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Abstract: In the deep drawing process, the scatter of the friction coefficient between blank and tool
interfaces as well as of the material properties between blank positions in the coil or between different
coils significantly influences the part quality. These uncontrollable fluctuations increase the risk
of waste. To avoid this problem, currently, the new era of Industry 4.0 aims at developing control
algorithms able to in-line adjust process parameters and always meet the part quality requirements.
Starting from this context, in this study a method for process control during the punch stroke is
proposed. It assumes the blank draw-in in specific points as the control variable, while the blank
holder force is adopted as an in-line adjustable process parameter. The approach was implemented
for the deep drawing of a T-shaped component, using a blank in DC05 steel with a thickness of
0.75 mm. The results show that the measurement of blank draw-in is a representative index of the
component quality, which in this study is evaluated in terms of formability (thinning) and cosmetic
(surface deflections) defects. Once the optimal condition and the corresponding blank draw-in were
identified, the feedback control algorithm was able to increase or reduce the blank holder force
according to whether the recorded draw-in was higher or lower than the optimal one.

Keywords: deep drawing; feedback closed-loop control; draw-in; laser triangulation sensors; blank
holder force

1. Introduction

The deep drawing process, thanks to its high productivity, is a sheet metal forming
process commonly adopted in the automotive, aeronautical, and food industries [1–4]. In
this process, the blank is forced by a punch inside a die while it is held down against the
die by a blank holder which applies a force [2]. The blank holder force is one of the most
influential process parameters [5–9]. Specifically, the increase in the blank holder force leads
to a reduction in material sliding, causing the risk of splits. Conversely, a reduction in the
blank holder force leads to the material sliding in the die, causing the risk of wrinkles [10].
The blank holder force is a process parameter, which is usually optimized to obtain a
defect-free component. However, while aiming for zero-defect production through a
careful design, noise factors can affect the final quality of the deep-drawn component.
The main influences in series production are: (a) Material fluctuations along the same coil
or between different coils [11]. (b) The variation in the lubrication conditions due, for
example, to the increase in tool temperature during the process and/or to the presence of
residual lubricant on the tool surface and/or to inaccurate and inhomogeneous lubricant
distribution on the blank surface [12]. These fluctuations could lead to a scrapped deep-
drawn component. For this reason, several studies [13–15] carried out a robustness analysis
with the aim of identifying a wide operating window in which to obtain components
without defects. However, due to the complexity of the components, especially in the
automotive industry, wide operating windows are difficult to obtain. To overcome this
problem, current research is moving in two directions, i.e., forward-type control and closed-
loop feedback-type control.
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The feed-forward control is a predictive type of control, which consists in measuring
the coil material properties or the lubricant thickness on the blank before the process in order
to control the noise variables and identify the optimal process parameters to set during the
process. Palmieri et al. [8] performed a numerical study for the identification of regulation
curves of the blank holder force as a function of the friction coefficient and the yield strength
of the material to be measured on the blank entering the press machine. Research carried
out by Fischer et al. [12,16–18] on the deep drawing of a kitchen sink involved the use of
an eddy current sensor to measure the material’s yield strength, tensile strength, uniform
elongation, elongation at break, and initial material grain size. These material data were
used as the input parameter for the finite element simulations, whose results were adopted
to generate the metamodels useful to determine the process window. Therefore, these data
were used as input for the feed-forward control during the process. For a feed-forward-
type control, several non-destructive measurement methods (eddy current instruments,
laser triangulation sensor equipment, 3MA instrument-Fraunhofer IZFP) were developed,
although they still need further development for industrial production applications [19].

The closed-loop feedback-type control, on the other hand, operates with the aim of
adjusting in-line the process parameter that can be controlled by means of actuators in
order to identify a new operating point under new working conditions. For this kind of
control, it is necessary to identify both a sensor capable of measuring the feedback value
representative of the noise and an actuator capable of regulating the controllable process
parameter. Several studies considered the blank draw-in as the main indicator of quality
and therefore as the feedback value to be measured during the process. The blank holder
force, instead, was adopted as a controllable process parameter to be adjusted [9,20–22].

For many years, scientific studies investigated sensor systems for the measurement of
the draw-in amount. Lo et al. [23] adopted a reflective photoelectric encoder; Doege et al. [24]
developed a computer-mouse-like ball sensor based on the mechanical transmission of
the plane movement of the blank onto a ball; Doege et al. [25] also designed a contactless
optical sensor which consists of a chip with a complementary metal oxide semiconductor
(CMOS) sensor and a digital signal processor (DSP); and other authors studied inductance
sensors [26]. Laser triangulation sensors are generally the most adopted ones since they
can capture in-line the entire draw-in profile by means of an optical non-contact measure-
ment [27]. Moreover, the latest generation laser triangulation sensors are characterized by
a high frequency response, making them ideal for in-line process monitoring.

The blank holder, on the other hand, itself acts as an actuator. Due to the complexity
of components, a huge number of sensors and actuators acting locally can be required.
Consequently, in some studies [28,29] piezoelectric actuators were implemented inside the
die with the aim of locally modifying the material sliding. Moreover, other research [30]
studied magnetorheological fluid-based devices embedded within the blank holder to
adjust the pressure by using a closed-control approach.

In this work, a closed-loop feedback-type control was studied to manufacture, by
means of a deep drawing process, a defect-free component even in the presence of noise
factors. The blank holder force was adjusted by means of a proportional–derivative–
integrative controller, measuring the blank draw-in. This control was successfully imple-
mented with a numerical method after calibration of the finite element model by means of
experimental tests.

To avoid the use of several sensors and locally acting actuators, the innovation in the
methodology proposed here consists in the feedback control based on the draw-in value
recorded by the only sensor which is more sensitive to the fluctuations of the uncontrol-
lable parameters.

2. Materials and Methods

This study presents a methodology aimed at minimizing the influence of scattering in
material properties and in lubrication conditions during a deep drawing process to achieve
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a zero-failure product. The adopted approach proposes the in-line optical measurement of
the blank draw-in and the in-line adjustment of the blank holder force.

The methodology is described for the T-shaped component shown in Figure 1, chosen
as the case study. The part shape was purposely chosen to analyze typical defects of the
drawing process, such as formability and cosmetic defects. First, a finite element (FE) model
in AutoForm-Sigma R10® was developed for the deep drawing simulation of the part, and
preliminary experimental tests were performed to calibrate the numerical model. These
tests were carried out on the 3000 kN hydraulic press machine designed and manufacturing
by GIGANT Italia in collaboration with industrial and academic partners of the PICO&PRO
project. A passive blank holder moved by a hydraulic actuator with a maximum hydraulic
force of 1000 kN and a response time of 100 ms was adopted in this press.
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Figure 1. T-shaped component and points where the drw-in was monitored (A, B and C).

The calibration of the numerical model was carried out by detecting the friction coeffi-
cient value so that FE draw-in matched the experimental one. The draw-in was evaluated
at the points highlighted with the letters A, B, and C in Figure 1. Laser triangulation sensors
(LK-G5000 Keyence, Osaka, Japan) were adopted near these points for experimentally ac-
quiring the draw-in (Figure 2). These sensors had a sampling speed of 392 kHz, an accuracy
of ±0.02%, and a repeatability of 0.01 µm, hence were able to perform accurate measure-
ments during the in-line process. A 100 Mbps Ethernet communication interface was finally
chosen to connect the sensors to a programmable logic controller (PLC), Siemens S7-1500
(Siemens, Munich, Germany) with CPU 1515T-2 PN, for controlling the measurements of
the draw-in.
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Figure 2. Hydraulic press machine adopted for experimental tests and laser triangulation sensors
corresponding to the points (A, B and C) where the draw-in was monitored.

The calibrated FE model was adopted to evaluate the influence of the drawing depth
(p) and the blank holder force (BHF) on the blank thinning (formability defect) and on the
curvature of the part in the zone where the surface deflection occurs due to insufficient
stretching (cosmetic defect). The thinning and the curvature were chosen as quality indices.
After defining the acceptance limits for these indices, the values of the blank holder force
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and the drawing depth that respected these limits were identified as the design configura-
tion. For this selected combination of BHF and p parameters, stochastic FE simulations were
then performed by varying the friction coefficient (µ), yield strength (σ0), ultimate tensile
strength (σR), and mean anisotropy coefficient of the material (rm), which were considered
as noise parameters. It was evaluated how the noise parameters influence the two selected
quality indices and the blank draw-in. This analysis was supported by metamodels ob-
tained using the kriging technique. Metamodels allowed the detecting of the most sensitive
sensor to the noise parameter variability and the noise parameter that most influenced the
quality of the drawn component. Finally, based on the point-by-point difference between
the draw-in in the design configuration and the one measured in the presence of a variation
in the friction coefficient, a numerical control strategy was implemented using AutoForm
and MATLAB R2022b software. Specifically, a closed-loop control was applied to the FE
model so that variations in the blank holder force allowed for disturbance compensation.
Using draw-in as trajectory tracking, blank holder force changes at each iteration, thanks to
a proportional–integral–derivative (PID) controller, were modeled in MATLAB by means
of the Ziegler–Nichols method.

2.1. FE Modeling

The FE model of the deep drawing process of the part in Figure 1 was developed
by defining a blank in DC05 steel with a thickness of 0.75 mm and initial dimensions
of 450 mm × 680 mm. DC05 steel was chosen since it is a cold-rolled low-carbon steel
with excellent drawing and welding performance, widely adopted to manufacture various
automotive parts [31]. The mechanical properties of this steel in terms of flow curve, yield
surface, and forming limit curve (FLC), taken from the AutoformR10® library material
database, are shown in Figure 3.
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Figure 3. (a) Flow curve, (b) yield surface, and (c) FLC of DC05 steel.

The flow curve in Figure 3a is defined using a combination of the Swift and Hockett–
Sherby approximation [32]. Equation (1) shows the expression for the calculation of flow
stress. Table 1 collects all parameter values of the expression in Equation (1).

σ = (1 − α)
{

C ×
(

εpl − ε0

)m}
+ α

(
σsat − (σsat − σi)e

−aε
p
pl

)
(1)

Table 1. Parameters of Swift and Hockett–Sherby model.

Parameters Value

α 0.25
C 515.5 MPa
ε0 0.00607

σsat 413.1 MPa
σi 146.5 MPa
a 4.47

Yield surface in Figure 3b was defined according to the Hill48 model [33]. The yield
surface according to the Hill model is assumed to be a quadratic function in stress space.
The yield surface is defined using the three r values r0, r45, and r90 (plastic strain ratio with
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respect to 0◦, 45◦, and 90◦ of rolling direction) and the initial yield stress σ0 in the rolling
direction. Table 2 shows the values of Hill48 model parameters adopted in this study.

Table 2. Value of parameters of Hill48 model adopted for yield surface.

Parameters Value

r0 1.86
r45 1.57
r90 2.46
rm 1.865

Biax 1

The parameter rm represents the average value of the anisotropy and it is calculated as
rm = (r0 + 2r45 + r90)/4. The Biax parameter is the biaxial stress factor, and it allows the
yield surface to be expanded or contracted at the equi-biaxial stress points. This material-
dependent value lies in the range from 0.8 to 1.2. If the biaxial stress factor is set equal to
1.0, then the classical Hill48 model is used.

The Arcelor V9 model was adopted to generate the FLC in Figure 3c. The uniform
elongation (Ag,90) and the tensile strength along the 90◦ rolling direction were imposed,
equal to 24.4% and 298.5 MPa, respectively.

The tools modeled in FE model are shown in Figure 4, from top to bottom: the punch,
the blank holder and the die.
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Figure 4. Punch, blank holder, and die modeled in FE model.

The die and the punch were taken as rigid bodies, and the blank holder was taken
as a force-controlled tool. During the drawing process, the punch velocity was set equal
to 8 mm/s.

Lubrication conditions were considered for the friction in the simulation. The Coulomb
model with stick-slip modeling was used in the FE model. The friction coefficient applied
was assumed between all tools and the blank. The friction coefficient value was calibrated
based on the experimental data.

Once the FE model was developed, two sets of numerical simulations were performed.
The first one was designed to identify the influence of the drawing depth and the

blank holder force on the quality of the drawn component. The parameters p and BHF
were evaluated in the range of 25 mm–35 mm and 450 kN–950 kN, respectively. The quality
of the drawn component was evaluated in terms of thinning and surface deflections. The
first defect appeared prevalently at the angled parts of the component highlighted with
TA and TB in Figure 5; the latter occurred in the central area of the component (region SD
in Figure 5). Thinning is a defect indicative of the material formability, and it indicates
the change in thickness of the blank (relative to the original thickness) during the process.
Surface deflections, on the other hand, are cosmetic defects, which are generally identified
in the production process using the stoning technique [34] which can detect the out-of-
plane geometric deviations and the difference between the ideal curve and the real one. In
this work, these cosmetic defects were evaluated by means of a curvature analysis. The
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threshold values imposed on thinning and curvature so that a component without defects
could be obtained were, respectively, 24% and 0.07 1/mm.
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At the end of this analysis, for a chosen combination of BHF and p which respect
the limits on thinning and curvature (designed optimal configuration), another set of FE
simulations was carried out. This second FE simulation set aimed to analyze the influence
of the noise parameters (µ, σ0, σR, rm) both on the quality indexes and on the draw-in at the
three points. The variability ranges of noise parameters are shown in Table 3 along with
their nominal values.

Table 3. Noise parameters, nominal values, and variability ranges.

Noise Parameter Nominal Value Variability Range

σ0, MPa 145.91 131.32–160.50
σR, MPa 285.50 256.96–314.06

rm 1.86 1.49–2.23

During this analysis, the ratio between σ0 and σR was kept constant and equal to 0.5.
The variation in rm involves a variation in each single value of r0, r90, and r45. Specifi-

cally, the new values of these latter parameters are proportional to the ratio between the
new rm value and the set nominal value. The mean value and the variability of the friction
coefficient were defined after the calibration phase of the FE model.

All FE simulations were defined with elastic plastic shell elements and an initial
element size of 20 mm with a maximum of 6 refinement levels and 11 layers through the
thickness.

2.2. PID Modeling for Feedback Control on the Blank Holder Force

To obtain a component that complies with the quality limits, a feedback control
based on the in-line draw-in measurement was modeled. This control was developed by
combining the MATLAB and AutoForm tools. The former allowed us to model the PID
controller, the latter to estimate the blank draw-in. Therefore, the FE software replaces
the physical press machine. Figure 6 shows the block diagram of the process control.
Specifically, the assumptions, that the drawing process was performed with a blank holder
force equal to the optimal one (design condition) and the lubrication conditions between
the tool and blank were changed (lower or higher friction coefficient), were adopted. For
the new value of the friction coefficient, the FE simulation was performed with the aim of
obtaining the blank draw-in (draw-ini) in the new condition at the three monitored points.
Based on the error (e), at each time step, between the draw-in value corresponding to the
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optimal blank holder force (draw-inoptimal) and the one measured (draw-in), the new value
of the BHF able to minimize that error was calculated. The error value such that the control
operates (eaccepted) was established based on preliminary FE simulations. The new BHF
value was calculated using Equation (2).

BHFi = BHFi−1 ±
(

Kpei + Kd
dei
dt

+ Ki

∫
ei dt

)
(2)

where Kp, Kd, and Ki represent the PID gain factors. The contribution of the PID was added
or subtracted from the initial BHF according to whether the measured draw-in was greater
or less than the optimal one.
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The tuning method chosen in this study for identifying the values of the gain factors
was the Ziegler–Nichols method [35]. This phase was supported by the Automated Ziegler–
Nichols PID Tuning MATLAB code [36]. The identified values for Kp, Ki, and Kd were,
respectively, 443.3, 0.39, and 0. Therefore, it is possible to state that a simple proportional–
integrative (PI) control was adopted. The factor Kd was set equal to 0 since without the
derivative term the system response was already stable. Several scientific studies adopted
a simple PI controller for controlling stamping processes [37–42].

A saturator was implemented to limit the blank holder force at 1000 kN which is the
maximum allowed force on the blank holder. It should be noted that during the step-by-step
error calculation, the sensor that recorded a greater deviation from the optimal draw-in
was monitored for the detection of the new BHF value.

3. Results
3.1. Calibration of FE Model by Means of Experimental Tests

Once the FE model was developed, preliminary numerical simulations allowed us
to identify the variables that influence the process. In addition to the blank holder force
and noise factors, i.e., the friction coefficient and material mechanical properties, the other
variables that influence the process are the blank dimensions and positioning, kept constant
in this study. During the experimental tests, the influence of all variables was limited. To
this end, all initial blanks were laser-cut with the same dimensions (450 mm × 680 mm;
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see Section 2.1), the blanks were always positioned in the same way respecting the initial
distance from the laser sensors, the blanks were obtained from a single coil, and before
each drawing operation lubricant oil was uniformly spread on the blanks.

However, to make the numerical simulation results consistent with the experimental
ones, it was necessary to define the value of the friction coefficient to be set in the numerical
model. This value was defined through the calibration phase, which involved choosing the
value of the friction coefficient capable of minimizing the mean squared error between the
experimentally measured draw-in and the numerically predicted one. Specifically, several
numerical simulations were performed with different values of the friction coefficient. From
the numerical results, the draw-in profile of the blank in the three points was obtained and
these profiles were compared with the experimental ones. Finally, the value of the friction
coefficient which guaranteed a lower mean squared error at each time step and for each of
the three points was chosen.

The results of this phase led to a value of the friction coefficient equal to 0.11.
In Figure 7, the results in terms of the draw-in at points A, B, and C are shown for a

blank holder force of 550 kN and a drawing depth of 30 mm. The experimental draw-in
curves are shown with circular markers, while the numerical ones are shown with a solid
line. A good agreement between the numerical and experimental draw-in results can be
observed in Figure 7 for each sensor.
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Figure 7. Comparison between experimental and numerical draw-in at points A, B, and C after
calibration of FE model.

The numerical–experimental comparison in terms of the quality of the final drawn com-
ponent is shown in Figure 8 for different values of blank holder force and drawing depth.

The qualitative comparison with the experimental results shows a good estimate of the
numerical model, as it correctly predicts the area where surface cosmetic deflection occurs.

In Figure 8, on the FE-drawn part, the quantitative results in terms of curvature in the
SD region and thinning in the TB region are also shown.
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3.2. FE Analysis of BHF and p Parameters on the Quality of the Drawn Component

In Figure 9, for the case of BHF = 550 kN and p = 30 mm, the results of the thinning
(Figure 9a) and curvature (Figure 9b) on the component are shown. The measure of the
curvature is better emphasized by a view in the section A-A. The mean value of thinning in
the region TA is equal to that in the region TB.

The results for each value of the blank holder force and the drawing depth are reported
in Figure 10a for thinning and in Figure 10b for curvature.

From the graphs in Figure 10, it can be observed, as expected, that an increase in BHF
leads to an increase in thinning but a reduction in the curvature. Moreover, an increase in p
parameter causes an increase both in thinning and curvature.

These results are also confirmed by the graphs in Figure 11 which show, near the critical
areas, the values of thinning (Figure 11a) and curvature (Figure 11b) as the parameters
BHF and p vary. The combination of the parameters BHF and p such that the threshold
values imposed for thinning and curvature are respected are shown in green. Conversely,
the combinations of the parameters BHF and p that exceed the threshold values are shown
in red. These figures can be adopted as a process window to choose the process parameter
values to meet the required quality limits.
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Based on these results, the analysis of the influence of noise parameters and the design
of the control system were performed with a BHF equal to 650 kN and p equal to 30 mm.
For this parameter pair, a thinning lower than 24% and a curvature lower than 0.07 1/mm
are obtained in the corresponding critical regions of the part.
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3.3. Influence of Noise Parameters on the Quality of the Drawn Component

The influence of the noise parameter fluctuations on the quality of the drawn com-
ponent was evaluated in terms of the thinning, surface deflections, and draw-in at points
A, B, and C. The variability ranges of the noise parameters are shown in Table 3 along
with their nominal values. For the friction coefficient, its nominal value was set equal
to the experimentally calibrated one, i.e., 0.11, and a variability between 0.05 and 0.15
was imposed.

Sixty-three numerical simulations were performed by means of Latin Hypercube
sampling. Data collected from FE simulations were processed by means of MATLAB DACE
toolbox (2.0, Technical University of Denmark DK-2800 Kgs, Lyngby, Denmark) to derive
metamodels with the kriging technique [43].

Metamodels highlighted in Figure 12 show the correlation between the thinning
percentage and noise parameters such as µ and σ0 (Figure 12a) and µ and rm (Figure 12b).
The other noise parameters are set to their nominal values (σR and rm for the metamodel in
Figure 12a, while σ0 and σR for the metamodel in Figure 12b).
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The results shown in Figure 12a highlight that σ0 has little to no influence on thinning
percentage, unlike µ, whose increasing values cause an increase in the thinning percentage.
This thinning trend as a function of the friction coefficient is in agreement with the litera-
ture [10,44]. Figure 12b shows an increase in thinning percentage with a decrease in the
mean anisotropy coefficient rm. This behavior agrees with the literature [45].

Metamodels related to the curvature results are shown in Figure 13. Specifically,
Figure 13a shows the curvature as a function of µ and σ0 (σR and rm set to the nominal
values), while Figure 13b shows the curvature as a function of µ and rm (σ0 and σR set
to nominal values). From the metamodel in Figure 13a, it is possible to observe a great
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influence of σ0 on the curvature, which becomes even greater with increasing values of µ.
The metamodel in Figure 13b shows that lower values of the friction coefficient result in a
greater value of the curvature. This is due to the greater material flow with the reduction in
the friction coefficient. Moreover, if the mean value of anisotropy has high values too, the
curvature reaches its most critical levels.
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From the metamodels shown in Figures 12 and 13, it emerges that the most significant
noise parameter for both quality indices is the friction coefficient. This result is confirmed
by the variable dominating scatter analysis in AutoForm, which is an analysis that defines
the most significant noise variable for the quality indexes and the regions where the noise
variables exert the greatest influence. Figure 14 shows the obtained results.
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Metamodels of the draw-in as a function of the noise parameters are illustrated in
Figures 15–17, respectively, for sensors A, B, and C. From these figures, it is evident that for
all three sensors, lower values of the friction coefficient increase the draw-in. While for the
friction coefficient the relationship with the draw-in is quite linear and is the same for all
three points considered, for the other two noise parameters this is not true. Specifically, the
rm coefficient has a low influence on the draw-in at sensors A and C (Figures 15b and 17b),
whereas at sensor B higher values of it increase the draw-in (Figure 16b). As regards the σ0
noise parameter, it has a low influence on the draw-in at sensor A (Figure 15a), whereas
for sensor B the draw-in decreases for lower values of σ0, but higher values of µ lead to
a parabolic relationship between σ0 and the draw-in (Figure 16a). The same behavior is
observed for sensor C (Figure 17a).
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From these results, it can be stated that the relationships between the draw-in and the
noise parameters σ0 and rm depend on the position considered for the blank, and so on the
component shape. Furthermore, the sensor most sensitive to the variability in the noise
factors is sensor C since the draw-in corresponding to this point changes from a minimum
value of about 10 mm to a maximum value of about 30 mm. This is confirmed by the
graphs in Figure 18 which shows, for each sensor, how the draw-in trajectory obtained
with a friction coefficient equal to 0.11 (solid line) varies for the minimum value of the
friction coefficient (0.05) and a maximum value (0.15). With respect to the value obtained
with the calibrated friction coefficient (0.11), in the case of a friction coefficient equal to 0.05,
the draw-in at the end of the deep drawing process corresponding to sensors A, B, and C
increases by about 7%, 22%, and 141%, respectively. In the case of a friction coefficient of
0.15, the draw-in at the end of the deep drawing process at sensors A, B, and C is reduced
by about 12%, 6%, and 11%, respectively.
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The greater variability in terms of draw-in is observed when the friction coefficient
decreases. In that case, the sensor that appears to be more sensitive is sensor C. However, if
the friction coefficient increases, the greater sensitivity is found for sensor A.

3.4. Feedback Control of the Draw-in by Regulating the BHF

The control methodology described in Section 2.2 was implemented by varying the
friction coefficient in a range around the 0.11 value. Keeping the optimal blank holder force
obtained for the 0.11 friction coefficient (650 kN), a friction reduction on the blank–tool
interfaces shows surface deflections in the central region of the part (SD region) due to
the greater blank draw-in, as confirmed by observing the draw-in in sensors A, B, and
C. With this assumption, the control system intervenes by increasing the force on the
blank holder until it reaches the limit allowed by the press machine (1000 kN). The results
obtained show that this limit condition is reached for a friction coefficient equal to 0.07.
Conversely, an increase in the friction coefficient causes a decrease in the draw-in in each
sensor and an increase in the split risk in the TA and TB regions. With a friction coefficient
equal to 0.15, the thinning in these critical regions reaches 30%. Figure 19 summarizes the
results obtained for a BHF equal to 650 kN and with the investigated friction condition
limits (0.07, 0.15), comparing these results with those obtained for the optimized solution
(µ0.11-650 kN). In the case of friction coefficients lower than 0.11, the maximum draw-in
deviation occurs in sensor C, and the control system applies the feedback procedures on this
sensor. For friction coefficients greater than 0.11, the control system applies the feedback
procedures on sensor A because it is precisely in this sensor that the maximum draw-in
deviations are recorded. Regarding the boundary friction condition investigated (µ = 0.07
and µ = 0.15), Figure 20 shows draw-in curves simulated in the controlled sensor and the
blank holder force imposed to reduce draw-in deviations. In particular, the draw-in curves
show the draw-in measured with a BHF equal to 650 kN (dashed curve), the draw-in taken
as reference for deviation computation (continuous-line curve), and the draw-in measured
following the blank holder force variations imposed by the control system (marked curve).
These results have been obtained choosing a maximum draw-in deviation equal to 10%
(eaccepted = 0.1). Furthermore, an adjustment time of the blank holder force of at least double
compared to the response time of the hydraulic actuation (equal to 100 ms) was chosen.
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Assuming a friction coefficient equal to 0.07 (Figure 20a), the first sensor to have a draw-
in deviation greater than eaccepted is sensor C. To minimize the error between the draw-in
measured in the optimal condition (µ0.11-650 kN) and that obtained for a friction coefficient
equal to 0.07 (µ0.07-650 kN), the BHF was adjusted by increasing the force up to the 1000 kN
limit value and then maintaining it constant (BHFadj). It is observed that, thanks to the BHF
adjustment phase, the draw-in at C (µ0.07-BHFadj) approaches the optimal one, although
the error obtained at the last time step is greater than 10% because the maximum admissible
BHF was reached. The drawn component at the end of the process meets the quality
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requirements. Specifically, the curvature in region SD is about 8.5 × 10−3 1/mm, and the
thinning percentage in regions TA and TB is equal to approximately 22%. The drawn part
after BHF adjustment is like that obtained under the µ0.11-650 kN condition (Figure 19).
Assuming a friction coefficient equal to 0.15 (Figure 20b), the first sensor to have a draw-in
deviation greater than eaccepted is sensor A. To minimize the error between the draw-in
measured in the optimal condition (µ0.11-650 kN) and that obtained for a friction coefficient
equal to 0.15 (µ0.15-650 kN), the BHF was adjusted by decreasing the force (BHFadj). It
is observed that, thanks to the BHF adjustment phase, the draw-in at A (µ0.15-BHFadj)
rapidly approaches the optimal one, and at the last time step the percentage error is about
1%. Thanks to the adjustment phase, the thinning in the TA and TB regions is no longer
critical, as it is around 21%, while the curvature in the SD region is about 0.01 1/mm.

After the adjustment phase, the uncontrolled sensors confirm the draw-in deviation
reduction of the controlled sensor. Moreover, these draw-in deviations are always lower
than eaccepted. Regarding a friction coefficient equal to 0.09, Figure 21 allows us to compare
the draw-in adjusted curves simulated for each sensor (marked curves) with those obtained
with a BHF equal to 650 kN (continuous-line curves). Sensor C remains the sensor that
first shows an error greater than 10%, and a single change in the blank holder force
(µ0.09-BHFadj curve) was required to reduce its draw-in deviation at the end of the process
to around 4%. The BHF changes from 650 kN to 900 kN in about 200 ms. The draw-in
curves of sensors A and B are also close to the optimal one. The T-shaped part obtained at
the end of the adjusted deep drawing process is like that obtained under the µ0.11-650 kN
condition (Figure 19), while thinning in the TA and TB regions is around 21% and the
curvature in the SD region is around 1.2 × 10−3 1/m.
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4. Conclusions

The case study presented here allowed us to study how formability defects, i.e.,
thinning, and cosmetic defects, i.e., surface deflections, are influenced by process and noise
parameters. These typical defects of the deep drawing process can be measured only in
the post-forming phase. After the forming phase, if the component does not meet the
quality indexes due to the scattering in material properties or in lubrication conditions
during the process, it becomes a production waste. For this reason, this case study was
also adopted to implement a numerical procedure to adjust in-line the BHF based on the
in-line measurement of the blank draw-in. The goal is the obtaining of a drawn component
that satisfies the quality limits even in the presence of scattering in noise parameters, thus
reducing production waste.
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The FE results demonstrated that the most significant noise factor is the friction
coefficient. Its reduction leads to a greater blank draw-in, worsening the surface deflections
on the component. Conversely, an increase in the friction coefficient leads to a reduction in
the blank draw-in, which in turn increases the risk of splits.

The implemented regulation methodology is able to increase or decrease the blank
holder force depending on whether the blank sliding is greater or lower than that recorded
in optimal conditions.

The results for the case study show that:

• Checking only the sensor that highlights the greatest deviation in the draw-in from
the optimal one allows us to obtain a drawn component that falls within the imposed
quality limits. After BHF adjustment, the percentage error between the measured
draw-in and the optimal one decreases. This is observed both in the controlled and
uncontrolled sensors.

• When the percentage error between the measured draw-in and the optimal one is
high, the BHF adjustment becomes more difficult since more control steps are required
to minimize the error. Therefore, a combination of the feedback control type and
feed-forward control type will be required to estimate the friction coefficient value
and identify the new optimal BHF.
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