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Abstract A flexible production system for sheet metal parts was
developed based on the “digitized die” concept. The system can
produce a variety of three-dimensional parts without the need for
conventional dies, and given only the geometry and the material
information of the desired part. The digitized die forming (DDF)
system includes the forming press, the shape control system, and
software modules with the functions of forming process planning,
digitized die shape design, forming process numerical simulation,
and springback correction. The digitized die installed in the form-
ing press is the kernel component of the system, it is composed
of a pair of matrices of punches, and sheet metal is formed by
the enveloping surface of the punches. The working surface of
the digitized die are modeled by Non-Uniform Rational B-Spline
(NURBS) and constructed by adjusting the height of each punch.
Forming process simulation software was developed based on up-
dated Lagrangian formulation and elastic-plastic material model
of the finite element, it conducts the numerical simulation to pre-
dict the springback and forming defect that may occur in the form-
ing process. A simulation-based approach to compensate for ma-
terial springback was developed, by correcting the forming sur-
face numerically, an accurate digitized die surface for desired part
is obtained. In this paper, the overall structure of the DDF sys-
tem and the methods of design and control of digitized die shape
are described, the detailed steps of the die shape correction for
springback and forming process simulation are explained. Appli-
cations of the system for the forming of typical sheet metal parts
are described.

Keywords Flexible forming · Multi-point forming · Numerical
simulation · Sheet metal · Springback

Notation
Bi,k(u), Bj,l(v) : The normalized B-spline base functions
C(k) : The correcting matrix for the working surface
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E(k)
S : The total shape error of deformed part

h : The thickness of sheet metal
JΓ : Jacobian determinant
k : The number of correcting iteration
kT , kN : Penalty coefficients in the tangential and nor-

mal direction
kc : The stiffness matrix of the contact element
KT : Tangent stiffness matrix
KC : Contact stiffness matrix
n : The normal vector of the surface
N : Shape function matrix of finite element
p(u, v) : Objective shape of desired part
Pi, j : The control points of NURBS surface
pU

c , pL
c : The position vector of the center of upper and

lower punch spheric end
P : Array of the heights of punches (represents the

shape of the working surface)
P(k) : The shape of the working surface after k-

correcting iteration
r : The radii of punch spheric end
t Rce,

t+∆t Rce : The vectors of external nodal contact forces at
time t and t +∆t

t Rci : The vector of internal contact forces at time t
t Rext,

t+∆t Rext : The vectors of prescribed external nodal forces
at time t and t +∆t

t Rint : The vector of the internal nodal forces at time t
S : Array of the z-coordinates of the surface of

formed part at sampling points
Sobj : The objective shape of desired part
tT : The tangential component of the contact forces
T : The transformation matrix between local coor-

dinate and global coordinate
ωi, j : The corresponding weights of Pi, j

∆P : The increment of the working surface
∆R : Load increment vector
∆S : The shape error of the formed part
∆S(k) : The shape error of the formed part after k-

correcting iteration
∆U : Displacement increment vector
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µ : Friction coefficient
α : Contact state factor

1 Introduction

A sheet metal part is usually formed with dies, manufactured
in accordance with the shape and dimensions of the part. The
die design process is an iterative procedure of trail and error,
it results in considerable lead times and costs in the produc-
tion of the dies. This conventional method is adequate for mass
production because the cost of dies can be shared by a large
number of products. Recently, however, flexible die and dieless
forming methods for a small size lot are being developed, since
the customer’s demand is so diversified that the lot size has be-
come small.

Among various techniques for a small size lot, the idea of
a forming die of variable shape has gained great attention since
it would permit the design iterations to be rapid and nearly
cost free. Iwasaki, Shiota, and Taura [1] developed a triple-row-
press to form simple three-dimensional sheet metal parts. Hardt,
Boyce, and Walczky [2–5] explored the mechanical design and
shape control algorithms of discrete die tooling, the develop-
mental technology known as reconfigurable tooling for flexible
fabrication (RTFF). They developed a reconfigurable tool that
replaced multiple dies employed in stretch-forming sheet metal
aircraft components. Li and co-workers [6–16] have made a se-
ries of progress on the so-called “multi-point forming (MPF)
method for sheet metal” [6, 7]. As the working surface of die
can be constructed in real-time, a sheet part can be manufac-
tured along a specific forming path in MPF [10–12]. When the
path of deformation is designed properly, forming defects will be
avoided completely and lager deformation is achieved. A sheet
metal part can be formed section by section through the sectional
MPF [14, 15], and this technique makes it possible to manufac-
ture large size parts in a small MPF press.

The “digitized die forming (DDF)” concept is derived from
MPF. The conventional stamping dies are replaced by a pair of ma-
trices of punches with hemispheric ends, by controlling the height
of each punch, the matrix of punches is approximately a continues
working surface of the die. A digitized die photograph is shown in
Fig. 1. The working volume of the die is 400×320×100 mm, the
punches tips can form any arbitrary surface that can be contained

Fig. 2. Sheet metal forming process by DDF sys-
tem

Fig. 1. A digitized-die, 40× 32 punches constructing a 400 mm× 320 mm
working area

in the working volume. With finer punches and smaller space be-
tween punches, a better surface approximation is realized, and
higher quality products can be achieved in DDF.

The DDF system would permit the design of a forming die to
be rapid and nearly cost free when making new parts. The avail-
ability of an easily variable shape of digitized die can be used to
compensate for springback or other production variables.

2 Forming system

A typical DDF system is composed of three parts: DDF press,
software system, and computer control system. The digitized die
installed in the DDF press is the kernel component of the sys-
tem, and the computer control system command DDF press to
adjust the height of punch to establish the working surface of the
digitized die and to control the DDF press to apply the form-
ing loads. The software system is comprised by the following
modules: module for planning of forming process, module of
digitized die design, module for forming process simulation and
forming defects prediction, and module for springback correc-
tion. Figure 2 shows the overall process for digitized die shape
design and sheet metal forming. The top layer of Fig. 2 shows the
information flow, the middle layer shows the sequence of activ-
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ities, and the bottom layer depicts the basic components in the
DDF system.

All activities in the forming process are realized through
corresponding software. The process planning software designs
DDF procedures and determines process parameters based on the
information of the sheet metal part to be formed. Finite Element
Analysis (FEA) software simulates the DDF process numerically
and predicts the defects that may occur in the forming process
then determines the optimal technological parameters. Spring-
back correction software is developed on the basis of numerical
simulation, an iterative procedure is employed to correct the
shape of the digitized die, and minimize springback finally. Digi-
tized die design software computes the height of each punch and
determines the process parameters, displays the constructing pro-
cess of digitized die virtually, and checks the punch distances of
travel as well as the contact state between punches and the vir-
tual part. If any punch interferes with the objective shape of to be
formed, it is necessary to return to the planning step and revise
the DDF process. An effective solution is to adopt the sectional
DDF technique, which can realize large deformation by forming
sheet blank in a section-by-section way [14].

3 Design of the digitized die shape

3.1 Calculation of working surface

The working surface of the digitized die is the enveloping sur-
face of the spheric end of the punch matrix. The principal work to
design the digitized die shape is to determine the position coordi-
nates in the height direction of the spheric end of every punch.

In Fig. 3, the equation of the objective shape for a desired part
is p = p(u, v), if expressed by the NURBS surface with control
points Pi, j(0 ≤ i ≤ n, 0 ≤ j ≤ m), it can be defined as:

p(u, v) =
n∑

j=0

m∑

i=0
ωj,i Pj,i Bi,k(u)Bj,l(v)

n∑

j=0

m∑

i=0
ωj,i Bi,k(u)Bj,l(v)

(uk−1 ≤ u ≤ un+1,vl−1 ≤ v ≤ vm+1)

(1)

where ωi, j are the corresponding weights of Pi, j , Bi,k(u)

and Bj,l(v) are the normalized B-spline base functions of

Fig. 3. Calculation of the height of punch in digitized die

order k and l, respectively, defined over knot vector u =
{u0, u1, · · · , un, · · · , un+k}T and v = {v0, v1, · · · , vm , · · · ,

vm+l}T.
The position coordinates of the centers of an upper and

a lower punch spheric end can be calculated from the following
equations:
{

p(u, v)+ (r +h/2)n = pU
c

p(u, v)− (r +h/2)n = pL
c

(2)

where pU
c = (xU

c , yU
c , zU

c )T and pL
c = (xL

c , yL
c , zL

c )T are the pos-
ition vector of the center of the upper and lower punch spheric
end, respectively, r is the radii of the punch spheric end, h is the
thickness of sheet metal, and n is the normal vector of surface
p(u, v), and is written as:

n(u, v) = pu(u, v)× pv(u, v)

|pu(u, v)× pv(u, v)| . (3)

The tangential vector can be derived from Eq. 1:
{

pu(u, v) = [P′
u(u, v)−wu(u, v)p(u, v)]/w(u, v)

pv(u, v) = [P′
v(u, v)−wv(u, v)p(u, v)]/w(u, v)

(4)

where

P′
u(u, v) =

n∑

j=0

m∑

i=0

ωj,i Pj,i Ḃi,k(u)Bj,l(v),

P′
v(u, v) =

n∑

j=0

m∑

i=0

ωj,i Pj,i Bi,k(u)Ḃj,l(v),

w(u, v) =
n∑

j=0

m∑

i=0

ωj,i Bi,k(u)Bj,l(v),

wu(u, v) =
n∑

j=0

m∑

i=0

ωj,i Ḃi,k(u)Bj,l(v),

wv(u, v) =
n∑

j=0

m∑

i=0

ωj,i Bi,k(u)Ḃj,l(v).

3.2 Digital die shape control

Each punch in the digitized die is supported on a lead screw. Ac-
cording to the data of a designed working surface, the computer
control system commands motors to actuate the screw and ad-
just the height of each punch then establish the desired die shape.
Two strategies – serial mode and parallel mode, for controlling
the die shape have been developed [15].

The serial mode is a slow but inexpensive way to change the
digitized die configuration, it is realized based on a manipulator.
Figure 4 shows an adjusting process of the serial mode for a dig-
itized die configuration. The manipulator moves on the x and
y-axis and adjusts a single punch at a time (as the shaded punch
shown in Fig. 4). It therefore takes a long time to finish a desired
die shape and the more punches the digitized die contains, the
longer time it will take.
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Fig. 4. Sketch of the serial mode for controlling digitized die shape

Fig. 5. Sketch of the parallel mode for controlling digitized die shape

Figure 5 shows an adjusting process of the parallel mode for
a digitized die configuration. In this mode, each punch is con-
trolled by a so-called “Computerized Numerical Control (CNC)
unit”, and each unit contains a microprocessor board, a mini-
motor, and a set of driving gears. The board consists of a mi-
croprocessor, motor controller chips, and associated circuitry.
Computer-controlled motors move the punches along their axes
individually and all punches are adjusted simultaneously. Parallel
mode is a rapid way to change die shape, the setup time for a given
forming surface is depend on the largest variation of height among
all punches, and it is independent of the number of punches.

4 Springback correction

The springback will occur after removing the applied loads from
the deformed sheet, resulting in the deviation of the formed part
from the applied die shape, and springback must be consid-
ered during the design of the sheet metal process. It is neces-
sary to compensate for springback by shape change of the die
surface. To determine the amount of shape change during the
forming process, a quantitative prediction of springback is very
important. A numerical simulation-based technique to minimize
springback on the digitized die was developed. A user-friendly
software system has been created. The system can predicts the
proper die shape to obtain perfectly shaped parts and therefore
eliminate the need for any forming trials or iterations.

4.1 Forming process simulation

In order to obtain the correct stress status in the finite element
analysis of forming process, then achieve high accuracy of the

amount of springback, a software for the simulation of DDF was
developed based on updated Lagrangian formulation and elastic-
plastic material model of finite element. The finite element for-
mulations have been described in detail in reference [11, 16], and
receives only a brief outline here.

Starting from a deformed state of equilibrium at time t, the
sheet blank is thus loaded by a load increment ∆R, causing an
additional displacement and deformation ∆U which is defined
by the equilibrium condition for the new configuration at t +∆t.
The approximate linear equation for ∆U can be written as:

(KT + KC)∆U =t+∆t Rext +t+∆t Rce −t Rint −t Rci (5)

where KT = ∂t Rint
∂U , KC = ∂t Rci

∂U , t+∆t Rext =t Rext + ∆t Rext,
t+∆t Rce =t Rce +∆t Rce; t Rint is the vector of the internal nodal
forces due to stress at time t. t Rext, t+∆t Rext are the vectors of
prescribed external nodal forces at time t and t +∆t, respec-
tively, t Rci is the vector of internal contact forces at time t and
t Rce, t+∆t Rce are the vectors of external nodal contact forces at
time t and t +∆t, respectively.

In DDF, the contact area is multi-point and discontinuous,
its behavior is more complicated than that in conventional stamp
forming. The treatment of contact interface is one of the most im-
portant issues in the simulation of a DDF process. An incremen-
tal analysis procedure is the demanded, and effective constraint
methods are required so that the contact condition on the con-
tact boundaries may be imposed. Interface behavior of frictional
contact is formulated by the penalty method and Coulomb non-
classical friction law. The three-dimensional contact element is
adopted to model the multi-point contact surface and the highly
nonlinear contact problem is treated in an incremental way.

Covering contact boundary with a layer of contact element
and interpolating the penetrations at the contact point by finite
element formulation, a symmetric stiffness matrix for a contact
element can be deduced [11, 16]:

kc =
∫

Γc

NT TEcT TT NJΓ d ξ d η (6)

where Γc is defined as the contact boundary on which the sheet is
in or being in contact with digitized die, N is the shape function
matrix, T is the orthogonal transformation matrix between the
local coordinate and global coordinate at the contact point, JΓ

is the Jacobian determinant of the local coordinate ξ −η. Also,
the incremental form of frictional contact constitutive matrix is
given by:

EcT =

⎡

⎢
⎢
⎣

kT (1−α
t2
T 1

|tT |2 ) −αkT
tT 1tT 2
|tT |2 αµkN

tT 1|tT |

−αkT
tT 1tT 2
|tT |2 kT (1−α

t2
T 2

|tT |2 ) αµkN
tT 2|tT |

0 0 kN

⎤

⎥
⎥
⎦ (7)

where tT = (tT 1tT 2)
T is the tangential component of the contact

forces and kT , kN penalty coefficients in tangential and normal
direction, µ is the friction coefficient, and α is a factor of the
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contact state. In the sticking contact state, α = 0, and if sliding
contact occurs, α = 1.

After assembling the contact stiffness into the global stiffness
matrix, we obtain the final finite equations. In this method the
stiffness matrix is still positive definite [16], finite element equa-
tions do not contain additional variables and can be solved by the
approaches used in ordinary finite element analysis.

Figure 6 schematically depicts the sequential procedure
of that which was utilized in the forming process simulation.
Briefly, the elastic-plastic material model of the finite element
was used to analyze the forming process in which a deformable
blank was brought into contact with a pair of rigid forming dies,
and the entire external load was applied in a number of incre-
ments and the corresponding nonlinear equations were solved
though an equilibrium iterating procedure. At the completion of
the loading process, the deformed shape, stresses, and strains
within the elements were transferred into the portion of the pro-
gram for unloading process analysis. This was accomplished by
creating a database file that updated the geometry and stress his-
tory of element.

Once in the unloading process, the die components were
removed from the model, forming pressure was transferred to ex-

Fig. 6. Sequential procedure of DDF process simulation

ternal load, and valid boundary conditions were applied to the
deformed blank to restrain rigid body motion. Then the forming
pressure was removed incrementally and the Newton–Raphson
iterative procedure was utilized in each incremental step to de-
termine the subsequent springback deformations in the deformed
blank that occurred after removal from dies.

4.2 Die shape corrections for springback

For a digitized die comprised by m ×n punches on each side, the
surface of a deformed blank can be expressed as a function of the
heights of all punches pi(i = 1, 2, · · · , m ×n):

S(x, y) = f(p1,p2,· · · ,pmn) . (8)

If surface S(x, y) is represented by m ×n discrete points, Eq. 5 is
then written by the following equation

S = F(P) (9)

where S = {S1S2· · ·Smn}T is an m ×n array of the z-coordinates
of discrete sampling points, it represents the shape of the de-
formed part. P = {p1 p2· · ·pmn}T is an m ×n array of the heights
of punches, it represents the working surface of the digitized
die corresponding to surface S; F = {F1 F2· · ·Fmn}T and Si =
Fi(p1,p2,· · · ,pmn).

From Eq. 6, the increment of the working surface ∆P can be
calculated approximately from the increment of the shape of the
deformed blank ∆S as follow:

∆P = C∆S (10)

where C = ∇−1 F is an (m ×n)× (m ×n) matrix, and

∇F =

⎡

⎢
⎢
⎢
⎣

∂F1/∂p1 ∂F1/∂p2 · · ·∂F1/∂pmn

∂F2/∂p1 ∂F2/∂p2 · · ·∂F2/∂pmn
...

...
...

...

∂Fmn/∂p1 ∂Fmn/∂p2 · · ·∂Fmn/∂pmn

⎤

⎥
⎥
⎥
⎦

. (11)

Let Sobj represents the objective shape of the desired part, and
the shape error (as shown in Fig. 7a) of the deformed part is de-
scribed by

∆S = Sobj − S. (12)

To minimizing springback, the working surface should be cor-
rected step by step based on the shape error of the deformed part.
A new working surface can be computed by following the cor-
recting procedure:

P(k+1) = P(k) +C(k)∆S(k) (13)

where k is the number of correcting iteration, P(k) and ∆S(k)

are the shape of the working surface and shape error of the de-
formed part after k-correcting iteration, respectively, P(k+1) is
the working surface for the next iteration (as shown in Fig. 7b),
and C(k) = ∇−1 F(k) is a correcting matrix and the element in ∇F
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Fig. 7. Springback correcting of the working surface of digitized die

can be calculate approximately based on the results of the last
two iterations.

(
∂Fi

∂Pj

)(k)

≈ S(k)
i − S(k−1)

i

P(k)
j − P(k−1)

j

(14)

The total shape error of a deformed part is evaluated by

E(k)
S = 1

mn

m×n∑

i=1

|∆S(k)
i |. (15)

Figure 8 shows a flowchart of the springback correction pro-
cess. On the basis of the simulated results of the previous
forming cycle, the objective shape of the part is compared
to the shape of the deformed part to obtain the shape errors,
and these errors are processed to generate a new working sur-
face of the digitized die. This new working surface is then

Fig. 8. Die shape correction process for
springback based on forming process
simulation

Fig. 9. FEM model for the simulation of DDF process of a spherical objec-
tive shape

used to deform the sheet blank and obtain a new deformed
part with fewer shape errors. The correcting iteration con-
tinues until the prescribed tolerance of the part shape error is
satisfied.

4.3 Numerical examples

Based on the developed approach to minimize springback, the
die shape correction processes for two typical objective shapes
– a cylindrical surface (R = 200 mm) and a spherical surface
(R = 1200 mm), were performed. The digitized die includes
30× 30 punches. The initial blanks are square sheets of 300 ×
300 mm, with thickness 1.0, 1.5, and 2.0 mm. The material of
the sheets is 08AL with E = 200.0 GPa, v = 0.3, n = 0.201,
K = 537 MPa, and the initial yield stress σy = 128 MPa. Figure 9
shows a finite element model for the numerical analysis of the
DDF process of a spherical surface.

From Eqs. 10 and 11, two forming iterations are required
before a new forming surface can be calculated. By setting the
working surface to the objective shape of the desired part, that
is P(0) = Sobj, the formed part S(0) was produced and the shape
error ∆S(0) obtained. The first iteration was conduct by taking
the correcting matrix as:

C(1) = Diag[ρ1,ρ2,· · · ,ρmn] (16)
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Fig. 10. Variation of the configuration of deformed blank in correcting iter-
ation for a cylindrical objective shape (R = 200 mm)

where ρi is the curvature of the sampling point i, and ρi = (ρix +
ρiy)/2 for a spherical surface. Once these two initial forming it-
erations are completed, the matrix C can be computed (Eqs. 8
and 11) and the correcting process started. The allowable shape
error of 0.05 mm was achieved within four correcting iterations
for these two parts. The configuration variation of the deformed
blank in the correcting processes for a cylindrical objective
shape is shown in Fig. 10, and the shape error and maximum
z-coordinate error of each correcting iteration for the objective
shapes of cylindrical and spherical surface are listed in Tables 1
and 2, respectively.

Table 1. Shape error and maximum z-coordinate error for a cylindrical ob-
jective shape in correcting process for springback

Iteration Thickness of sheet metal h (mm)
time k h = 1.0 h = 1.5 h = 2.0

E(k)
S ∆Smax E(k)

S ∆Smax E(k)
S ∆Smax

(mm) (mm) (mm) (mm) (mm) (mm)

0 0.866 15.57 0.816 12.52 0.318 7.233
1 0.104 3.257 0.206 8.932 0.056 2.094
2 0.087 2.135 0.140 3.671 0.041 0.891
3 0.013 0.371 0.021 0.440 0.011 0.198

Table 2. Shape error and maximum z-coordinate error for a spherical objec-
tive shape in correcting process for springback

Iteration Thickness of sheet metal h (mm)
time k h = 1.5 h = 2.0

E(k)
S ∆Smax E(k)

S ∆Smax

(mm) (mm) (mm) (mm)

0 1.411 3.146 1.310 2.783
1 0.251 0.911 0.204 0.573
2 0.096 0.263 0.091 0.211
3 0.033 0.112 0.031 0.105

5 Application of DDF

5.1 Elastic cushion technique

In DDF, punches present concentrated loads to the sheet, and the
concentrated loads make the deformations of the sheet strongly
localized, dimpling may occur. To suppress dimpling, it is neces-
sary to distribute the loads applied by punches. Extensive experi-
mentation showed that the suppression of dimpling in the sheet
metal is easily accomplished by sandwiching the sheet blank
between two polymer blankets, the so-called “elastic cushion”
technique (as shown in Fig. 11). However, this elastic cushion
reduces the resolution of the formed part because it filters out
rapid slop changes on the working surface. It is necessary to
compensate for the elastic cushion deformation by changing the
objective shape of the digitized die surface, the amount of shape
change is provided by the FEM simulation.

5.2 DDF with blankholder

During the forming of complex three-dimensional sheet metal
parts with large deformation, the in-plane compressive stresses
created often lead to failure of wrinkling. In conventional stamp-
ing, the wrinkling defect is suppressed by a blankholder which
binds the material at the periphery to provide the in-plane ten-
sile bias. In DDF, wrinkling can be eliminated in the same way.
A DDF press with a flexible blankholder was developed to man-
ufacture complex sheet metal parts. A schematic of a DDF of
sheet metal with a blankholder is shown in Fig. 12. Both up-
per and lower blankholders are divided into several segments.
Each segment is driven by a hydraulic cylinder which is con-
trolled by proportional and servo-valves separately. Thus the
blankholder force applied on the blank sheet can be adjusted to
meet requirements.

Fig. 11. Digitized-die forming of sheet metal with elastic cushion

Fig. 12. Digitized-die forming of sheet metal with a blankholder
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Fig. 13. Sheet metal part formed by digitized-die (28×20×2 punches)

Fig. 14. Sheet metal part formed by digitized-die (16×12×2 punches)

Fig. 15. Sheet metal part formed by digitized-die (40×32×2 punches) with
blankholder

5.3 Application examples

Up till now, hundreds of sheet metal parts with different shapes
and different sizes have been manufactured successfully in the
DDF systems we developed. Figures 13 and 14 show two sheet
metal parts and the digitized dies that were used to form them.
The former digitized die is comprised by 28 × 20 punches and
the later 16× 12 punches. Four correcting iterations were per-
formed for these two parts to achieve the die shape that is com-
pensated for the elastic springback of materials.

Figure 15 shows a sheet metal part formed by the digitized
die with a blankholder. The die is comprised by 40×32 punches.
Experiments showed that without a blankholder in DDF, seri-
ous wrinkles arose in the final part, but wrinkles were eliminated
completely when a blankholder was adopted.

6 Concluding remarks

Because reconfigurable discrete dies are used in DDF, part manu-
facturing costs are reduced and manufacturing time is shorten
greatly. The DDF system will result in a simpler, more agile,
and lower-cost production environment for the manufacturing

of sheet metal products. This lean technology could make the
manufacturing of sheet metal products more efficient and elim-
inate the use of a large percentage of the expensive dies that are
used now in sheet metal parts construction.

DDF is most suitable for the forming of various shell-like
parts. With a blankholder, thin sheet metal parts can be formed
without the failure of wrinkling. This technique will be very use-
ful in the manufacturing of complex sheet metal parts such as
automobile panels.

Several DDF systems have been developed and they have
been applied to different sheet-forming processes including the
forming of the skin of high-speed train heads, the forming of ship
hull plates, and most recently, the digital forming of titanium
prosthesis for the repair of skull defects.
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