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Abstract: Reconfigurable multipoint forming is a flexible sheet forming technique aimed at cus-
tomised sheet metal products. However, one drawback of multipoint forming is the cost and time
needed to set up and align the upper and lower pin matrices. This study introduces an optimisation
study of a novel hole-type rubber punch replacing the top pin matrix of multipoint incremental form-
ing, aiming to reduce pins setting up and alignment complexity and time. Finite element modelling
and design of experiments were used to investigate the effect of hole-type rubber punch configuration
such as hole size, hole type, and the compression ratio on the wrinkling, thickness variation, and
shape deviation. This research shows that the most significant process parameter in all responses
was the hole size. The compression ratio of the material was found to be insignificant in wrinkling
and shape deviation. The hole-type rubber punch parameters were found to be a hole size of 9 mm,
circular hole type, and a compression ratio of 75%. This experimentally resulted in an improved parts
wrinkling of 80%, when compared to using solid rubber punch, with the added benefits of reduction
of the cost and time needed to set up and align the pin matrices.

Keywords: multipoint forming; finite-element modelling; design of experiments; sheet metal forming

1. Introduction

Conventional sheet metal forming techniques, especially deep drawing, are widely
used to produce 3D components from sheet metal blanks for household, automotive and
aerospace applications. However, the high tooling cost causes them to be economical for
mass production only. In addition, the shortened lead time and product life cycle and the
increased demand for customisation create additional challenges to sheet metal forming
manufacturers [1–5]. Other manufacturing technologies, such as computer numerical con-
trol (CNC) or additive manufacturing (AM), are incapable of meeting the mass production
strategies as well as the processing and the working requirements of sheet metal products
compared to deep drawing technology [6]. Flexible manufacturing technologies, such as
multipoint forming, offer the potential to easily adapt rapid changes in the design and
quantity of sheet metal production [7–10]. Multipoint forming is one of the key elements
of the make-to-order approach that provides industries with flexibility and speed. It uses
a set of adjustable pins in the lower and upper matrices to create point-based dies, pro-
viding it with sufficient flexibility to produce customised products without designing and
manufacturing new dies. However, setting up and aligning those pins is significantly
time-consuming [11–13]. Multipoint forming has been significantly progressed as a flexible
manufacturing process that offers the ability to control its associated process defects such
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as wrinkling, dimpling, and springback [14–17]. Elastomer materials, such as polyurethane,
have been widely used in conventional and flexible sheet metal forming. The use of elas-
tomer pads between the lower and upper dies has been found to reduce the time needed
for the alignment or to match interchanged dies. In addition, they were shown to protect
the metal surface from scratches usually resulting from the direct contact of dies. Several
investigations were introduced on sheet metal forming using solid tools with elastomer
pads for manufacturing different geometries [11,18]. One of the early studies that exam-
ined the use of the rubber dies’ process was carried out by Browen and Battikha [11].
In this work, the authors investigated the forming process’s capability and introduced
an approach for the adjustment of process settings to ensure a defect-free product. Lee
et al. [19] investigated the use of various rubber-based forming techniques to produce tubes
made of aluminium and steel through using elastomer materials. Their study showed that
the hardness of the elastomer materials was a crucial property affecting the bend radii.
Quadrini et al. [20] also confirmed that high hardness rubber materials produced better
quality thin aluminium products. Another study by Chen and co-authors [21] investigated
the effect of rubber-based sheet metal forming variables such as the compression ratio and
forming speed on the properties of the deformed part. Their study suggested that the
spring-back effect of flanging in the rubber-based forming method was lower than when
using the conventional stamping method [21].

Paunoiu et al. [22] found that the localised deformation in the metal sheet was signif-
icantly influenced by the pins-sheet contact points. Hence, they proposed using rubber
cushions between the pins and the workpiece to enhance the surface quality and eliminate
sheet thinning. Similar studies were introduced by Quan et al. [23], and Zareh-Desari
et al. [24], which demonstrated the beneficial effect and concluded the presence of em-
ploying the application of the elastic cushions for minimising the dimpling defect and
improving the accuracy of the formed products. Essa et al. [18] investigated the use of
variable thickness waffle-type rubber cushions in multipoint forming with various thick-
nesses in multipoint forming. Their results suggested that the maximum cushion thickness
and the pins profiles were the most significant factors influencing the wrinkling, thickness
variation, and peak shape deviation [18].

A polyurethane rubber die with different hardness, thickness, and shapes was used
to form different steel cup shapes. Numerical and experimental results showed that the
forming load increases with increased rubber die hardness while it decreases with increased
rubber die thickness [25]. Belhassen et al. compared the use of rubber punch or die in sheet
metal forming. They suggested that using rubber die instead of rubber punch might form
parts without micro cracks and necking due to the localized severe deformation that can
lead to fracture of the sheet metal [26]. In a recent study, a novel two-step channel was
formed by the use of rubber pad pressing. Different geometrical parameters such as the
channel width, depth ratio, edge fillet, and second-step shape were studied. The authors
found that the channels formed by convex mould were better than those formed by the use
of a concave one [27]. The same research group extended their study and managed to use
the two-step approach to manufacture sheet metal with micro-grooves [28].

Literature showed the promising potential of using rubber pad forming as a robust
sheet metal forming tool. However, they are all based on conventional sheet metal forming.
Elghawail et al. [29] introduced a new concept of replacing the upper die in a multipoint
forming process with a thick rubber cushion to produce sheet metal products with about
50% reduction in the cost and setup time. The authors used a polyurethane block with a
shore hardness of A90 as the upper punch combined with a reconfigurable lower multi-
point forming die. The proposed solid polyurethane punch was found to be efficient in
reducing the springback and wrinkling of the formed sheet [29]. However, no studies were
found using hole-type rubber punch to replace the reported solid punch. Additionally, no
studies were conducted to identify the optimal configuration rubber punches for multipoint
forming. In this work, a hole-type rubber punch was used and optimised to replace the
top solid punch. Finite element analysis and design of experiment’s approaches were
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used to investigate different process parameters, typically hole size, shape, and punch
compression ratio, on the characteristics of the deformed parts such as wrinkling, thickness
variation, and shape deviation. The process parameters have then been optimised towards
eliminating defects in the final multipoint forming product.

2. Experimental and Methods
2.1. Experimental Setup

The hole-type rubber punch multipoint forming setup used to produce doubly curved
panels is shown in Figure 1. The setup consists of a Polyurethane upper hole-type punch
and a lower set of 30 × 20 pin matrix, which was adjusted to create the die for producing the
desired curved panels, an elastic cushion, and a sheet metal as a workpiece. The sheet metal
used in this was DC05 steel (chemical composition, wt. %: C 0.06% max, Mn 0.35% max, P
0.025% max, S 0.025% max and Fe balance), with a length of 153 mm, a width of 102 mm,
and a thickness of 1. A rubber punch, with dimensions of 153 mm × 102 mm × 100 mm
and with various hole shapes and dimensions, was placed on the top, replacing the upper
pin matrix. The cube pins were 10 mm × 10 mm × 10 mm in dimension and with a
spherical curvature of 10 mm diameter and a separation distance of 0.25 mm, see Figure 2a
of the lower pint matrix. The sheet blank was placed between the hole-type rubber punch
and the rubber cushion which was used to reduce the dimpling effect on the surface of
the deformed product. The setup also includes force cell to record the force profile of the
punch and a displacement sensor to measure the displacement of the punch movement,
which will be used when calculating the compression ratio. A FARO Edge 3D scanner
(Artec 3D, Birmingham, UK) fitted with Geomagic@ software (3d systems, Birmingham,
UK) was employed to capture the formed geometry. The part wrinkling, shape deviation,
and thickness variation were calculated using the measured data [29]. Wrinkling was
considered as the distance between the deformed and target geometries throughout the
long edge of the deformed part. The wrinkling root mean square values were used in
the calculations for easier and better observation of the wrinkling trend. The thickness
variation was measured along the principal axes of the sheet. The peak shape deviation
was calculated as the maximum normal distance between the formed part and the required
target. Simple sheet metal parts with 400 mm radius of curvature were considered in the
proposed forming process.
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Figure 1. The experimental setup of the hole-type rubber multipoint forming. 1—Force Cell;
2—Displacement sensor; 3—Hole-type rubber punch; 4—Sheet blank; 5—Rubber cushion; 6—Lower
pin matrix.
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Figure 2. (a) The model setup; (b) the model Mesh.

2.2. Finite Element Modelling

A Finite element model (FEM) was developed using ABAQUS CAE 2018 (Dassault
Systèmes, Vélizy-Villacoublay, France) to investigate the effect of the application of a hole-
type rubber punch in the multipoint forming, and it is shown in Figure 2. Due to the
geometrical symmetry, only one-quarter of the setup was considered in the simulation
to reduce the numerical calculation time. A general contact relation was employed to
identify the interfacial contact between the multipoint forming parts. In addition, a friction
coefficient of µ = 0.1, was considered between all bodies [30,31].

The hole-type rubber punch was modelled as a deformable body with 1 mm C3D8R
quadratic elements. The number of elements was 87,280 for the hole-type rubber punch and
278,602 elements for the complete setup. The lower die matrix was modelled as a rigid body
using R3D4 elements. The sheet metal was modelled using shell elements, S4R, as proposed
by Wang et al. [32]. The forming force of multipoint forming process was applied as the
displacement of the press plate node in the Y-direction. The die was constrained in all of
the 6 degrees of freedom through appropriate boundary conditions, whereas XYZ rotation
and XZ translational constraints were applied to the hole-type punch. Mesh sensitivity
was carried out to optimise the appropriate element size at which an accurate solution can
be achieved. An explicit solver from ABAQUS (Dassault Systèmes, Vélizy-Villacoublay,
France) was used in the proposed FEM to prevent non-linear deformation convergence
due to the complexity of the model. Finally, mass scaling of 10,000 was applied to reduce
simulation time without reducing the model precision.
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2.3. Materials Properties

The sheet material was DC05 steel with a 1 mm thickness. The tensile properties of
the material were determined through a tensile test using standard mechanical testing
equipment (Zwick, Birmingham, UK), according to the American Society for Testing and
Materials standardASTM E8. It was assumed that the material properties are isotropic.
Therefore, an elastic-plastic model was employed following a reduced Hollomon law, as
shown in Equation (1).

σ = Kεn (1)

where σ refers to developed stress, K is the strength coefficient, n is the strain exponent, and
ε is the developed strain. The measured stress–strain properties were used to determine
(n and K), see Figure 3a. The strength coefficient (K) was found to be 527.13 MPa and the
strain-hardening exponent (n) was found to be 0.17 [12].
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compression diagram compared to Mooney–Rivlin model for Polyurethane-A90 punch.

Polyurethane-A90 was used for the hole-type rubber and the elastic cushions. The
material was also assumed to be isotropic, and its density was 1130 kg/m3. The compres-
sion properties of the rubber punch material were achieved using standard mechanical
testing equipment (Zwick, Birmingham, UK). The material properties were compared to the
Mooney–Rivlin model, and were found to be in good agreement with Abosaf et al. [12], see
Figure 3b. As shown in the figure, the hyperelastic model (given in Equation (2)) effectively
describes the hyperelastic characteristics of Polyurethane-A-90.

W = Co1
(

I1 − 3
)
+ C1o

(
I2 − 3

)
+

1
D1

(J − 1)2 (2)

where W is the strain energy, Co1 and C1o are the deviatoric response coefficients, I1 and
I2 are the first and second invariants of the strain tensor, D1 is the elastic volume ratio for
isotropic thermal expansion, J is the volumetric response obtained from the experimental
data. The Poisson’s ratio of the material was 0.475 [12].
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2.4. Statistical Optimisation

The design of experiments (DoE) approach using a face-centred composite design was
employed to investigate the influence of the hole-type rubber punch geometrical parameters
such as compression ratio, hole size and hole shape on the quality of the formed part. The
punch compression ratio is determined as

t0−t f
t0

× 100, where t f and t0 are the rubber punch
thickness at the final and beginning loading, respectively. The measured responses were
the wrinkling, the shape deviation, and the thickness variation. Table 1 lists the studied
parameters and levels. As shown in the table, the hole’s size and the compression have
three numerical levels each. Whereas the hole’s geometry has two categorical levels (square
or circular).

Table 1. Hole-type punch process parameters.

Parameter Unit
Level

−1 0 1

Hole size (A) mm 3 × 3 6 × 6 9 × 9
Compression ratio % (B) % 50 60 70

Hole geometry (C) Square Circular

A second-order polynomial model was used to predict the response of the formed
part, see Equation (3):

Response = A0 +
n

∑
l=1

Al xm +
n

∑
l=1

All x2
l + ∑ ∑

l<m
Almxl xm + e (3)

where x is the input parameters, A is the polynomial coefficients, n is the number of
independent factors, and e is an error Abosaf et al. [12].

Wrinkling was calculated as the root-mean-square-error (RSME) deviation between the
formed part from the designed shape across the long edge of the deformed part [12]. The
thickness variation was determined as the standard deviation of the formed part thickness
along the primary axes. The shape deviation was defined as the maximum normal distance
between the actual and the intended geometries.

3. Results and Discussion

The simulation model was first validated by comparing the simulated and experimen-
tal results of the forming force which was measured by the force cell fitted on the multipoint
forming setup. Figure 4 shows the forming force profile curves for two doubly curved
manufactured parts of 400 mm radius of curvature produced by the hole-type rubber punch
multipoint forming. As shown in the figure, the forming force starts to develop gradually
and smoothly at an early stage until the process finishes. This demonstrates an improved
performance as compared with conventional multipoint forming, where a rapid increase in
the forming force is observed towards the end of deformation [12]. In general, the simulated
results of the forming force fairly agree with the experimental one. Following this, the
simulated results of the wrinkling, thickness variation, and shape deviation were obtained
for the DoE optimisation (using input parameters: hole size, compression ratio, hole shape).
Table 2 shows that the formed parts produced using a hole-type rubber punch with circular
holes of 9 mm in diameter and a compression ratio of 70% showed the minimum wrinkling.
On the other hand, minimum thickness variation can be obtained using a rubber punch
with any hole shapes of a size of 9 mm and a compression ratio of 50%. Furthermore,
minimum shape deviation was achieved using a rubber punch with circular holes of 3 mm
in diameter and a compression ratio of 70%.
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Table 2. Design of experiment results of the wrinkling, thickness variation, and shape peak deviation.

Run
Factor 1

Hole Size
(mm)

Factor 2
Compression

Ratio (%)

Factor 3
Hole

Shape

Response 1
Wrinkling

[mm]

Response 2
Thickness
Variation

[mm]

Response
3 Shape

Deviation
[mm]

1 6 50 Circular 2.0600 0.00504 1.323
2 9 70 Circular 0.3066 0.00318 0.399
3 9 50 Square 1.8010 0.00313 1.801
4 6 60 Circular 2.0040 0.00613 0.54
5 3 50 Circular 3.1280 0.00545 1.078
6 9 60 Circular 1.0110 0.00545 0.97
7 3 60 Square 2.8790 0.00662 0.67
8 3 70 Circular 1.6940 0.00700 0.3
9 3 50 Square 2.2770 0.00545 1.58

10 6 60 Square 2.0070 0.00545 0.79
11 9 50 Circular 1.6010 0.00313 1.011
12 6 70 Circular 1.7720 0.00654 0.44
13 9 60 Square 1.0440 0.00345 0.47
14 6 50 Square 3.0700 0.00481 1.067
15 3 70 Square 2.6994 0.00998 0.4
16 3 60 Circular 2.0710 0.00388 1.33
17 6 70 Square 1.1710 0.00788 0.79
18 9 70 Square 1.1820 0.00921 0.32

The simulation results listed in Table 2 were further investigated using analysis of
variance (ANOVA) by the Design-Expert software 10 (Stateas, Birmingham, UK) to identify
the significant input parameters statistically. The probability threshold of a 5% P-value was
considered for all ANOVA analysis, which corresponds to 95% confidence level. As such,
input parameters with probability p-values smaller than 5% are statistically significant.
The smaller the p-value below 0.05, the more significant the parameter [12,13]. Table 3
lists the probability p-values of the hole size, compression ratio, hole shape, and their
interactions. The results show that the hole size and compression ratio significantly affect
the part wrinkling. On the other hand, the hole size, compression ratio, and hole shape
were significant parameters on thickness variation. Furthermore, the compression ratio
was the only factor affecting the shape deviation. It is worth noting that no parameter
interactions have significant effects on wrinkling, thickness variation, or shape deviation.
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Table 3. p-value of the investigated parameters and the two-factor interactions. Values in bold
indicate significant parameters.

Process Parameter

Response Factors

Wrinkling Thickness
Variation

Shape
Deviation

Hole size (A) mm 0.001 0.010 0.757

Compression Ratio (B) % 0.012 0.047 0.002

Hole shape (C) 0.246 0.006 0.746

Significant Interactions -
AB = 0.46
AC = 0.06
BC = 0.32

AB = 0.992
AC = 0.727
BC = 0.051

AB = 0.895
AC = 0.829
BC = 0.597

Typically, wrinkling increases when in-plane tensile stresses are insufficient, creating
out-of-plane wave-like deformation. These are because of developed local plastic deforma-
tion when the pressure increases until the maximum plastic deformation is achieved [33].
Therefore, and in order to eliminate wrinkles, the contact pressure has to be more than the
induced compressive instability [34]. Figure 5 shows the influence of the hole size and the
compression ratio on wrinkling. The figure shows that a significant reduction in wrinkling
can be achieved by increasing the compression ratio from 50% to 70%. This is mainly due
to the increased uniformity of the generated stresses as the compression ratio increases. On
the other hand, wrinkling decreased with increasing the hole size from 3 mm to 9 mm. A
possible explanation is that larger holes in the punch allow rubber to better flow towards
the voids and prevents rubber material build-up between the pins and the rubber punch.
This leads to less formation of waves deformation [33–35].
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Figure 6 shows the effect of the hole size and punch compression ratio on the thickness
variation for both circular and rectangular hole punches. The thickness variation decreases
by increasing the hole size and decreasing the compression ratio. The minimum thickness
variation was obtained when using a 9 mm hole size and 55% compression ratio for circular
hole punches and at 9 mm hole size and 50% compression ratio for the rectangular hole
punch. The large hole size allows the rubber punch to flow more while applying the load
to the sheet. This prevents rubber punch material build-up against the pins and allows the
rubber punch to compensate for any non-uniform deformation by the lower pins. This leads
to more uniform deformation of the sheet material and reduces thickness variation [11,12].
On the other side, a low compression ratio leads to small plastic deformation, which leads
to a more uniform distribution of compressive stresses under the pins. This leads to more
thickness uniformity and reduces the thickness variation [11,12].
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Figure 7 shows the influence of the compression ratio on the shape deviation. The
figure shows that the shape deviation increases as the compression ratio increases. This
is consistent and agrees with similar studies [12,34]. Increasing the compression ratio
increases the local deformation, resulting in less uniform pressure distribution and an
increase in sheet thinning at which the sheet metal thickness decreased. A minimum error
from the required shape is obtained when the compression ratio of the rubber punch is 70%.
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In order to obtain parts with high-quality characteristics in terms of wrinkling, thick-
ness variation, and shape deviation, the optimal values of the input parameters in terms of
hole size, hole shape, and compression ratio should be identified. In order to achieve this, a
polynomial model that correlates the output variables with the input process parameters
has been developed, as shown in Equation (4).

Response = x0 + x1.A + x2.B + x3.C + x4.AB + x5.AC + x6.BC + x7.A2 + x8.B2 + x9.C2 (4)

Table 4 shows the polynomial coefficients x0 to x9 for each of the three responses. To
create a doubly curved part with R = 400 mm, the optimal conditions of the rubber punch
parameters were obtained. In this work, the main objective function is set to minimise the
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wrinkling, thickness variation, and shape deviation. The process parameters that meet the
objective function are found to be 75% punch compression ratio with a circular hole size of
9 mm.

Table 4. Polynomial coefficients for the response variable equation.

Polynomial
Coefficient

Response Variable

Wrinkling [mm] Thickness Variation [mm] Shape Deviation [mm]

x0 14.33 6.488 −261. 9
x1 −0.011 0.029 0.179
x2 −0.052 −0.089 −0.019
x3 −0.255 −0.199 4.690
x4 −0.00001 −0.00004 0
x5 0.00006 −0.00017 0
x6 0.00027 0.00910 0
x7 0.00001 −0.00107 0
x8 0.00016 0.00252 0
x9 0.00160 0.01410 0

Experimental work was carried out to fabricate a doubly curved steel panel of
R = 400 mm using the optimised hole-type rubber punch parameters and was compared to
the published results from solid rubber punch.

Figure 8 shows plots of the scanned formed part with optimised process parameters
along the O-X and OB paths of the deformed part. As shown in the figure, there is a good
agreement between the simulation and the experimental work.
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Table 5 compares the modelled, the experimental, and the work reported by Elghawail
et al. [29]. As shown, the modelled results are slightly lower than measured outputs. The
prediction error is found to be less than 2%, which can be considered acceptable given
the complex deformation of hole-type rubber punch. On the other hand, wrinkling of
the formed part was reduced to 0.1082 mm when using the optimised hole-type rubber
punch compared to 0.5340 mm obtained when using solid rubber punch (see Figure 9).
This demonstrates an improvement of about 80%.
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Table 5. Results at optimal process variables of the hole-type rubber punch.

Parameter Hole Size
[mm]

Compression
Ratio % Hole-Type - Wrinkling

(mm)

Thickness
Variation

(mm)

Shape
Deviation

(mm)

Optimal
conditions

9 75 Circular
FEM 0.1066 0.00318 0.399

Exp. 0.1082 0.00322 0.393

Elghawail
et al. [24]. Solid Punch Exp. 0.534
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4. Conclusions

In this study, finite element analysis, design of experiments and experimental valida-
tion were used to investigate the optimisation of a novel hole-type rubber punch of a MIPF
aiming to replace the top pin matrix and to reduce the cost and time by approximately 50%.
The wrinkling of the doubly curved steel panel was significantly reduced, though the new
configuration did not include the use of a blank holder. The design of experiments showed
that the hole size was a significant parameter in its effects on the wrinkling, thickness
variation, and shape deviation. On the other hand, the hole shape was found significant
on the thickness variation and shape deviation. Furthermore, the compression ratio was
found significant on the thickness variation. The main outcome is that a hole-type rubber
punch MIPF can be employed to minimise the associated defects of the deformed part, with
optimal parameters being achieved compared to samples fabricated using solid rubber
punch. However, further experimental investigations are required to look at different
rubber materials and more complex sheet metal geometries.
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