),

Ct+1 = Ct + αt(St − R)⇔ Ect+1i = Ecti + α
t
i (Es
t
i − Eri) ∀i. (11)

The factorαti is the scale factor or overbending factor of the ith node
at the tth iteration. The amount of compensation varies over the
nodes. The scale factor is determined by Eq. (12). This is the nor-
malized value to the maximum deviation at all nodes.

αti = −

∣∣sti − ri∣∣
max

(∣∣sti − ri∣∣)∀i . (12)

R is the desired reference surface, represented as a set of points.
This geometry is used to create the initial trial of pressing strokes
as well as to validate the produced surface. Finite element simula-
tion is carried out in order to provide St , the produced surface after
springback. The compensated geometry Ct at the previous step is
modified into Ct+1. As the pressing rod compresses the workpiece,
the forced displacement generates the different degrees of defor-
mation that affect the springback results. The first compensated
geometry is referred to as C1, and FE simulation is carried out for
the compensated geometry. The resulting springback mesh S1 is
now used to modify C1, delivering the second compensated geom-
etry C2. The initial value of α starts with−1.0 and is re-calculated
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Fig. 11. Sequential procedure for application of the DA.
by Eq. (12). Thereafter, FEA is carried out to calculate the updated
(St ), calculating the new compensated geometry (Ct+1). The itera-
tive process is expressed by a flow chart in Fig. 11.
This process is repeated until the shape deviation satisfies the

tolerance criteria,∥∥Esi − Eri∥∥ ≤ ε (13)

where, ε denotes tolerance.
The advantage of iterative DA is that the process engineer does

not need to guess an overbending factor because the tool geometry
iteratively converges to its optimal shape. Another advantage is
that, depending on the product’s geometry and forming process,
the accuracy can also be raised [14].

4.3. Integrated system

Despite the powerful capacity of FEA and DA, the tool design
process is useless if it still contains manual work. After the studies
on the FEA and experiments [27–31] were performed, the focus
has now moved towards the integration of FEA and DA [25,32].
Though some studies implemented the integration of DA and FEA
and showed the practical approach applicable to the sheet metal
forming, it still requires making an integration of the FEA and the
DA that can be applied to the formation of the thick plate.
In this study, an approach is introduced to obtain manufactur-

ing information from FE simulation and DA that does not need
manual operation until the compensated strokes are obtained. The
DA can be useful only if it is incorporated with the springback
calculation. FE analysis should be run during the DA algorithm
in an automatic way and the surface data needs to be manipu-
lated as shown in Fig. 12. Finally, software has been developed to
calculate the modified strokes automatically, based on the com-
pensation algorithm and finite element method. The integration
program in itself is perhaps themost important for industrial use in
a shipyard. Combining the FEA with the DAmethod, this study has
developed an integrated system. The integrated software was de-
veloped with VISUAL C# under the WINDOWS platform. The soft-
ware calculates the stroke matrixes and runs the simulation of
deformation.With the GUI interface, 3D surface can be constructed
based on the input file including four boundary curves. The soft-
ware controls the iterative adjustment and finite element analy-
sis as well as automatically registers the unfolding surface to the
desired shape based on the ICP during the iteration, as illustrated
in Fig. 13. At every iteration, the integrated system generates the
ANSYS command file corresponding to the compensated displace-
ment of the pressing rods and executes the ANSYS program for the
command file in a batch mode. Depending on the object work-
piece, the aforementioned tool properties, boundary conditions
and workpieces are generated in the FE model. Derived from the
calculated deformations, the DA is applied to the deformed shape
and a new die surface is obtained after a few iterations. The spring-
back shape is thereby iteratively computed in the integrated sys-
tem. Consequently, the entire process automatically continues to
adjust the spring shape until the forming deviation satisfies the
convergence tolerance.
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Fig. 12. Data flow for application of the DA.
Fig. 13. Configuration of program integrating the ICP, DA, and FEA.
5. Examples and discussions

To check the effectiveness of the proposedmethod for the direct
generation of the offset, several case examples are calculated. The
method is applied to compound surfaces extracted from the 2800-
TEU container carrier designed by the STX shipyard. Real pieces
are selected from the bow and the stern area on the hull form,
which have complex curvature distributions. Table 2 provides the
dimensions and types of each design surface.
Extracted design surfaces were processed in order to obtain the

initial flat plate through the unfolding method [17]. The deformed
surface, design surface and pressing surface of each case are shown
in Figs. 14, 16, 18, 20, 22 and 24. The shape deviations before and
after compensation are pictured in the figures. In addition, the
number of iterations and the changes of similarity are shown in
Figs. 15, 17, 19, 21, 23 and 25. The similarity (shape deviation)
during the iterative compensation was also plotted. The iteration
was programmed to stop when 90% of the points fell within the
shape difference tolerance of 7 mm. Case 5 and Case 6 required
more iterations to converge than did the other cases. The main
reason for this is the sizes of the destination surfaces involved.
Since the plate sizes of Case 5 and Case 6 were larger than those of
the other cases, these cases required more iterative compensation.
Fig. 14. Deformed shape at each iteration (Case 1).

For this experiment, it was assumed that there were 25 pressing
points for all cases. The fact that more iterations were required for
the larger plates indicates that pressing points should be added if
the size of the plate surface to be altered exceeds a critical value.
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Table 2
Sample plates for numerical evaluation.

Design surface Type Position length (mm) width (mm) thickness (mm)

Case 1 Convex Stern 4015.11 1133.09 20
Case 2 Convex Stern 3928.88 1016.27 20
Case 3 Saddle Bow 1752.39 1042.82 20
Case 4 Saddle Bow 1221.83 508.78 20
Case 5 Twist Stern 6881.73 2466.29 20
Case 6 Twist Stern 5931.18 1643.39 20
Case 7 Twist Bow 1880.0 1003.0 20
Fig. 15. Similarity at each iteration (Case 1).

Fig. 16. Deformed shape at each iteration (Case 2).

Furthermore, pressing points should be rearranged according to
the curvature distribution of the design surface. The convergence
of a large plate can be improved by adding more pressing points.
Although the similarity of Cases 1–4 increaseswith the iteration

cycles, that of Case 5 and Case 6 decreases with the cycles, and
then increases again. This tendency is found in most of the twist
type surface. A hypothesis is that the twist type surface has the
vertices located in the opposite direction, while the compensation
factor is a relatively normalized value to the maximum difference.
The twist type surface has the vertices located in the opposite
direction with respect to the mid node. In the Convex (Case
1–2) or Saddle (Case 3–4) type, four vertexes are located at the
same direction with respect to the mid node. As stated earlier
in the Section 3.2, the stroke of each node was determined by
the vertical distance with respect to the mid node because the
mid node was fixed to prevent the rigid body translation during
the finite element analysis. Furthermore, the local compensation
Fig. 17. Similarity at each iteration (Case 2).

Fig. 18. Deformed shape at each iteration (Case 3).

Fig. 19. Similarity at each iteration (Case 3).
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Fig. 20. Deformed shape at each iteration (Case 4).

Fig. 21. Similarity at each iteration (Case 4).

Fig. 22. Deformed shape at each iteration (Case 5).

factor α is determined by the ratio to the maximum deviation
between themid node and the other nodes as explained in Eq. (12).
To investigate the effectiveness of the size on the convergence,
another calculation is carried out. Figs. 26 and 27 show the result
of the twist surface that is smaller than Case 5–6. It is found that
the convergence is getting better if the size of plate is small even in
case of the twist type surface. Although it is difficult to explain the
cause of similarity fluctuation found in the twist surfaces, it can be
concluded that the convergence of DA is affected by the size of and
the type of the surface.
Fig. 23. Similarity at each iteration (Case 5).

Fig. 24. Deformed shape at each iteration (Case 6).

Fig. 25. Similarity at each iteration (Case 6).

6. Conclusions

In recent years, cold forming has been an attractive process
used in shipyards. MPPF technology employs one set of adjustable
punch matrices to take the place of fixed-dies. During the forming
process, each of the punches can be controlled by hydraulic
pressure to adjust its coordinates for shaping discrete 3D punch
surfaces. Based on the MPPF methodology, a single side multi-
point dieless tool is being developed by the STX shipyard. Themain
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Fig. 26. Deformed shape at each iteration (Case 7).

Fig. 27. Similarity at each iteration (Case 7).

contribution of this paper is to develop an integrated system for
thick plate forming performed by the single side MPPF. Firstly, this
paper introduces the principles of the springback compensation
method. It then describes in detail the construction of the flexible
information system. The system combines the configuration of
MPPF tooling, multi-point position and FEA to achieve the flexible
forming and rapid calculation of punch strokes.
To determine the piston strokes in multi-point forming from a

set of scattered data points, the compensated position of each pis-
ton point should be calculated. To accomplish this calculation, an
integrated displacement compensation method which combines
ICP, DA, and FEA has been proposed in this study. In the proposed
method, design surfaces and unfolded surfaces from a set of scat-
tered data points are matched together by the ICP and localiza-
tion algorithm. ICP and localization register the unfolded surfaces
onto the curved design surfaces. To offset the piston strokes in
multi point forming from a set of scattered data points, the com-
pensated position of each piston point is calculated by DA. An in-
tegrated IDM system has also been developed to automatically
calculate the compensation strokes necessary for all hull plates.
The integrated IDM system successfully generates appropriate
compensated strokes for the pistons during multi-point forming.
The DAmethod is incorporated into a commercial FE code through
a batch-run interface to repeat the iterative compensation by the
integrated system. Calculating the elastic–plastic deformation us-
ing a plastic shell element, piston stroke variations are optimized
to produce the desired plate shape.
The main conclusions from the present work are as follows:

• The method has been proven effective in compensating for
springback during thick plate forming in shipbuilding.
• A numerical example demonstrates that the combination of DA
and FEA is easy and expedient to apply to hull forming.
• The density of the piston grid is one of the major factors in
multi-point forming. The convergence of IDM decreases when
the size of the plate is enlarged.
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