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Abstract
The intrinsic variability of the deep drawing process and the local variations of the stiffness of the manu-
factured components, due to plastic hardening and residuals stresses, give rise to nominally identical com-
ponents with different dynamic properties. This work considers two simulation frameworks for an accurate
product model development: the first one is based on a purely numerical approach while the second one
consists in a reverse engineering framework, where the product model is computed starting from laser scan
measurements on the manufactured component; this procedure can be realized either by (i) a triangular sur-
face reconstruction that forms the starting point to obtain a finite element mesh or by (ii) fitting a smooth
B-spline surface on the point cloud data that can be used directly for the analysis employing the paradigm of
isogeometric analysis (IGA). In this context, it is also shown how a model updating procedure of the stiffness
can be easily implemented using IGA, to further improve the accuracy of the product model.

1 Introduction

Deep drawing is a manufacturing process widely used in, among others, automotive industry to create nearly
finished products at high volume rates, starting from a blank sheet material [1]. Because of the large de-
formations involved in the process, predicting the exact shape of the manufactured component is a quite
challenging task but still important for the correct evaluation of its performance. The two main factors that
drive the shape change of the manufactured component and its relative variability, with respect to the nomi-
nal CAD design, are the thinning/thickening phenomenon and the residual stresses. The former correspond
to a change of the thickness with respect to the initial values of the blank, while residual stresses have a
non-zero resultant in terms of bending moment and, therefore, they cause a shape change often referred to as
the spring-back [2, 3] effect. In addition, the dynamic stiffness of the component is also altered because of
their presence [4, 5].

Based on these considerations, it is evident that an accurate product model is necessary for the performance
analysis of a deep drawn component, especially in the context of dynamic vibrational and vibro-acoustic
simulations. In fact, the dynamic behaviour of a product can vary significantly because of small geometrical
details, with this phenomenon becoming particularly relevant in the mid-to high frequency range, where
structural wavelengths are smaller than the characteristic dimensions of the product [6, 7]. Although the
numerical simulation of deep drawing has been widely treated in the literature [8, 9], predicting the vibro-
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acoustic behaviour of the final component is a research direction that has been only recently initiated [10,
11, 12]. In two recent works [13, 14], the authors of this paper considered the development of an accurate
product model using respectively the classical finite element method (FEM) and the recently introduced
paradigm of isogeometric analysis (IGA) [15, 16].

The most convenient approach for the product model development is a purely numerical framework, where in
a first step the forming process is simulated and then a product model with the correct thickness distribution,
mapped from the forming simulation results, is created [13]. However, even if the forming process is accu-
rately simulated, the results cannot take into account the intrinsic variability involved in the deep drawing
process and, therefore, a geometrical error will be present in the model.

To improve the results, the product model can be reconstructed starting from surface measurements on the
actual manufactured component. In particular, a point cloud can be gathered using a laser scanning system
[17, 18] and, after processing the data, either an FEM [13] or an IGA model [14] can be created. These
product models, reconstructed from the real geometry, provide a more accurate framework for the numerical
vibro-acoustic simulations but some error is still present since the stiffness of the numerical model does
not (locally) match that of the component. The original value of the Young’s modulus of the blank should
be characterized, however can still change locally because of plastic straining [19, 20]. And, in addition,
the residual stresses are also altering the dynamic stiffness of the product. Therefore, for a higher level of
accuracy, model updating becomes necessary [21].

This work reviews the procedure of the FEM and IGA models creation, as described in [13] and [14], for
the specific case of a DP600 steel cup, and then considers a model updating procedure of the material
stiffness implemented in the framework of IGA. In fact, in this context IGA is a particularly convenient tool
because the same basis functions are used to describe both the geometry and the solution field and, therefore,
an optimization procedure can be realized by directly updating the geometrical and material parameters,
without resorting to the expensive procedure of mesh generation. Thanks to this property, IGA has been
shown already to provide excellent results when applied e.g. to structural shape optimization [22, 23]. In a
similar fashion, IGA is used in this work to employ a parametric description of the Young’s modulus and to
directly update it throughout the optimization procedure.

The outline of the paper is the following: in Section 2 the studied component is briefly described. Section
3 considers the development of a product model with the purely numerical approach, while Section 4 con-
siders the development of a product model based on surface measurements. The model updating procedure
proposed in this work is then presented in Section 5 and concluding remarks follow.

2 The case study

A DP600 [24] steel cup is considered in this work and is depicted in Fig. 1a. The cup is produced from a
circular blank with a diameter of 100 mm and a nominal thickness of 0.97 mm, while applying a blank-holder
force of 45 kN and a drawing depth of 24 mm. These parameters are chosen in a way to avoid rupture and
defects such as tearing, earing, wrinkling and necking[1]. The final weight of the cup is approximately 60 g.

In order to assess the validity of the numerical product models, the dynamic behaviour of the component is
tested experimentally. In particular, according to Fig. 1b, it is opted to mimic free-free boundary conditions.
This is obtained by fixing the cup with two thin nylon strings. The structural displacement of the cup is
measured using a Polytec PSV-500 Scanning Vibrometer. This laser scanning vibrometer is preferred to
accelerometers to avoid the addition of mass that may change the dynamic behaviour of this light-weight
component. The cup is excited with a hammer with impedance head type PCB 086C03.

Referring to Fig. 1b, where the reflecting labels used for the measurements are visible, the cup is hammered
in point A and the frequency response function (FRF), measured in point B, is considered in this work and
is used to validate the numerical models. The first nine natural frequencies are also extracted from the FRF
measurement and used for validation.
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(a) (b)

Figure 1: The studied component (a) and the set-up of its experimental testing (b).

3 Development of a product model through a forming simulation

In order to obtain a first and less expensive evaluation of the performance of a component, an accurate process
simulation can be the starting point for the creation of a product model, which is then used for the numerical
analysis. In this work the dynamic behaviour of the product is considered. For the case study described in
the previous section, the creation of a product model is obtained in [13] starting from a forming simulation
with the commercial code Autoform and the Incremental module, which uses shell elements with an implicit
time integration scheme [1]. The material behaviour is described through the following properties:

• for the hardening curve, the Ludwik law [25] is chosen and the strain hardening exponent, the yield
strength and the ultimate tensile strength have to be specified;

• for the yield surface, the Hill criterion [26] is chosen and the normal anisotropy coefficients have to be
specified;

• for the forming limit curve (FLD), the Arcelor V9 model [27] is chosen.

The mechanical characteristics of the material, to be used in the above laws, are determined by tensile tests.
A proper choice of the friction coefficient is also crucial for the accurate simulation of the process and in [13]
its value is found by comparing the results of the FEM simulation with strain and thickness measurements
and points on the forming limit diagram, coming from the manufactured component.

Starting from the output of the forming simulation in Autoform, a product model is generated for the dynamic
analysis. To this end, the Autoform results are exported in the STEP format and a quad-dominant mesh
is generated using the Altair HyperWorks tools SimLab and HyperMesh [28]. The thickness distribution
predicted by the forming simulation is also mapped on this mesh using The ResultsMapper tool.

The FEM product model is compared to the experimental results discussed in Section 2 by considering the
first 9 natural frequencies of the component and the FRF in point B. The natural frequencies predicted with
the FEM model and their error with respect to the measurements are reported in Table 1. The error is in the
order of a few percent. Also the FRF results, reported in Fig. 2, confirm that the numerical model is able to
provide a first approximate prediction of the dynamic behaviour of the component.
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Figure 3: The initial point cloud (a) and the reconstructed triangular surface with Laplacian smoothing (b).
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Figure 2: A comparison between the FRF measured in point B and its FEM
prediction.

Freq Err %
3912 -0.03
4150 3.14
4299 4.51
4321 4.64
4385 2.89
4991 1.57
5165 4.86
5266 4.86
5355 5.73

Table 1: The first nine natural
frequenciesof the component pre-
dicted with the FEM model and
their error with respect to the mea-
surements.

4 Development of a product model through surface scanning

4.1 Point data acquisition and processing

In order to build a more accurate product model, the exact geometry of a component can be considered by
reconstructing it from surface measurements. To this end, coordinate measuring machines (CMMs) are a
useful tool to gather a point cloud from the surface of a component that is later processed to obtain a finite
element model. In this work, a Coord3 MC16 CMM, equipped with the Nikon Metrology laser line scanner
LC60Dx is considered, which gives an accuracy on the acquisition of a single point in the order of 25µm.

Given the fact that the cup is a thin component, the numerical simulations can be performed using the shell
framework, which is computationally much more efficient that a three-dimensional finite element analysis.
Therefore, a finite element model corresponding to the mid-surface of the component needs to be recon-
structed starting from the point data. For this purpose, the open source processing tool meshlab [29] is used.
The initial point cloud coming form the scanner is divided in two parts, corresponding to the inner and to
the outer surface of the cup. For each of them a triangular surface is reconstructed using the ball-pivoting
algorithm [30]. Eventual holes or missing parts that are present in the point cloud can also be closed with
meshlab. The initial point cloud and the reconstructed surface are shown in Fig. 3.

Because of the measurements noise, the reconstructed surfaces present irregularities that can be reduced
using surface smoothing [31]. Different smoothing methodologies are considered in [13] but here, for the
sake of brevity, we report only the results obtained with standard Laplacian smoothing (Fig. 3b). Once
the inner and outer surfaces are constructed, the mid-surface of the component can be obtained using the
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Hausdorff distance [32] of the inner points from the outer surface and their normals. In particular, for each
point x on the inner surface, with unit normal n and thickness t, the corresponding point x′ on the mid-
surface is computed as

x′ = x+
t

2
n. (1)

This gives a new point cloud, where the ball-pivoting algorithm and a further smoothing step are applied,
such that a final smooth description of the mid-surface is obtained.

4.2 FEM simulation

The mid-surface triangulation, with the relative thickness descriptions, can be directly used as an FEM
mesh within the shell framework by associating to each node the corresponding thickness. This approach is
followed in [13] but we note that it is also possible to generate a new mesh with less degrees of freedom.
The results of the dynamic simulation for the FRF and for the natural frequencies are reported in Fig. 4 and
Table 2 respectively, where some improvement can be observed with respect to the previous case of a purely
numerical approach. In particular, the predicted FRF is able to correctly reproduce the dynamic behaviour
of the component in the low-frequency region, while a peak shift is still present towards high frequencies.
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Figure 4: A comparison between the FRF measured in point B and its FEM
prediction.

Freq Err %
3832 -2.06
3936 -2.19
4111 -0.05
4167 0.90
4184 -1.83
4757 -3.19
4780 -2.95
5088 1.32
5100 0.70

Table 2: The first nine natural
frequenciesof the component pre-
dicted with the FEM model and
their error with respect to the mea-
surements.

4.3 IGA framework

IGA is a recent, innovative numerical methodology and as compared to FEM offers the possibility to use the
same basis functions, i.e. B-splines or NURBS (non-uniform rational B-splines) for both the CAD geometry
description and the numerical analysis [15], avoiding the need for a (sometimes) expensive meshing step.
For this reason, in the context of reverse engineering, IGA appears particularly suited for the reconstruction
of a smooth surface model that can be directly used for the simulation of the dynamic behaviour of a com-
ponent [14]. In fact, point cloud fitting with parametric curves and surfaces is a well-known methodology
because of the high-order and tailor-able smoothness of splines functions [33, 34]. By combining the recon-
struction properties of B-splines with the advantages introduced by IGA in the numerical analysis a reverse
engineering framework, particularly useful for deep drawn components, is obtained [14].

As for the traditional FEM, the numerical IGA model is also based on a shell approach with the advantage
that, because of the higher inter-element continuity of IGA basis-functions, a rotation-free Kirchhoff-Love
formulation can be used [35]. Therefore, an IGA model of the mid-surface of the component is necessary. In
principle, both the inner and the outer surface could be fitted with a parametric surface and the mid-surface
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(a) (b)

Figure 5: IGA model of the cup; (a) the B-spline parametric description of the mid-surface, with the control points
highlighted by circles; (b) the reconstructed thickness distribution.

could be obtained by comparing the two resulting surfaces. However, the process of defining such a mid-
surface is not straightforward and, in addition, possible fitting errors of the two surfaces could be amplified.
For this reason, a more efficient approach is to process the point data in the same way of the classical FEM
approach, described in Section 3, and then to fit only one parametric surface directly to the point cloud that
describes the mid-surface.

For the cup considered in this work, a B-spline surface, described by a 32 × 32 grid of control points, is
fitted to the mid-surface and depicted in Fig. 5a. Another advantage of the IGA framework is that also the
thickness of the component can be described in a smooth, parametric way using the same B-spline functions
used to fit the geometry, as shown in Fig. 5b. This thickness distribution is then included in the analysis by
considering the exact thickness value in each Gauss point during the matrix assembly procedure.
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Figure 6: A comparison between the FRF measured in point B and its IGA
prediction.

Freq Err %
3898 -0.39
3939 -2.12
4116 0.08
4164 0.82
4208 -1.26
4824 -1.83
4911 -0.30
5060 0.77
5081 0.32

Table 3: The first nine natural
frequenciesof the component pre-
dicted with the IGA model and their
error with respect to the measure-
ments.

The IGA numerical prediction for the FRF and for the natural frequencies are reported in Table 3 and Fig. 6
respectively. The results present the same level of accuracy of those obtained with the FEM in Section 3 but,
remarkably, IGA requires a smaller number of degrees of freedom for the surface description.

5 Model stiffness updating

Observing the results discussed in the previous sections it can be noted that an accurate description of the
geometry improves the prediction of the dynamic behaviour of the component, as compared to results ob-
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tained with the purely numerical framework of Section 3. The results are sufficiently accurate, especially in
the low-frequency region. However, when moving towards higher frequencies, an FRF mismatch due mainly
to a frequency shift is observed (Fig. 6).

As the exact geometry is used for the simulation, the first consideration is that a possible source of inaccuracy
for the prediction of the natural frequencies and the subsequent frequency shift in the high frequency region
is due to the uncertainty on the Young’s modulus E and on the density ρ of the steel. For the component
considered in this work, the density has been calculated with an estimated standard deviation of 0.5% by
measuring the weight of 20 components of a batch. As far as the Young’s modulus is concerned, the value
indicated by the steel supplier is used in the numerical simulations. However, different values of E can be
found in the literature for the DP600 steel [13] which suggests a significant uncertainty on its value.

What is even more relevant, for the application considered in this study, is that the value of E can change
locally because of plastic straining phenomena [19, 20]. And in addition, as mentioned in the introduction,
the residual stresses can also locally alter the dynamic stiffness of the component. Therefore, as an innovative
contribution of this work, a stiffness updating procedure is proposed, which relies on the possibility to use a
parametric description of the young modulus E in the IGA framework. In fact, in a similar fashion as done
for the thickness, the value of E can be expressed parametrically through the B-spline functions and can be
evaluated for each Gauss point during the assembly of the stiffness matrix. An optimization procedure is
then proposed to retrieve a proper distribution of E that reproduces the real dynamic behaviour.

In particular, given a parametric surface S(ξ, η), described through the B-spline basis functions Nk (k =
1, . . . , N) and the control points Pk:

S(ξ, η) =
N∑

k=1

Nk(ξ, η)Pk, (2)

a parametric distribution of the Young’s modulus e(ξ, η) is also considered:

e(ξ, η) =
N∑

k=1

Nk(ξ, η)Ek, (3)

where the control variables are describing the (unknown) Young’s modulus distribution. The optimization
problem is therefore stated as follows:

find E1, . . . ,EN

minimizing ε = εint + αεω

subject to Emin ≤ Ek ≤ Emax k = 1, . . . , N,

(4)

where Emin and Emax are respectively the lower and upper bounds of E that are set at ±5% of its nominal
value, while ε indicates the error between numerical and experimental predictions to be minimized and is
defined as a Pareto combination of an integral error εint and an error on the frequencies εω. The former is
defined as

εint =

∫ ω2

ω1

|log ‖un‖ − log ‖ue‖|dω, (5)

where ‖un‖ and ‖ue‖ are the modules of the (complex) FEM and experimental displacements respectively,
while ω1 and ω2 define the frequency range considered, in this case from 2000 to 5000 Hz. Since the FRF
values vary over several orders of magnitude, their logarithm is considered in the evaluation of the integral.
The frequency error εω is defined as

εω =

nf∑

k=1

(ω
(n)
k − ω(e)

k )2, (6)
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where ω(n)
k and ω(e)

k are the k-th numerical and experimental frequencies respectively, for k going from 1 to
9 in the case considered in this study. The Pareto parameter α is chosen such that εint and εω are in the same
order of magnitude.

The aforementioned optimization problem is solved using a matlab implementation based on genetic algo-
rithms [36]. In fact, FRFs residuals are known to cause serious discontinuities in the topology of the objective
functions and, although some strategies are possible to still use gradient based methods [37], genetic algo-
rithms are preferred in this work for their simplicity.

The optimization is run for the 32 × 32 = 1024 control variables using a population of 1000 individuals
and 200 generations. The natural frequencies and the FRF predicted with the resulting model are reported
in Table 4 and Fig. 7 respectively, where it can ne observed how a significant imporvement is obtained in
the accuracy of the model. An even better agreement with measurements can be expected by considering
a larger population and properly tuning the genetic algorithm parameters or considering other optimization
methodologies can be the topic of future research.

1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency [Hz]

10-4

10-3

10-2

10-1

100

u n[m
m

]

Measured
IGA optimized

Figure 7: A comparison between the FRF measured in point B and the IGA
prediction with the optimized model.

Freq Err %
3896 -0.42
4012 -0.31
4108 -0.13
4136 0.16
4285 0.55
4907 -0.14
4926 0.02
5044 0.45
5055 -0.20

Table 4: The first nine natural
frequenciesof the component pre-
dicted with the IGA optimized
model and their error with respect
to the measurements.

The resulting Young’s modulus distribution is shown if Fig. 8. Although it is difficult to individuate a general
trend, the figure suggests that the stiffness of the component increases in the curved zones on the flange, while
it decreases on the bottom. From a numerical point of view, the new Young’s modulus distribution allows
a correct representation of the dynamic behaviour of the component. However, assessing the correctness of
this distribution (i.e. whether it matches the one of the physical component only in the numerical analysis or
also in reality) and relating it to the effects of the forming process can also be the topic of future research.

6 Concluding remarks

This work considered the development of an accurate product model for the simulation of the dynamic
behaviour of deep drawn components. It was shown how a purely numerical framework, based on an FEM
simulation of a forming process, is already an efficient and relatively easy to apply methodology. To improve
the results, a more accurate geometrical model can be obtained starting from surface measurements on the
component. In this context, IGA showed some advantages with respect to the traditional FEM approach.
Finally, in order to improve the correlation with measurements, an updating procedure has been proposed,
based on an optimization framework where the Young’s modulus is parametrically described in the context
of IGA and updated through an optimization procedure. This allows one to locally reproduce the stiffness
of the formed component and, therefore, a further improvement in the accuracy of the numerical model is
obtained.
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Figure 8: The Young’s modulus distribution resulting from the optimization.
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