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Optimization of deep drawing process parameters for mul-
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In this work, a cylindrical cup design is investigated for meeting the dimensional accuracy, vibro-
acoustic and crash performance simultaneously. Cylindrical cup forming simulations are per-
formed using different deep drawing process parameters—Blank Holder Force (BHF), Friction
Coefficient, Blank thickness and misalignment—to predict geometric profile and thickness vari-
ations. The formed geometry is used to simulate the vibro-acoustics performance of the design.
The cylindrical cup has nominal dimensions of 80 mm diameter, 24 mm deep and 0.97 mm thick-
ness. Forming simulations are performed to quantify the vibro-acoustic variability caused by
changes in process parameters. The vibro-acoustic variability is attributed to the geometry profile
and thickness distribution changes of the deep drawing manufacturing process. To investigate the
same, the Design Of Experiments (DOE) studies, based on Taguchi orthogonal arrays, are carried
out to characterize the effect of individual process parameters on the response. The deep drawing
analysis and the subsequent vibro-acoustic simulations are instrumental in optimizing both func-
tional requirements. The crash performance of the component is predicted using the empirical
formula mentioned in the literature. It is shown that a careful selection of process parameters help
to optimize the response for multiple functional requirements.
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1. Introduction

The ever-increasing demands of customers must be satisfied in order to improve the brand image
of products. The number of components required to meet functional needs is increasing due to reason
as mentioned earlier. Furthermore, stringent mass emission and other regulatory standards prevent
weight addition, thus limiting the number of components in the product. Consequently, there are
multiple functional requirements for a component. Optimization of design parameters that aim to
meet the most often not the contradictory functional requirements shall be carried out during the
initial phase to take advantage of the maximum possible design space. Although the design space at
the initial stage of the product is less restricted, the domain knowledge—generated through virtual
simulations, surrogate product experiments, or empirical models—is crucial to select the optimum
design parameters.

The deep drawing manufacturing process is used for manufacturing sheet metal components [1].
The weight advantages of sheet metal components over castings or forged components help to design
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resource-efficient products. The advancements in the sheet metal industry are likely to benefit the
automobile industry as a typical Body-In-White (BIW) weight of an automobile consists of about
75% sheet metal parts [2] produced through stamping or deep drawing processes. The sheet metal
part contribution to dimensional stability, vibro-acoustic and crash performance is quite significant,
and this work emphasizes achieving the attributes mentioned above simultaneously by studying an
archetype sheet metal cylindrical cup component.

2. Component description

The cylindrical cup has a nominal diameter, depth and thickness of 80 mm, 24 mm and 0.97 mm,
respectively, as shown in Figure 1. Additionally, cylindrical cups with the same diameter and depth
but with a thickness of 1.21 mm are also produced. The BHF used for cylindrical cup manufactur-
ing is 35 kN or 45 kN. The cylindrical cup is made of DP600. Table 1 presents the details of the
combinations of cylindrical cups considered in the present work. The blank diameter used for the
manufacturing is 100 mm, along with a punch diameter of 50 mm. The die opening is 52.88 mm, and
the die entry radius is 3 mm. The punch speed is 50 mm/min.

Figure 1: Top and side views of the cylindrical cup (All dimensions are in mm).

Table 1: Cylindrical cup geometry, BHF, part number description, and weight details.

Depth (mm) BHF (kN)
Thickness (mm)

0.97 1.21
Cup no. Weight (g) Cup no. Weight (g)

24
45 1 59.17 9 74.47
35 2 58.52 10 76.07

The cylindrical cup geometries are manufactured using two different BHF values. The acceptable
range of BHF variation, as mentioned in literature [3], is about 25%. The vibrational behaviour can
be assessed by studying the dynamic behaviour of these cups subjected to two different BHF values.
Cups 1, 2 are produced using 45 kN BHF and 35 kN BHF respectively .

3. Results and Discussion

3.1 Simulation model validation

The deep drawing analysis is carried out using the explicit finite element method. The main goal
of this analysis is to arrive at a more representative geometry to imitate the actual manufactured part
and predict the influence of the geometry profile and thickness variations on the natural frequencies
and the mode shapes. Additionally, having a numerical model in place also allows verifying the in-
fluence of process parameter variations. The analysis is performed using Radioss software [4]. The
deep drawing of the cylindrical cup is complete, and the thickness distribution is shown in Figure 2a.
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The thinning occurs at the bottom of the cup, and thickening occurs at the top of the cup. A thickness
distribution comparison between the experimental and simulation results is shown in Figure 2b. The
thickness distribution is compared with the experimental results of the reference [5]. The frequency
response analysis has been carried out by exciting the physical cup at response location no.22 (driving
point response). The simulation results are compared with the experimental results, as shown in Fig-
ure 3. It can be seen from the results that there is a reasonable match between the results. Hence, the
simulation framework is validated, and further parametric analyses can be performed to understand
the process parameter sensitivity.

Figure 2: Comparison of thickness distribution of cylindrical cup-1 a) Contour map b) Histogram
with experimental results.

(a) (b)

Figure 3: Cylindrical cup-3 a) FEM model b) FRF comparison of experimental and simulation results.

3.2 Functional performance metrics

The vibrational, acoustic, and crash performance of the component is optimized in this work.
The component’s double hat cross-section is considered as a representative section for analyzing the
aforementioned attributes.

3.2.1 Vibro-Acoustic analysis

The vibrational analysis is carried out as explained in the previous section by exciting at point-
22, and responses are computed at all 32 locations (represented as blue dots in Figure 3. The global
behaviour of the component is represented using a sum of FRFs [6] computed at all the locations.
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The radiated noise of the cylindrical cup is predicted using the equivalent radiated power (ERP)
approach [7]. It is possible to identify the structural regions that contribute most in the frequency
range of interest. This computation mainly depends on the evaluation of velocity responses on the
radiating surface, and it is defined as:

ERP =
1

2
ρc

Ne∑
e=1

AeV
2
e . (1)

whereAe is elemental area, and Ve velocity magnitude at the element centre, ρ is fluid density, c speed
of sound.

3.2.2 Crash analysis

Crash-worthiness is described as the ability of a part to withstand crash loads without undue defor-
mation while also absorbing and dissipating the kinetic energy of the impact. The midrail component
and a quarter vehicle subsystem from a General Motors’ production vehicle are investigated [8]. Ac-
cording to the author, the general formula for the energy absorbed can be written as:

ETR,SR = EBT,BS (1.467 ∗ TR− 0.447)(0.791 ∗ SR + 0.208) (2)

where TR is thickness ratio relative to baseline thickness and SR stress ratio relative to baseline
stress.

3.3 Parametric studies

The following parameters are considered for quantifying the performance of deep drawn parts:
i) blank holder force, ii) friction coefficient, iii) nominal blank thickness variation iv) misalignment,
based on the literature. The manufacturing/misalignment error is defined as the angle between the
punch and the die cavity.

The individual effects of each of these process parameters are assessed by keeping all other vari-
ables at the nominal level. For example, the effect of BHF is evaluated by varying it at different levels
35 kN, 45 kN, 55 kN while keeping friction coefficient as 0.1 and nominal blank thickness as 0.97
mm with no misalignment. The thickness distribution histogram and the sum of the FRFs of all the
nodes corresponding to the measurement locations are given in Figure 4a & b, respectively. The lower
and upper bounds of BHF values are obtained from the reference [9]. The high BHF value increased
the resistance of material flow into the die cavity and thus increased the thinning phenomenon. This
phenomenon reduced the stiffness of the geometry, and hence eigenfrequencies have shifted to the
lower side with the highest BHF value. Figure 4c & d show the impact of friction changes on both
thickness distribution and frequency response function. The thinning phenomenon reduced with the
reduction in friction value, and eigenfrequencies shifted to the higher side. The lower and upper
bounds of friction values are obtained from the reference [3]. The effect of blank nominal thickness
is shown in Figure 4e & f.

The lower and upper bounds of thickness variation are obtained from the reference [10]. The
higher nominal thickness increased the highest thickness of the formed cup, while the lower nominal
blank thickness increased the propensity of thinning. The shift in eigenfrequencies and amplitude
changes are more evident due to variations in the nominal blank thickness. Hence, it can be stated
that the effect of these process parameters is different and the nominal thickness has the highest
impact on the vibro-acoustic properties. In addition, a small misalignment that could possibly happen
during the deep drawing process is also considered. Slavic et al. [11] showed that misalignments
cause unbalanced thickness and increase the load required for the drawing process. The upper and
lower bounds of variation in the present study are obtained from [11, 12].
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(a) BHF (b) BHF

(c) Friction
coefficient

(d) Friction
coefficient

(e) Blank thickness (f) Blank
thickness

(g) Friction coefficient (h) Blank thickness

Figure 4: Influence results of a) BHF on thickness distribution b) BHF on FRF c) Friction on thickness
distribution d) Friction on FRF e) Blank thickness on thickness distribution f) Blank thickness on FRF
g) Friction on ERP h) Blank thickness on ERP.
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The ERP values of all the configurations mentioned above are computed. However, the results of
the friction and the nominal blank thickness effects are only shown in Figure 4g & h, respectively.
The amplitude and frequency changes are quite evident from the results.

3.4 Design of Experiments

In order to further quantify the effect of the process parameters, a Design of Experiments (DOE)
of the simulation model is carried out in the Minitab software [13]. The four factors considered are
BHF, friction coefficient, blank nominal thickness and misalignment. The process parameters are
varied at three levels, except for BHF, which is varied at two levels. The full factorial experiments
54 (21 × 33) are required to analyze the complete design. However, to reduce the computational time
without compromising the accuracy of findings, the orthogonal array (L18) proposed by Taguchi [14]
is used in the present study. The control factors and corresponding levels of all the experiments are as
shown in Table 2.

Table 2: Control factors and levels.
Sl. No. BHF (kN) Friction Thk (mm) Misalign (deg)

1 35 0.05 0.92 0.00
2 35 0.05 0.97 0.05
3 35 0.05 1.02 0.10
4 35 0.10 0.92 0.00
5 35 0.10 0.97 0.05
6 35 0.10 1.02 0.10
7 35 0.15 0.92 0.05
8 35 0.15 0.97 0.10
9 35 0.15 1.02 0.00

10 45 0.05 0.92 0.10
11 45 0.05 0.97 0.00
12 45 0.05 1.02 0.05
13 45 0.10 0.92 0.05
14 45 0.10 0.97 0.10
15 45 0.10 1.02 0.00
16 45 0.15 0.92 0.10
17 45 0.15 0.97 0.00
18 45 0.15 1.02 0.05

The mean square response is considered as a metric to characterize the vibro-acoustic response.
The mean square response, R2 in any preferred frequency band, is the integral of the spectral density
response within the frequency limits of the specified band, i.e., the area under the response spectral
density curve [15] as follows:

R2 =

∫ f2

f1

f(ω)|H(ω)|2dω (3)

where f(ω) and H(ω) are force and transfer functions, respectively.
The vibration response at all of the corresponding measurement locations is computed, and ERP is

evaluated for the complete cup geometry. The vibration and ERP levels i.e., R2 of each configuration
in the design of experiment (DOE) runs, is considered as the corresponding response. Figure 5a & b
show R2 results of vibration and ERP response, respectively. It can be seen from the results that the
vibration R2 response of Run-15 has registered the lowest response. Similarly, the same DOE run’s
ERP can be considered the lowest in the case of radiated noise of the cups.
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(a) (b)

Figure 5: Comparison of a) vibration response b) ERP response of DOE runs.

Figure 6: Vibration response main effect results of design parameters.

Figure 6 shows the main effect results of individual control parameters of vibration response. The
highest and lowest design responses are obtained by selecting the process parameters corresponding
to the higher and lower values of the main effect results. The difference between the foremost and
the latter is the highest design variability in the manufacturing process. Figure 7 shows the highest
possible performance variability that can be obtained due to process parameter changes. It is found
that the total average vibration and ERP response levels in terms of R2 values vary by 38% & 34%,
respectively, within the total frequency range. The results show that 3.1 dB and 3.7 dB in vibration
and radiated noise levels can be expected.

(a) (b)

Figure 7: Comparison results of highest variability configuration a) vibration response b) ERP re-
sponse of DOE runs.
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The optimization of vibro-acoustic response can be carried out by a careful selection of process
parameters. The lowest vibration response value achieved is 66.2 dB for the Run-15. However, further
reduction of mean response can be achieved by keeping all the process parameters at the lowest levels,
as indicated by the main effects plot. The variability can be controlled most effectively by minimising
the nominal blank thickness variation and misalignment changes during the process.

The crash response is determined by the minimum thickness and stresses induced in the compo-
nent. Figure 8 shows DOE results of minimum thickness and stresses induced in the component. The
thickness and stress changes among the runs are about 19% and 43%, respectively. According to the
literature, for a specific thickness, a 10% change in stress (relative to the baseline stress) results in a
7.03% and for a specific stress, a 10% change in thickness (relative to the baseline thickness) results
in a 14.71% change in energy absorption respectively. Since the changes in stresses and thickness are
greater than mentioned in the literature, the crash performance of these components is likely to vary
significantly.

(a) (b)

Figure 8: Comparison results of a) Minimum thickness b) Stresses of DOE runs.

4. Conclusions

The forming simulations of cylindrical cups are carried out, and the simulation results of thick-
ness distribution and frequency response functions are validated with the experimental results. The
individual process parameter changes, i.e. BHF, friction coefficient, blank thickness and misalign-
ment of the press showed considerable changes in the thickness distribution, vibration responses.
Besides, the sensitivity of these parameters to the radiated noise variability—rather difficult to quan-
tify through physical experiments, due to difficulties in repeatability concerns of lightweight compo-
nents—is demonstrated through equivalent radiated power (ERP) simulation results. Starting from
these results, the authors carried out further analysis using a Design of Experiments (DOE) Taguchi
approach to identify process parameters to optimize vibro-acoustic and crash performance. The au-
thors propose future work to carry out the crash analysis to quantify the influence of the process
parameters. Besides, the interaction of control factors is not considered in the present study, due to
the nature DOE table. The authors consider the study of interactions as another interesting field of
this research work.
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