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Sheet metal forming is one of the most important and frequently used manufac
processes in industry today. One of the key parameters affecting the forming process
blank holder force (BHF). In the past, researchers have demonstrated the advantag
varying the blank holder force during the forming process, that is, the two primary m
of failure in sheet metal forming (wrinkling and tearing) are avoided. This gives ris
improved formability, higher accuracy and better part consistency. In recent years
searchers have also shown increasing interest in forming processes where the
holder force is varied spatially with the help of segmented binders or flexible binder
this paper, we have combined the above two aspects and used a robust method to
mine the blank holder force trajectories for a non-circular part using segmented bind
The proposed strategy is verified by implementing it into a finite element simula
Binder force is treated as a system input. The displacement of the binder is used
measure of the tendency to wrinkle, and is therefore treated as a system outpu
parameters of the system are continuously identified and updated using a determ
Auto-Regressive Moving-Average model (ARMA). The model is then used to contr
binder displacement to a prescribed value by adjusting the system input, i.e., the b
force. In this manner, individual binder force profiles for each of the segmented bin
are obtained. Due to the generic nature of the ARMA model, the strategy proposed i
paper can be applied to a variety of forming problems, making it a rob
approach.@DOI: 10.1115/1.1616948#
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1 Introduction

In a deep drawing process, the blank is deformed into its fi
desired shape by displacing a punch into a die and deforming
central region of the blank. The punch force deforms the blank
straining it against a constraint which is created by clamping
blank between a die and a blank holder along its periphery.
force used to clamp the blank between the die and blank hold
called the blank holder force~BHF!. The blank holder force can
be varied to achieve many desired objectives, from preventing
occurrence of tearing or wrinkling, and therefore, increasing
draw depth @1–3#, to controlling springback@4,5#. The blank
holder force can also be varied spatially, by employing segmen
binders, flexible binders and local adaptive controllers@6–10#.

Variation of blank holder force~BHF! can be determined
a-priori, as applied in an open-loop manner, or by using a fe
back loop, as a result of feedback control. One of the first
amples of work done on blank holder force control was that
Hardt and Lee@11#. Using the general concept of a safe regi
between wrinkling and tearing, they proposed two closed-lo
control strategies for a conical cup forming. The first method w
designed to maintain a constant blank holder displacement, al
ing a limited amount of flange wrinkling. The blank holder forc
was kept at the minimum necessary to prevent buckling in
unsupported region and also to prevent tearing. The second
proach tried to control the binder force by regulating the volu
of material entering the die cavity, through a generalized thickn
parameter (t* ). The conclusion drawn was that the strategies
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not appreciably increase the maximum cup height, but did sign
cantly reduce the sensitivity of this maximum value to changes
the blank holder control variable.

Kergen and Jodogne@12,13# performed studies aimed at dete
mining minimum BHF curve trajectories for various steels, bas
on a wrinkle detection system that measured the distance betw
the die and the blank holder in a cylindrical cup forming. T
authors found that the measured BHF trajectories and the m
mum BHF obtained from experiments varied significantly w
variations in the types and properties of steels being tested. Hi
et al.@14# showed the success of an increasing linear combina
BHF pattern in preventing the formation of wrinkles in an aut
mobile panel. The authors further concluded that if a decreas
linear combination BHF trajectory is used, body wrinkles are n
suppressed.

Other researchers have reported favorable results obtained
decreasing BHF profiles. Kirii et al.@15#, who also tested differen
linear combination patterns of BHF in panel formation, conclud
that a decreasing BHF scheme was the optimum approach. Ah
toglu et al. @16# obtained a different set of results. The autho
employed computer simulation in the drawing of a round cup,
which three variables~punch force, radial stress and thickne
strain! were used to control the blank holder force during simu
tion. The authors smoothed the results into a single decrea
BHF trajectory, which was then used to draw a cylindrical st
cup. This decreasing trajectory was used to successfully incr
the draw depth over the case of a constant binder force. Ahm
glu et al. @17# further examined decreasing binder force trajec
ries with regard to the deep drawing of rectangular parts fr
aluminum alloy 2008-T4. Their experiments indicated that a
creasing binder force significantly reduced the amplitude
wrinkles, while avoiding the fracture associated with high BH
values.

e
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Another noteworthy example of blank holder force control
the work of Sim and Boyce@18#. The authors performed axisym
metric cup forming process simulations based on the tange
force and normalized average thickness trajectories. These mo
yielded numerical results for BHF trajectories that were later e
ployed to increase the height to which cups could be drawn.
and Boyce@3# built upon this work to develop a novel approach
determine a variable BHF trajectory. The authors performed fi
element simulations with PI control of the blank holder forc
They were able to calculate a BHF trajectory having a combi
upward and downward portion that showed a 16% increase
forming height over the results obtained by the best cons
binder force case.

Recently, experiments by Siegert and Ziegler@19# have shown
that the onset of wrinkling in a blank drawn with a pulsating BH
occurs at a displacement similar to that obtained under a con
BHF equal to the maximum force of pulsation. The reduction
the friction force achieved due to the pulse allows more mate
flow to take place, thus reducing the chances of tearing.

Hsu et al.@20# proposed an approach for modeling sheet me
forming for process controller design. They developed a proc
model for U-channel forming, i.e., a mathematical relations
between the blank holder force and the punch force was de
mined and validated experimentally. Characterization of mo
uncertainty due to blank size, sheet thickness, material prope
and tooling shape was also studied. The process model was s
to be effective in describing the forming process.

Blank holder force variation has also been used to effectiv
control springback in sheet metal forming. Using the concep
intermediate restraining, Cao et al.@4# used a neural network to
determine a stepped binder force trajectory that was used to m
mize springback and also obtain consistent results in cha
forming, despite the presence of material variations and diffe
lubricants. The approach was shown to be robust and applicab
a wide range of materials and process conditions. Liu et al.@5#
used a similar approach in the forming of U-shaped parts
concluded that forming quality was improved when a varia
binder force trajectory was used.

The use of segmented tooling and flexible binders is an are
sheet metal forming that has also been gaining prominenc
recent years. The advantages of spatial variation of blank ho
force have been cited in several research endeavors. One o
first examples of segmented binder tooling can be found in Sie
et al. @6#. The authors discussed a deep drawing apparatus de
oped at the Institute of Metal Forming Technology in which t
lower binder is composed of eight individual segments, four c
ner segments and four straight segments. Each of these segm
is powered by its own separate hydraulic cylinder. This allows
optimal blank holder force to be applied to individual regions
the blank. Thus, the blank holder force can be varied spatiall
such a manner that individual segments of the binder can a
optimal values of blank holder force as desired.

Neugebauer et al.@7# performed studies using flexible binde
and multiple draw pins. Their experimental set up consisted o
asymmetric part and a binder which had 12 draw pins distribu
evenly along its periphery. The draw pins could be used to ap
different values of binder force. They studied four cases, a r
binder~80 mm thick! with a uniform pin force, a rigid binder with
a non-uniform pin force, a flexible binder~30 mm thick! with a
uniform pin force and a flexible binder with a nonuniform p
force. Although no major difference was observed in the two ca
where a rigid binder was used, the case of a flexible binder w
constant pin force increased the maximum achievable draw
depth from 70 mm to 90 mm. In the case of a flexible binder w
non-uniform pin force, draw depths up to 110 mm were achiev

Doege et al.@8# proposed an innovative concept in which th
blank holder is designed as an elastically deformable thin s
plate. The authors used FEM analysis to determine the plate th
ness and the location of support elements holding the binder. T
764 Õ Vol. 125, NOVEMBER 2003
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performed experiments at various binder force values to estim
a ‘‘safe working area.’’ The authors were able to show that
safe working area for a part is larger with a pliable blank hold
and it moves towards higher blank holder force values. Furth
more, it was shown that the distribution of pressure on the bl
was more uniform, thus giving rise to improved part quality.

Kinsey et al.@9# proposed a novel method of forming tailo
welded blanks that incorporated a segmented die with local ad
tive controllers. The local adaptive controllers consisted of h
draulic cylinders positioned in such a manner as to create an
ditional constraint within the forming area. The position of th
constraint is selected so as to minimize the weld line movem
and therefore reduce the strain developed in the thinner mate
Experiments performed on an asymmetric part showed that
method of forming helped increase the draw depth by 20% o
the conventional case.

All these studies indicate that spatial and temporal variation
BHF can provide improved results in sheet metal forming. Ho
ever, there exists no consensus on the procedure to be followe
order to obtain optimum BHF trajectories. The objective of th
paper is to design a strategy that can be applied universally to
part geometries and material models where wrinkling failure is
concern. For this purpose, the use of an ARMA model is inve
gated. The basic format of the ARMA model can be found
Graupe et al.@21# and Kay et al.@22# and will be reviewed in
section 2. The ARMA model is used in various forms of tim
series analysis and system identification problems. Fassois e
@23# used the ARMA model in the design of a fast algorithm f
on-line machining process modeling and adaptive control.

Due to the generic nature of the ARMA model, it is an ide
candidate for use in problems with segmented or flexible bind
Also, since the model does not require anya-priori knowledge of
the system, it can be easily applied to a variety of part geomet
tooling conditions and material models. The main technical ch
lenges of this research work are to lay out a general strategy
determining the optimal binder force in sheet metal formi
where flange wrinkling is the major concern, to show that t
ARMA model can be effectively used to achieve this task and
demonstrate that the ARMA model is a robust approach which
be used for different applications. In subsequent sections of
paper, the basics of the ARMA model will be presented, includ
a section on the determination of the model order and delay.
ARMA model is then implemented in FEM simulations and t
ensuing results are discussed. The paper ends with a brief se
outlining our conclusions.

2 The ARMA Model
The control of blank holder force in a sheet metal formi

operation can be achieved in several ways. Here, in this paper
strategy adopted is to use the ARMA model and vary the bla
holder force in multiple blank holder force scenarios so as
maintain a constant, pre-determined wrinkling amplitude un
the blank holder. The displacement of the blank holder is an in
that measures the flange wrinkling amplitude of the blank, a
therefore, it is treated as the system output. The blank holder f
can be varied to suppress this wrinkling tendency and is treate
the corresponding system input.

The ARMA model can be represented, in its simplest form,

yn5a1yn211a2yn221 . . . 1b0xn2d1b1xn2d211 . . . (1)

5(
p51

s

apyn2p1(
q50

t

bqxn2q2d (2)

wherex represents system input vector, andy is the system output
vector. The subscriptsn, n21 . . . represent the sampling in
stances,s andt11 are the number of autoregressive and movin
average terms respectively. The letterd represents the delay in
sampling intervals between inputs and outputs, andap , bq , are
the system parameter matrices.
Transactions of the ASME
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3 Determination of Model Order and Delay
The first step in using the ARMA model for BHF variation is

determine the appropriate order and delay of the model. The o
refers to the number of autoregressive terms and the numbe
moving average terms used in the model~s and t in Eq. ~2!!. The
delay is the time delay between inputs and outputs~d in Eq. ~2!!.
If the number of terms used in the model is less than optimal,
model will fail to capture the system response accurately. On
other hand, if the number of terms used is more than required
model may be successful in reproducing the system behavior
additional system parameters need to be estimated. For this
pose, the System Identification Toolbox in MATLAB was used
finite element simulation was conducted to obtain values of bin
force and binder displacement. The data was divided into two s
model datawhich was used to estimate the parameters of
system andvalidation datawhich was used to evaluate the pe
formance of the model. Figures 1 and 2 show the data plots f
one of the binders~Binder 2 in Fig. 7~a!!. The data up to the time
increment 150 is used as model data and the data from the
increment 151 until the end is used as validation data. The B
trajectory selected here is arbitrary, the only requirement be
that it varies sufficiently to produce a response that can be u
effectively in system identification. Using the model data, vario
models are selected and the system parameters are determ
These parameters are then used to predict results and these r
are compared to the validation data. The solid line in Fig. 3 sho
the results for the optimal case where we have two autoregres
terms (s52), two moving average terms (t52) and no time de-
lay (d50), i.e.,

BDn5u1~BDn21!1u2~BDn22!1u3~DBFn!1u4~DBFn21!
(3)

where
n5increment number,
BDi5binder displacement in theith increment,
DBFi5binder force change in theith increment,

Fig. 1 Binder displacement data used to determine model or-
der and delay

Fig. 2 Binder force data used to determine model order and
delay
Journal of Manufacturing Science and Engineering
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u i5parameters of the system, (i 51,2,3. . . )
The results are shown in terms of estimation error,err, which is

defined as:

err5y2 ŷ (4)

wherey is the actual output andŷ is the predicted output. As a
comparison to Fig. 3 we provide the estimation error plots
models with sub-optimal orders and delays. The values ofs, t, and
d specified in Figs. 3 and 4 refer to Eq.~2!. Figure 4 clearly shows
the scenario where the model is unable to capture the sys
response accurately. The model structure is:

BDn5u1~BDn21!1u2~DBFn21! (5)

The estimation error values are high, almost of the order of
binder displacement itself. Figure 3 also shows the result fo
model of a higher order represented by the dotted line. The mo
structure is:

BDn5u1~BDn21!1u2~BDn22!1u3~BDn23!1u4~DBFn!

1u5~DBFn21!1u6~DBFn22!1u7~DBFn23! (6)

Increasing the order beyond the optimal value does not give
noticeable increase in the accuracy of the result. The effor
estimating the additional parameters merely introduces an
crease in computational time. The results demonstrated here
for a model with one variable. However, the same analysis can
extended to a case which entails multiple variables.

4 Comparison of PI Control VÕS ARMA Model
The blank holder force can be varied in an open loop o

closed loop manner and there are several strategies that ca
applied to achieve this control mechanism. For examp
proportional-integral~PI! control has been used in past research
vary the blank holder force@3#. However, there are certain disad
vantages in using PI control, which can be overcome by using
ARMA model. In this section, we present a comparison of the t
strategies.

Fig. 3 Estimation error of validation data for optimal and sub-
optimal model structures

Fig. 4 Estimation error of validation data for a sub-optimal
model structure
NOVEMBER 2003, Vol. 125 Õ 765
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Binder force estimation using PI control: The PI controller as
applied to binder force control is illustrated by the expression
Eq. ~7!. The desired binder force is adjusted as follows for ea
increment in the simulation,

BFn115BFn1Kp~en2en21!1Ki~en! (7)

where
BFn115desired binder force for the next increment
BFn5actual binder force in the current increment
Kp5proportional gain
Ki5integral gain
en5error between target binder displacement and binder

placement in the current step
n5increment number
This method of control has several advantages. It is simple

easy to implement and it does not involve a lot of computation
has also been used in the previous work to control binder forc
forming simulations of a circular cup@3#. The disadvantages o
this control method is that the values of proportional gain a
integral gain have to be determined by the user. The performa
of the system depends on these values. The controller is not ro
in the sense that the gains have to be adjusted for each parti
system. It is precisely to overcome these difficulties that a strat
based on an ARMA model is recommended.

Binder Force Variation using an ARMA model: In this method,
the relationship between the binder displacement and the bi
force is expressed in the form of an autoregressive, mov
average model. Therefore, for each increment,

BDn5u1~BDn21!1u2~BDn22!1u3~DBFn!1u4~DBFn21!

1u5~Tn! (8)

where
n5increment number,
BDi5binder displacement in theith increment,
DBFi5binder force change in theith increment,
u i5parameters of the system, (i 51 to 5!,
Tn5normalized punch displacement,
The term ‘‘Tn’’ is added to the expression to capture the dep

dence of the binder displacement on punch displacement, par
larly at low values of blank holder force. Since the values
binder displacement and blank holder force are outputs and in
in the ARMA model, the parameters of the system can now
evaluated using a recursive least-squares algorithm. Once th
rameters are obtained, the model is completely defined, and
model can then be used to estimate the blank holder force requ
to maintain a constant target binder displacement. The recur
least-squares algorithm is implemented as follows:

un5parameters of the system at time incrementn
un5@u1 u2 . . . u5#T

cn5@BDn21 BDn22 DBFn DBFn21 Tn#
Pn5system information matrix~535!

un5un211
Pn21* cn

l1cn
T
* Pn21* cn

@BDn2cn
T
* un21# (9)

Pn5
1

l
Pn212

Pn21* cn* cn
T
* Pn21

l1cn
T
* Pn21* cn

(10)

Here, l is the forgetting factor and it is selected to be sligh
smaller than one. The algorithm is initialized by selectingu0
50, P05aI (a@0). In this paper, we setl50.99 anda510. The
values ofl anda are selected based on recommended accept
values for convergence in the literature@24#.

For the purpose of comparison, a simple MATLAB progra
was used to generate an objective function and a control sys
The objective function is a relationship used to simulate the bin
displacement based on different inputs of binder force and n
malized punch displacement. The objective function was cho
766 Õ Vol. 125, NOVEMBER 2003
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arbitrarily, to reflect the general trend displayed by the bind
displacement when the binder force or the punch displaceme
changed. The constants in the objective function were obtai
through curve fitting. Also, to study the adaptive behavior of t
two strategies, the objective function was defined differently
two separate domains i.e., from time increment 1 to 50 and fr
time increment 51 to 100. This represented a change in the
rameters of the system, thus enabling us to observe the trac
ability of the two methods. The simulation was run for 100 incr
ments and the objective function was defined as follows:

For increment numbers from 1 to 50,

BD52.42856* e~20.000194* BF! (11)

For increment numbers from 51 to 100,

BD52.42856* e~20.000194* BF!10.6* ~Tn!3 (12)

where
BD5binder displacement in mm,
BF5binder force inN,
Tn5normalized punch displacement,~varies linearly from 0 to

1 over 100 increments!
For the purpose of this simulation, the target binder displa

ment was set at 1 mm. Figure 5 shows the result obtained u
the ARMA model for prediction of binder force, and the sam
result obtained by using PI control. It was seen that the res
from the ARMA model and the PI controller were comparab
Also, the PI control model tends to oscillate before settling o
converged value. This would lead to convergence difficulties in
FEM simulation. The corresponding binder force trajectories
shown in Fig. 6. The results shown for the PI control in Figs
and 6 are ‘‘tuned’’ results. The values of proportional gain (Kp)
and integral gain (Ki) had been adjusted for the best result, whi
was obtained atKp5820 andKi56040. The performance of the
control system is sensitive to the values ofKp andKi . Figures 5
and 6 also show the binder displacement and the binder fo
profile obtained forKp5500 andKi5500. The results are clearly

Fig. 5 Binder displacements using ARMA model, tuned PI
control and untuned PI control

Fig. 6 Calculated binder force profiles using ARMA, tuned PI
control and untuned PI control
Transactions of the ASME
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unsatisfactory. PhysicallyKp and Ki relate to the material stiff-
ness, structural stiffness, material resistance to wrinkling, etc
change of material~e.g. aluminum v/s steel! could easily change
the stiffness by 3 times. In addition, due to other factors, a cha
of optimalKp by 10 times is realistic and reasonable. In compa
son, the ARMA model is a more robust approach and does
require any such adjustment.

5 FEM Simulation: Rectangular Pan Forming
The strategy proposed in this work is validated by impleme

ing it into a finite element simulation. The commercial finite el
ment code ABAQUS/Standard is used for the simulation. A
though explicit codes like ABAQUS/Explicit or LS-Dyna ar
more common in simulations of sheet metal forming, we use
implicit code because it offers the capability of incorporating t
particular user element that we need for feedback control.

The problem analyzed here is a rectangular pan forming sim
lation with a segmented binder. One quarter of the pan is mode
in the simulation and appropriate symmetric boundary conditio
are applied where necessary. The blank is modeled by u
4-node reduced-integration shell elements~S4R!. The binders, die
and punch are considered to be rigid bodies. The coefficien
friction between all the contacting surfaces is taken to be 0.1
This value is selected based on tests performed by Jalkh e
@25#. A soft-contact friction formulation is used in the finite ele
ment simulation to aid convergence. The blank is considered to
aluminum sheet of thickness 1.1 mm. The material is modeled
an elastic-plastic material with a von-Mises yield surface follo
ing the isotropic hardening law. The elastic properties of the m
terial are the Young’s modulus,E, of 70 GPa and Poisson’s Ratio
n, of 0.33. The plastic behavior of the material is modeled us
the Power law (s5K«n) with a strength coefficient,K, of 570
MPa and a strain hardening exponent,n, of 0.33. The material
model used here is not the best for aluminum. However, the p
pose of this paper is to demonstrate a strategy for obtainin
variable binder force history. The same strategy should work fo
different material model. Figures 7~a! and 7~b! show schematics
of the tooling and the blank, respectively. The corner radii for t
die and the punch are 8 mm each and a gap of 1.9 mm is m

Fig. 7 „a… Schematic of one quarter of the tooling; „b… Sche-
matic of one quarter of the blank
Journal of Manufacturing Science and Engineering
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tained between the die and the punch. The segmented bind
composed of three parts, shown as Binder 1, Binder 2 and Bin
3 in Fig. 7.

The binder force on the binders will be variable, and they w
be predicted by the ARMA model. The proposed strategy is imp
mented by creating a user-defined element which applies a bi
force prescribed by the ARMA model, based on the value
binder displacement. The user-defined element has only one
gree of freedom, i.e. binder displacement in the 3-direction. T
reaction force on that degree of freedom is the binder force
plied. Wrinkling occurs due to a relatively low binder force in th
presence of a certain compressive stress level. On the other h
a high restraining force applied on the binder would restrict
material flow and lead to tearing failure near the punch rad
Therefore, a control algorithm that allows the binder force
change such that it just suppresses the wrinkling tendency sh
give a better result than an optimal constant binder force. T
initial value of binder force on each binder is set at a high val
The binder force rapidly decreases from this initial value and
lows material to draw in without wrinkling. When the bucklin
amplitude at a particular binder reaches a predetermined cri
value, the corresponding binder force increases to suppress
wrinkling tendency. When the amplitude is lower than the spe
fied value, the binder force remains constant allowing more m
terial to be drawn into the free section in order to delay poten
tearing failure.

5.1 Simulation Results: Case 1. The first case of results
presented here is for a simulation where the variable blank ho
force algorithm is applied to a single binder. In Fig. 7~a!, the blank
holder forces on Binder 2 and Binder 3 are kept constant at 10
and 5 kN, respectively, and the blank holder force on Binder 1
varied according to the ARMA model. Figure 8 shows the calc

Fig. 8 Binder Displacements for constant binder forces and
variable binder force applied on Binder 1 and the correspond-
ing variable binder force profile. Forces on Binder 2 and Binder
3 are kept constant at 10 kN and 5 kN, respectively.
NOVEMBER 2003, Vol. 125 Õ 767
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.23,
an-
lated variable binder force~VBF! profile and the correspondin
binder displacement. The binder displacement is restricted
prescribed value of 0.16 mm, which corresponds to about 15%
the sheet thickness.

For comparison, three constant binder force cases are also
sented in Fig. 8. In each of these cases, the force on Binder
kept constant at 1 kN, 5 kN and 7 kN, respectively. The onse
wrinkling is clearly seen in the 1 kN and 5 kN cases. Table 1 li
the resulting maximum principal strain at the punch radius un
Binder 1 in all these cases. It can be seen that the strain is lo
in the variable binder force case than the 5 kN and 7 kN case
a lower value of constant binder force is applied, e.g. 1 kN,
strain obtained is lower than the VBF case, however, wrinkling
initiated much earlier, at a punch displacement of about 15
compared to 18 mm, 19 mm and the controlled level in the 5
7 kN and VBF cases. The best result among all the cases is
that achieves a reasonable trade-off between wrinkling and t
ing. The VBF case allows the sheet to thicken or wrinkle, and y
controls the wrinkling amplitude to an acceptable level. This
lows more material to flow into the unsupported region; therefo
tearing failure is delayed. At this juncture, we would like to re
erate that the variable binder force does not eliminate or supp
wrinkling, but merely controls it to an acceptable level. In co
parison to the 7 kN case, the maximum binder force in the V
case is less than 7 kN. This would suggest that wrinkles sho
appear earlier in the VBF case, where the maximum binder fo
is around 6 kN, than the 7 kN case~19 mm!. At first glance, this
appears to be a contradiction. In hindsight, however, we rea
that wrinkling for the VBF case is initiated at a punch stroke
approximately 10 mm, which is much earlier than the case of
7 kN binder force. It is after this initiation of wrinkling that th
wrinkling amplitude is maintained at a constant level of 0.16 m
whereas, in the CBF case, it continues to rise.

5.2 Simulation Results: Case 2. The second case of resul
presented here is for a simulation in which the blank holder for
on Binder 1, Binder 2 and Binder 3 are controlled using the va
able binder force algorithm. The model used in this case is
same as the one used in the previous case. The binder forces
three binders are controlled using the ARMA model. Figure
shows the binder displacement for Binders 1, 2 and 3 respectiv
The maximum allowable binder displacement is 0.16 mm, wh
corresponds to about 15% of the sheet thickness. Figure 10 sh
the corresponding binder force profiles. At this point we wou
like to reiterate that the binder force profiles shown in the figu
correspond to one quarter of the blank. The blank holder force
the entire blank is obtained by scaling up these values acc
ingly. The initiation of wrinkling can clearly be seen at a pun
displacement of 4 mm for Binder 1 and Binder 2, and about 5 m
for Binder 3. The binder force profiles also reflect the wrinklin
tendency of the blank. The region of the blank under Binder
and 2 shows a strong tendency to wrinkle and so the binder f
reaches a maximum value of 8.72 kN for Binder 1 and 6.42

Table 1 Maximum Principal Strain at Punch Radius for various
cases when binder forces on Binders 2 and 3 are kept constant
at 10 kN and 5 kN, respectively

Binder force
Case

Constant
1 kN

Constant
5 kN

Constant
7 kN

Variable
Binder
Force

Maximum
Principal strain
at Punch Radius
under Binder 1

8.1% 9.8% 10.1% 9.1%

Punch
Displacement at
which wrinkling
is initiated

15 mm 18 mm 19 mm controlled
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for Binder 2. The corresponding values of blank holder press
acting on the blank in these regions are 1.96 MPa and 0.42 M
The blank area under Binder 3 does not show a strong tenden
wrinkle and therefore, the binder force at Binder 3 reaches a m
mum value of only 2.64 kN~0.39 MPa blank holder pressure!.
The wrinkling tendency is also reflected in the values of compr
sive stress that develop in the flange. The maximum compres
stress in the flange under Binder 1 is 275 MPa in the circum
ential direction along the flange and 103.7 MPa~compressive! in
the radial direction. The corresponding values for Binder 2
246 MPa and 176 MPa~both compressive!. The region of the
blank under Binder 3 has a maximum circumferential compress
stress of 205 MPa and a radial compressive stress of 2.7 MPa.
portion of the flange under Binder 3 shows the least tendenc
wrinkle, and correspondingly, the compressive stresses in this
are the lowest. The regions of the flange under Binder 1
Binder 2 show a more pronounced wrinkling tendency wh
is reflected by the high compressive stresses developed in t
areas.

6 FEM Simulation: Hemispherical Punch With Tailor
Welded Blank

Cases 1 and 2 utilized the same ARMA model~Eq. ~8!! to
obtain the optimal blank holder force profiles for one binder a
three binder cases for rectangular cup forming. In this section,
shall demonstrate the applicability of the same model to a dif
ent forming problem, i.e., the forming of a tailor-welded blan
using a hemispherical punch. The blank consists of two sheet
AKDQ steel welded together. The thicker sheet has a thicknes
1.52 mm and the thinner sheet is 0.84 mm thick. Both sheets h
the same elastic material properties, i.e. Young’s modulus,E, of
206 GPa and Poisson’s Ratio,n, of 0.3. The plastic behavior o
the material is, once again, modeled using the Power laws
5K«n). The thicker material has a strength coefficient,K, of 542
MPa and a strain hardening exponent,n, of 0.22, while the corre-
sponding values for the thinner material are 563 MPa and 0
respectively. One half of the geometry is modeled to take adv

Fig. 9 Binder displacements for binders 1, 2 and 3 subjected
to a variable binder force obtained using an ARMA model

Fig. 10 Variable blank holder force profiles for Binders 1, 2
and 3
Transactions of the ASME
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tage of the symmetric nature of the problem. Figure 11 show
schematic of the blank. The punch is a hemisphere of radius
mm. The die cavity and the binder have radii of 54 mm, th
ensuring a gap of 4 mm between them and the closest portio
the punch at its lowest point. A schematic of the tooling is sho
in Fig. 12. As seen in the figure, the binder is segmented into
parts called Binder 1 and Binder 2. Binder 1 applies a bla
holder force to the thick sheet and Binder 2 does the same to
thin sheet. The binder and die fillet radii are 5 mm each. All oth
features of the simulation are the same as in the case of the
angular pan forming discussed in the previous section. T
ARMA model of the same structure as before is used to con
the blank holder forces on Binder 1 and Binder 2, respectivel

6.1 Simulation Results: Case 3. Figure 13 shows the
binder displacement plots for the Binders 1 and 2. The flan
wrinkling for Binder 1 and Binder 2 are successfully controlled
values of 0.23 mm and 0.13 mm, respectively. These values
respond to approximately 15% of the sheet thickness. The co
sponding BHF profiles are shown in Fig. 14. The values depic
here are obtained for one half of the blank. The binder force
the thicker portion of the blank~Binder 1! increases gradually to a

Fig. 11 Schematic of one half of the blank used in tailor
welded blank forming „Case 3…

Fig. 12 Schematic of one half of the tooling used in case 3

Fig. 13 Binder displacements for Binder 1 and Binder 2 in
case 3
Journal of Manufacturing Science and Engineering
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value of about 1.7 kN. The force on the thinner portion of t
blank ~Binder 2! however, shows quite a different trend. Th
binder force increases gradually at first, then decreases slig
and increases quite sharply in the end to reach a value of abo
kN. In Fig. 13, a spike can be seen in the binder displacement
for Binder 1. This can be attributed to the tendency of the ARM
model to overshoot the target before settling down to a conver
result ~as seen in Fig. 5!. The spike can be ignored in a practic
scenario.

7 Discussions and Conclusion
In this paper, we have proposed a strategy where the AR

model is used to estimate the optimum blank holder force tra
tory in order to control wrinkling to a predetermined accepta
level. This strategy ensures that the binder force applied on
blank is just sufficient to suppress the wrinkling tendency a
therefore, allows more material to be drawn into the forming a
which in turn, reduces the chances of tearing failure. The
technical contribution of this work lies in the fact that the strate
can be applied to multiple blank holder force scenarios. Also,
to the generic nature of the ARMA model, the controller does
require any tuning as seen when conventional methods like
controllers are used. The model does not require anya-priori in-
formation about the system and it can be used with different ki
of tooling conditions, part geometries and material models. T
strategy has been verified by implementing it into an FEM sim
lation where a rectangular part is formed using segmented bind
and in the forming of a tailor welded blank using a hemispheri
punch. As is evident in the results the ARMA model can be s
cessfully used to predict the blank holder force trajectory. At t
juncture, we would like to emphasize the fact that this strate
does not eliminate wrinkling, but merely restricts it to an acce
able value.

The initial portion of the binder force plot in Fig. 8, up to
punch displacement of 10 mm, shows that the binder fo
changes even though the wrinkling amplitude is low. The bla
does not show a tendency to wrinkle during this period. Howev
the control algorithm keeps varying the binder force in an attem
to achieve the target binder displacement. This tendency is
pressed in subsequent simulations, where the algorithm is m
fied such that the binder force variation does not start unless
blank starts to wrinkle. In order to improve convergence, the c
for the user element has been structured in such a manner
control happens only when the actual binder displacement is
yond a small acceptable range around the target value. This g
rise to the stepped binder force trajectory in Fig. 10. However,
should not cause any problems in the actual implementation of
strategy. The binder force trajectory estimated from simulation
this closed loop manner can then be smoothed and used i
actual forming simulation.

We also investigated the effect of coupling the various inp
and outputs to create a model which captures dependence bet
binder displacement and binder force on different binders. In ot

Fig. 14 Binder force profiles for Binder 1 and Binder 2 in
case 3
NOVEMBER 2003, Vol. 125 Õ 769
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words, we tried to account for the fact that the variation of bla
holder force on Binder 1 might affect the wrinkling amplitude
the blank under Binder 2. This approach does not give any
nificant improvement in results, and dramatically increases
number of parameters that need to be identified~39 v/s 15!.

Our prime concern in this research endeavor was the supp
sion of flange wrinkling. Other failure modes such as sidew
wrinkling and tearing were not considered. These particular f
ure modes need to be addressed in situations where they app
the dominant means of failure. This was observed in the cas
the hemispherical punch. Although the flange wrinkling had be
restricted to an acceptable value, the deformed blank cle
showed the appearance of sidewall wrinkling in the thinner p
tion of the blank. This is due to the fact that a large region of
blank is unsupported in the initial stages of punch displacem
and the binder forces required to suppress sidewall wrinkling
far higher than those required to suppress flange wrinkling.
generic nature of the model also means that it can be employe
suppress sidewall wrinkling. The only change that needs to
made in the algorithm is that the binder displacement~used as a
measure of flange wrinkling! which is treated as the system inp
needs to be replaced with a suitable parameter that effecti
measures the sidewall wrinkling tendency. The methodology
cussed herein can be applied to tearing failure as well. Thi
currently under investigation.

The results obtained from the finite element simulation indic
that the ARMA model can be effectively used in multiple bind
force scenarios. This strategy can easily be coupled with o
emerging technologies like tailor welded blanks in order to obt
improved part quality.
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Nomenclature

BDi 5 binder displacement in theith increment
BFi 5 Binder force in theith increment

DBFi 5 Binder force change in theith increment
E 5 Young’s Modulus
K 5 Strength coefficient

Ki 5 Integral gain
Kp 5 Proportional gain
Pn 5 System information matrix in theith increment
Ti 5 Normalized punch displacement in theith increment
ap 5 Parameters for the autoregressive part of the ARM

model
bq 5 Parameters for the moving average part of the ARM

model
d 5 Time delay between input and output
ei 5 Error between actual binder displacement and targe

in the ith increment
err 5 Estimation error

i 5 Increment number/sampling interval
n 5 Strain hardening exponent
s 5 Number of autoregressive terms in ARMA model
t 5 Number of moving average terms in ARMA model

xi 5 System input in theith increment
yi 5 System output in theith increment
y 5 Actual system output
ŷ 5 Predicted system output
a 5 Initializing constant
l 5 Forgetting factor
n 5 Poisson’s Ratio
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u j 5 Parameters of the system (j 51 to 5!
ui 5 vector of system parameters in theith increment
ci 5 vector of system inputs in theith increment
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