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Abstract The need for sheet metal forming using
reconfigurable dies has increased due to rapid changes in part
design to meet customer requirements, especially in the automo-
tive industry. Reconfigurable dies have relatively low
manufacturing cost compared with solid dies, and the same tool
can be readily changed to produce different parts. Previous in-
vestigations have focused on avoiding defectswithout taking into
account the effects of process on the quality characteristics of
fabricated parts. This study investigated the influence of param-
eters, such as the elastic cushion thickness, coefficient of friction,
pin size and radius of curvature, on the quality of parts formed in
a flexiblemulti-point stamping die. The aimwas to determine the
optimum values of those parameters. Finite element modelling
was employed to simulate the multi-point forming of hemispher-
ical parts. Using the response surface method, the effects of pro-
cess parameters on wrinkling, deviation from the target shape
and thickness variation were investigated and the process param-
eters yielding the best product quality characteristics were obtain-
ed. The results show that pin size and radius of curvature have the
greatest influence on wrinkling and deviation between formed
and target shapes, while coefficient of friction, pin size and radius
of curvature significantly affect thickness variation.

Keywords Multi-point forming . Reconfigurable press tool .

Sheet metal forming . Finite element analysis . Design of
experiment

Nomencalture
MPF Multi-point forming
DOE Design of experiment
ANOVA Analysis of variance
σ True stress
k Strength coefficient
n Strain hardening
ε True strain
ν Poisson ratio
ρ Density
W Strain energy per unit volume
C01, C10 Temperature-dependent material properties
I1, I2 First and second invariants of the deviatoric
RMSE Root-mean-square error
n Number of wrinkling waves
z Maximum amplitude of wrinkling wave
SD Standard deviation
N Number of data points
xi Value in the data set
x Mean of the data set
q Response
k0–k14 Process parameter coefficients
A Elastic cushion thickness
B Coefficient of friction
C Pin size
D Radius of curvature

1 Introduction

Sheet metal forming using multi-point pin stamping is a useful
technique for producing three-dimensional parts. A multi-point
forming (MPF) die uses a matrix of pins, which can move nor-
mally to the die base to create the die surface. The process is
flexible to accommodate rapid changes in product designwithout

* Khamis Essa
k.e.a.essa@bham.ac.uk

1 School of Mechanical Engineering, University of Birmingham,
Edgbaston, Birmingham B15 2TT, UK

Int J Adv Manuf Technol (2017) 92:1849–1859
DOI 10.1007/s00170-017-0155-y

http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-017-0155-y&domain=pdf


affecting tooling costs.Many investigations have been conducted
to develop the MPF technique [1–4]. Walczyk and Hardt [1]
reviewedMPFdie design techniques, which include construction
of the die model, clamping of the pin matrix, containment frame
and load capacity. Qian et al. [2] reported that complex shapes
such as satellite heads can be fabricated using MPF. Cia et al. [3]
investigated the effect of the contact points between the pins and
sheet on process defects, such as dimpling, wrinkling and spring
back. The effect of forming force and mesh size on these defects
was also investigated. For a given pin setup, a large number of
numerical simulations are required to obtain the design shape
without defects. Paunoiu et al. [4] investigated the impact of
the pin network type on the deformation process in MPF with
a fixed configuration. Sheet thickness, stress, forming force
and spring back were used as measures to evaluate the pro-
cess. They found that the pin type selected depends on the
design reasons. Paunoiu et al. [5] developed numerical simu-
lation models using a dynamic finite element programme and
investigated the effect of tool geometry as well as the use of an
elastic cushion on the deformation behaviours. The elastic
cushion had a positive effect on the part surface and a negative
effect on shape accuracy. Kareem and Imad [6] investigated
the effect of localised deformation on surface quality and the
important role of the elastic cushion in preventing the forma-
tion of dimples. It was found that a thicker elastic cushion
leads to geometrical errors in the fabricated part. Liu et al.
[7] studied the impact of cushion material, cushion thickness
and coefficient of friction on surface quality in micro multi-
point sheet forming and found that proper selection of elastic
cushion material and thickness can significantly improve sur-
face quality, especially when combinedwith using lubrication.
Abebe et al. [8] proposed surrogate-based multi-objective op-
timisation to reduce wrinkling and dimpling during the MPF
process. However, they did not consider uncertainties in fac-
tors such as material properties, friction at the interfaces and
the workpiece thickness, which may deteriorate the quality of
the workpiece during multi-point dieless forming. However,
the study ignored the influence of pin dimensions.

Previous investigations have focused on qualitatively study-
ing the effects of pin configuration, elastic cushion material/
thickness and coefficient of friction on the formation of defects
and surface quality. An investigation that covers a range of pro-
cess parameters and their effects on quality characteristics (i.e.
surface quality and geometrical accuracy) is required to provide a
better understanding of the process. Statistical analysis by means
of design of experiments (DOEs) and analysis of variance
(ANOVA) is widely used in manufacturing to investigate the
influence of process parameters [9, 10].

In this work, the response surface method and finite ele-
ment modelling were employed to determine the most impor-
tant process parameters in MPF. The influence of process
parameters including elastic cushion thickness, coefficient of
friction, pin size and radius of curvature on the quality char-
acteristics of formed parts was evaluated. The quality charac-
teristics of interest included surface quality measures such as
wrinkling and geometrical accuracy measures such as maxi-
mum deviation from target shape and thickness uniformity.
Additionally, the optimum process parameters to minimise
thickness variation and deviation from target shape without
formation of wrinkles were obtained.

The remainder of the paper is structured as follows.
Section 2 gives details of the finite element model and the
properties of materials used. Section 3 describes the DOEs
to investigate the effects of process parameters on response
parameters. To validate the model, Sect. 4 compares the
modelling against previous experimental work. Section 5 dis-
cusses the modelling results obtained. Section 6 describes the
use of the model to predict the response parameters. Section 7
discusses the optimal forming of a spherically shaped compo-
nent. Section 8 concludes the paper.

2 Numerical modelling of multi-point forming

FE models were developed for a MPF die, which consists of a
pair of pin matrices, a blank sheet and two elastic cushions.

(a)10x10 matrix with 

10mm pin tip radius 

6x6 matrix with 15mm pin   

    tip radius 

5x5 matrix with 20mm pin 

       tip radius  

(b) (c) 

Fig. 1 Three pin matrix
configurations. a 10 × 10 matrix
with 10-mm pin tip radius. b 6 × 6
matrix with 15-mm pin tip radius.
c 5 × 5 matrix with 20-mm pin tip
radius
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Due to symmetry, only a quarter of the die was simulated to
reduce computation time. The pins have a hemispherical tip
and square cross section. Three pin tip radii were considered,
namely, 10, 15 and 20 mm. The length of the square cross
section is equal to the tip radius. Three pin configurations were
simulated: a 10 × 10 matrix (using a 10-mm pin tip radius), a
6 × 6 matrix (using a 15-mm pin tip radius) and a 5 × 5 matrix
(using a 20-mm pin tip radius) as shown in Fig. 1a–c. Figure 2
shows the pin shapes and dimensions.

The material of the blank sheet used in the numerical simula-
tion is medium-strength DC05 steel with 1-mm thickness. The
mechanical properties of DC05 steel are shown in Table 1. The
material was assumed to be isotropic, and the elasto-plastic mod-
el was used. Power law equation was selected to represent the
flow stress of the material as shown in Eq. 1 [11].

σ ¼ k:εn ð1Þ
where σ is the true stress, k is the strength coefficient, ε is the
true strain, and n is the strain hardening.

Figure 3 shows the stress–strain curve of DC05 sheet steel
obtained from a uniaxial tensile test using a Zwick tensile test

machine and the curve generated by fitting a power law to the
experimental data.

An elastic cushion is required in MPF to protect the sheet
from dimpling [12, 13]. In this investigation, the material of the
elastic cushion was chosen to be polyurethane A-90 as it is
commonly used in this process [13]. Figure 4 shows the flow
stress for polyurethane A-90 obtained using a Zwick tensile test
machine. The experimental results are very similar to those by
Seo et al. [14]. The experimental behaviour of the elastic cush-
ion was also compared against three material models, namely
Mooney–Rivlin, Neo-Hooke and Yeoh. As shown in Fig. 4, the
hyperelastic model (Mooney–Rivlin model) describes well the
hyperelastic behaviour of polyurethaneA-90. Themodel can be
expressed using the following equation:

W ¼ C10 I1−3ð Þ þ C01 I2−3ð Þ ð2Þ

whereW is the strain energy per unit volume, I1 and I2 are the
first and second invariants of the deviatoric strain tensor, and
C10 and C01 are the temperature-dependent material properties
obtained from a uniaxial compression test conducted using a
Shore hardness of 90. The values ofC10 andC01 are 0.861 and
0.354, respectively.
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Fig. 3 Stress–strain curve for DC05 steel compared with theoretical
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Fig. 4 Nominal compression stress–strain relationship for polyurethane
A-90 compared with Mooney–Rivlin, Neo-Hooke and Yeoh models

Table 1 Mechanical properties of the sheet metal

Properties Values

Modulus of elasticity(E) 220 GPa

Yield stress (σo) 201.9 MPa

Poisson ratio (ν) 0.3

Density (ρ) 7870 kg/m3

Strength coefficient (k) 527.13 MPa

Strain-hardening exponent (n) 0.17

Fig. 2 The pin shapes and dimensions for the three pin configurations
(all dimensions in mm)
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Themetal sheet and elastic cushionweremodelled as deform-
able bodies, and the ABAQUS C3D8R quadratic element type
was used [15]. The numbers of elements for the metal sheet and
the 3-mm-thick elastic cushion were 288,300 and 9248, respec-
tively. The upper and lower dies were modelled as rigid bodies,
and the element type was R3D4. The number of elements for the
upper die was equal to that for the lower die in all three models
59,400; 46,080; and 53,550 elements for dies with pin sizes 10,
15 and 20 mm, respectively. Since only a quarter of the model
was considered, symmetric boundary conditions were applied to
the sheet and elastic cushion. Displacement boundary conditions
were used to fix the lower die in theX, Yand Z directions and the
upper die in the X and Z directions. The upper die was moved in
the Y direction. The finite element mesh and boundary condi-
tions are shown in Fig. 5.

In common with simulations of other sheet metal forming
processes such as conventional deep drawing and stamping,
an explicit solver was used to avoid convergence issues be-
cause the number of elements was high, and the contact prob-
lem was complicated [8, 16].

3 Model validation

The finite element model was validated against experi-
mentally published results obtained by Kadhim et al.
[17]. As shown in Fig. 6, the force gradually increased

to 45 kN, which corresponds to 50 mm of the upper die
displacement. At this position, all pins were in contact
with the elastic cushion and plastic deformation started
to take place. After that, the force rapidly increased with
plastic deformation due to strain hardening of the mate-
rial. The maximum predicted force is about 88 kN when
the upper and lower dies are closed. The predicted
forming force was compared to the measured force, as
shown in Fig. 8, and good agreement was found with a
maximum error of about 11%.

4 Design of experiments

The objectives of experiment design are to show the effect of
process parameters on response parameters and to determine the
most critical forming parameters affecting each response param-
eter. This then enables the identification of parameters giving the
best response. The pin size, thickness of the elastic cushion,
radius of curvature and coefficient of friction were selected as
the main process parameters as in previous investigations [7,
14]. Wrinkling, maximum deviation between formed shape
and target shape and thickness variation were used to represent
the quality of the formed part. The central composite response
surface method was used to generate a set of experiments for
four process parameters in which each factor was varied over
three levels: low, intermediate and high. Table 2 shows the
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Fig. 6 Comparison of predicted and experimental forces

Fig. 5 Element mesh type and
boundary conditions

Table 2 Process parameters

Parameters Unit Levels

Low Intermediate High

Elastic cushion thickness (A) mm 3 6 9

Coefficient of friction (B) – 0 0.05 0.1

Pin size (C) mm 10 15 20

Radius of curvature (D) mm 400 600 800

1852 Int J Adv Manuf Technol (2017) 92:1849–1859



process parameters used in the simulation. Wrinkling was
taken as the normal distance between the target and de-
formed shapes at every wrinkling amplitude as shown in
Fig. 7, and the root-mean-square error (RMSE) (Eq. 3)
was used to calculate the numerical value of wrinkling,
where n is the number of wrinkling waves and Zi is the
amplitude of wrinkling wave. Thickness was measured at
different locations across the sheet, and the standard de-
viation (SD), expressed in Eq. 4, was used to represent
thickness variation. In Eq. 4, xi is a value in the data set, x
is the mean of the data set, and N is the number of data
points. The maximum deviation from the target shape,
which typically occurs at the centre of the sheet, was also
measured as shown in Fig. 8.

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

n
∑n

i¼1Z
2
i

r

ð3Þ

SD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

N
∑N

I¼1 xi−x
� �2

r

ð4Þ

5 Results and discussion

Table 3 shows the experimental plan, based on the re-
sponse surface method, and the numerical results for
wrinkling, thickness variation and deviation between

formed and target shapes for 27 experiments. All the
simulation results were statistically analysed using
Design Expert 7.0 [18, 19]. Analysis of variance
(ANOVA) was performed to identify significant process
parameters. In this investigation, the null hypothesis was
that the factor under consideration was insignificant. A
significance level of 5% was used, which means that the
more the P value falls below 5%, the more important is
the factor [20]. Table 4 shows the P value for the main
factors and interactions. The ANOVA results suggest that
a quadratic model closely describes the wrinkling and
maximum shape deviation while a two-factor interaction
model provides a very good prediction of the thickness
variation. The R2 and adjusted R2 values, which are mea-
sures of model best fit, did not go below 95% for any
responses.

The ANOVA results in Table 4 indicate that pin size
and radius of curvature are the most important factors
and have a significant effect on wrinkling, maximum
shape deviation and thickness variation. Friction has a
significant effect on thickness variation only while cush-
ion thickness has no important effect. Additionally, in-
teractions between cushion thickness and friction and
between cushion thickness and pin size affect thickness
variation.

5.1 Wrinkling

Figure 9 shows the effect of pin size and radius of cur-
vature on wrinkling. It can be seen from the surface plot
that wrinkling increased noticeably with a decrease in the
radius of curvature. Figure 10 reveals the stress distribu-
tion on both sides of the sheet when a small radius of
curvature is used. A small radius of curvature will lead
to large bending deformation, combined with plane stress
as the sheet surface tries to contract under the pins. This
leads to stress instability and wrinkling [3]. Small pins
(less than 12.5 mm) or large pins (more than 17.5 mm)
will increase wrinkling. Using pins that are too small
will reduce the pin offset (the height difference between
two adjacent pins), which forces the elastic cushion to
flow towards the sheet edges. As such, the thickness of
the elastic cushion at the edges increases, which leads to
wrinkling. Too large a pin size will increase the pin
offset causing non-uniform stress distribution especially

Fig. 7 Calculation of wrinkling
(see also Eq. 3)

Fig. 8 Measure of maximum deviation from the target shape
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at the edges of the sheet (where wrinkling takes place).
Minimal wrinkling can be obtained when using a large
radius of curvature (800 mm) and medium-size pins
(15 mm).

5.2 Maximum shape deviation

Figure 11 shows the effect of pin size and radius of
curvature on the maximum shape deviation. It can be
seen from the surface plot that the maximum deviation

Fig. 9 Effect of pin size and radius of curvature on wrinkling

Table 4 Process factors and corresponding P values

Significant factors Response factors

Wrinkling Max. shape
deviation

Thickness
variation

Cushion thickness (A) 0.2999 0.1691 0.2193

Friction (B) 0.6276 0.2110 0.0071

Pin size (C) 0.0344 0.0010 0.0454

Radius of curvature (D) <0.0001 <0.0001 <0.0001

Significant interaction – – AB = 0.0145

AC = 0.0476

Table 3 The actual design and
response simulation results Std Run Factor 1 Factor 2 Factor 3 Factor 4 Response 1 Response 2 Response 3

Cushion
thickness

Friction Pin size Radius
of curvature

Wrinkling Max. shape
deviation

Thickness
variation

7 1 3 0.1 20 400 1.62 2.52 0.002028

19 2 6 0 15 600 0 0.74 0.000677

13 3 3 0 20 800 0 0.52 0.000427

2 4 9 0 10 400 1.64 2.19 0.001187

3 5 3 0.1 10 400 1.27 1.84 0.001847

6 6 9 0 20 400 1.79 2.5 0.000935

11 7 3 0.1 10 800 0 0.37 0.000571

1 8 3 0 10 400 1.46 2.19 0.001781

24 9 6 0.05 15 800 0 0.33 0.00042

9 10 3 0 10 800 0 0.3 0.000543

12 11 9 0.1 10 800 0 0.46 0.001631

10 12 9 0 10 800 0 0.62 0.000659

16 13 9 0.1 20 800 0 0.74 0.00065

17 14 3 0.05 15 600 0 0.68 0.000682

22 15 6 0.05 20 600 0.749 1.06 0.000734

8 16 9 0.1 20 400 1.75 2.48 0.001948

23 17 6 0.05 15 400 1.1 1.48 0.001197

18 18 9 0.05 15 600 0 0.77 0.000793

20 19 6 0.1 15 600 0 0.68 0.001175

27 20 6 0.05 15 600 0 0.66 0.000838

4 21 9 0.1 10 400 1.6 2.02 0.004672

26 22 6 0.05 15 600 0 0.66 0.000838

14 23 9 0 20 800 0 0.78 0.000424

15 24 3 0.1 20 800 0 0.55 0.000459

25 25 6 0.05 15 600 0 0.66 0.000838

5 26 3 0 20 400 1.69 2.66 0.001879

21 27 6 0.05 10 600 0 1.09 0.001146
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increases with a decrease in the radius of curvature.
Using small pins (less 12.5 mm) or large pins (more
than 17.5 mm) will increase the maximum deviation.
Figure 12 shows the pressure distribution on the de-
formed sheet when small pins and large pins are used.
Too small a pin (less than 12.5 mm) will reduce the
contact area which increases stresses. Excessive stresses
will over-deform the sheet and increase the maximum
deviation from the target. Too large a pin (more than
17.5 mm) will increase the contact area, reducing stress-
es. Having insufficient stresses does not the required
deformation and increases the deviation from the target.
The minimum deviation from the target shape can be
obtained when using a large radius of curvature
(800 mm) and medium-size pins (15 mm).

5.3 Thickness variation

Figures 13 and 14 show the effect of the coefficient of
friction, pin size and radius of curvature on thickness
variation. As can be seen in Fig. 13, the higher the
coefficient of friction, the larger the thickness variation.
When the coefficient of friction increases, relative mo-
tion between the sheet and the cushion becomes diffi-
cult. This resists the material flow underneath the pins
which leads to sheet thinning in the middle of the die
and thickening at the sheet edges [21]. Additionally, a
small pin size leads to an increase in the thickness var-
iation. When small pins are adopted, the spacing be-
tween the pin tips decreases, which causes more resis-
tance to the flow and deformation of the elastic cushion.
This leads to non-uniform deformation of the sheet. The
minimum thickness variation is obtained when using
large pins and having zero friction. From Fig. 14, it
can be seen that the thickness variation increased with
increasing friction and curvature. The maximum

Fig. 12 Pressure distribution on the sheet when small pin size and large
pin size are used (radius of curvature = 400 mm)

Fig. 11 Effect of pin size and radius of curvature on maximum shape
deviation

Fig. 10 Pressure distribution on
upper and lower sides of sheet
(radius of curvature = 400 mm)
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thickness variation occurs when the radius of the curva-
ture is small (400 mm) and the friction is high (0.1).
When the curvature is small (400 mm), fewer pins will
be in contact with the sheet at the beginning of defor-
mation. As a result, stress concentration will occur,
which leads to localised sheet thinning in the middle
of sheet [22].

Figures 15 and 16 show the effect of interaction between
elastic cushion thickness and coefficient of friction and be-
tween elastic cushion thickness and pin size on work-
piece thickness variation. When there is no friction, the
workpiece thickness variation decreases with an increase
in elastic cushion thickness. When there is friction, the
variation in the workpiece thickness increases with the
elastic cushion thickness. A thick elastic cushion is ex-
pected to expand laterally when compressed. However, a
high coefficient of friction will resist this expansion,
which leads to non-uniform deformation. With large
pins, the effect of cushion thickness on workpiece thick-
ness variation becomes negligible. However, when small
pins adopted, increasing the elastic cushion thickness
will lead to an increase in the thickness variation [21].
This is because the gaps between the pins become small-
er, which restrains the deformation of the elastic cush-
ion. Thus, a combination of a thick elastic cushion and
small pins causes the largest variation in workpiece
thickness.

6 Prediction of response factors

An empirical model has been developed to predict wrinkling,
maximum deviation from target and thickness variation using
a general second-order polynomial equation (Eq. 5). This

Fig. 16 Effect of interaction between cushion thickness and pin size on
workpiece thickness variation

Fig. 15 Effect of interaction between cushion thickness and coefficient
of friction on workpiece thickness variation

Fig. 14 Effect of coefficient of friction and radius of curvature on
thickness variation

Fig. 13 Effect of coefficient of friction and pin size on thickness
variation

1856 Int J Adv Manuf Technol (2017) 92:1849–1859



equation was constructed based on the process parameters, i.e.
elastic cushion thickness, coefficient of friction, pin size and
radius of curvature. Depending on the response parameter,
each process parameter has related coefficients as listed in
Table 5.

Response qð Þ ¼ k0 þ k1 Aþ k2 Bþ k3 C þ k4 D

þ k5 ABþ k6AC þ k7ADþ k8 BC

þ k9 BDþ k10 CDþ k11 A2 þ k12B2

þ k13 C2 þ k14 D2 ð5Þ

where q is the response parameter (i.e. wrinkling, max-
imum deviation from target or thickness variation), A is
the elastic cushion thickness, B is the coefficient of
friction, C is the pin size, D is the radius of curvature,
and k0–k14 are the model coefficient values correspond-
ing to each response parameter. Table 5 shows the
values of k0–k14.

7 Optimisation of process parameters

Optimal working parameters were chosen to yield a
spherical shape product that had almost no wrinkling

and minimal shape deviation and thickness. The set of
process parameters that can achieve this objective was
numerically obtained as shown in Table 6. The optimal
setting is 10-mm pin size, 3-mm cushion thickness, 0.08
coefficient of friction and 800 radius of curvature. A
single experiment was carried out using a MPF die with
10-mm pins (see Fig. 17a) to validate these results. The
fabricated part is shown in Fig. 17b. The sheet was cut
into two halves (see Fig. 17c). The profile of the de-
formed sheet was measured using a high-resolution 3D
laser scanner. The data was then used to compare the
formed shape with the target shape and to calculate the
maximum deviation from target, as shown in Fig. 18.
The thickness was measured using a high-resolution
point-type digital micrometre at 17 points across the
centre line of the deformed sheet as shown in Fig. 18.
Table 7 shows that the predicted results agree well with
the measurements.

Table 6 Optimum process parameters

Cushion
thickness (mm)

Friction Pin size
(mm)

Radius of
curvature (mm)

Optimal condition 3 0.08 10 800

Table 5 Coefficient values
corresponding to each response
parameter

Coefficient Wrinkling (mm) Maximum deviation (mm) Thickness variation (mm)

k0 8.72134 8.6286 1.81246E−003
k1 0.1224 −0.097762 1.92104E−004
k2 −1.09204 −6.59537 0.018333

k3 −0.34898 −0.41928 4.76361E−005
k4 −0.01809 −0.011172 −3.44035E−006
k5 0.075 0.00 2.25875E−003
k6 −0.00116667 −1.41667E−003 −1.76792E−005
k7 −0.0000770833 9.16667E−005 1.523276E−007
k8 0.0363114175 +0.11 −7.8275E−004
k9 0.002125 3.625E−003 −2.15938E−005
k10 −0.000055 −6.75E−005 7.83125E−008
k11 −0.00405761 6.76955E−003 –

k12 −14.60741 18.37037 –

k13 0.013519 0.016437 –

k14 0.000012837 6.02315E−006 –
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8 Conclusion

In this investigation, finite element modelling was used to
calculate the amount of deformation of a workpiece in MPF.
The response surface method was employed to generate an
experimental plan, and the ANOVA technique was adopted
to identify significant process parameters. This study demon-
strated the following:

1. The pin size and radius of curvature have a significant
effect on all response parameters, i.e. wrinkling, maxi-
mum deviation from target shape and thickness variation,
while the coefficient of friction only has a significant ef-
fect on the thickness variation.

2. For each of the response parameters, there were signifi-
cant parameter interactions; a mathematical model can be
obtained accurately to describe the influence of the pro-
cess parameters.

3. As the workpiece radius of curvature decreased,
wrinkling, maximum shape deviation and thickness
variation increased. Both large and small pins lead
to increased wrinkling and maximum shape devia-
tion while using large pins reduces thickness varia-
tion. A high coefficient of friction leads to increased
thickness variation.

4. A doubly curved sheet could be produced with no
wrinkling, accurate dimensions and high thickness
uniformity.

Table 7 Predicted and observed
response parameters Wrinkling (mm) Max. deviation (mm) Thickness variation (mm)

Predicted (2.01896E−007)≈0 0.3111 0.000575

Measured 0.00 0.3450 0.000547

Fig. 18 Comparison of formed
shape with target shape

Fig. 17 a Multi-point forming
die. b Fabricated part. c Part cut
into two halves
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