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A B S T R A C T

Inhomogeneous metal flow in stamping non-axisymmetric parts makes material deformation in the flange
critical, resulting in uneven sheet thickness distribution, high blank holder forces or even the need to use
draw beads to compensate for large material draw-in. The paper presents an innovative mechatronic system
for the adaptive control of the blank holder force, which integrates ferrofluidic actuators and non-contact
sensors for the in-line material flow measurement, with the aim of exploring, through laboratory-scale
experiments, the feasibility of its implementation in stamping processes and understanding the potential
benefits to enable more reliable process design.

© 2023 CIRP. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Despite the significant advancements in sheet metal forming
design due to the increased availability of numerical tools (i.e. 3D
modelling, FEA etc.), the accuracy and reliability of numerous stamping
processes still depend on the variability of blank properties and pro-
cess parameters [1]. Additionally, a rising demand in all consumer
markets for highly customized products is driving manufacturing pro-
duction towards smaller batches, frequent tool changes, and greater
process flexibility. Thus, for the stamping industry, it is becoming
essential to implement in-line control techniques for rapid die setups
and real-time adaptivity to wider process parameter windows [2].

In recent years, the development of control systems for deep
drawing processes has had a major impact on the blank holder (BH),
which is responsible for regulating the material flow by holding the
flange during forming. The evolution from rigid to flexible [3] or seg-
mented BH designs [4] has led to the rapid development of both actu-
ation and sensing approaches to enable increasingly precise setting of
process parameters such as blank holder force (BHF), lubrication and
dies/machines deflections.

As attractive as the idea of adaptive dies may seem, actuation
devices for secondary die movements in sheet metal stamping are
still underperforming or too expensive given the benefits they offer.
Coil springs, being elastic devices that store mechanical potential
energy when compressed, cannot be used for stroke control pur-
poses, and are recommended for use only in case of low BHFs or
when die space is limited [5]. Nitrogen gas springs are the most
widely used solution for applying the required BHF to the flange,
given their ease of use and low price. However, they suffer from
well-known limitations such as the possibility to apply only
increasing forces along the working stroke, the almost total lack of
pressure control and, no less important, the critical safety issues in
the event of seizure or jamming of the dies [6]. Servo-hydraulic cush-
ions offer advanced control of die movements and are often inte-
grated directly into the stamping press. However, this solution
requires the oversizing of the machine systems, which may not be
economically viable, and is affected by fluid elasticity and long
response times due to their electronics [7]. Active draw beads [8] and
piezoelectric actuators were used in [9] to control the pressure in dif-
ferent zones of segmented BH, proving some advantages in defects
control but they suffer from dramatically limited working strokes.

Concerning process monitoring, recent developments in sensing
and machine to machine (M2M) communication protocols have made
it possible to record ever-increasing amount of process data, which
has affected all levels of both machines and tools. The greatest advan-
ces have been made in force and material flow measurements using
contact [10], non-contact [11], or optical sensing techniques [12]. As a
result, the need for a deeper understanding of the process itself has
grown dramatically, potentially leading to a more complex and time-
consuming process design phase. Despite the potential for process
knowledge, the main limitations appear to be the high technical com-
plexity and the related costs of adequate automation, often aggravated
by difficulties in integrating with existing monitoring systems.

In this framework, the paper presents a new mechatronic system
for simple and self-adaptive metal flow control in stamping. At the
heart of the approach there is a new family of ferrofluid-based actua-
tors, which allows for extreme flexibility in the BH design and BHF
application, and consequently, metal flow control that is particularly
critical for complex shapes. The first part presents the general archi-
tecture of the system, showing a high potential integration with
numerical simulation tools the process design. The second part
reports the main information of the new mechatronic system, com-
posed of ferrofluidic actuators, non-contact laser optical sensors
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Fig. 2. (a) Force vs. stroke response, and (b) load and unload times of the ferrofluidic
actuator as a function of DC.

Table 1
Ferrofluidic actuator specifications.

Parameter Value

Nominal force 70 kN
Peak force 90 kN
Threshold force 8 kN
Stroke 75 mm
Outer diameter 120 mm
Copper wire diameter 0.8 mm
Current intensity range 0�7 A
Ferrofluid solid particle content 81%
Ferrofluid density 2.90 g/cm3

Ferrofluid viscosity at 40 °C 0.21 Pa s
Operating temperature �20 °C - 150 °C
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embedded in the dies, and the algorithms to optimize the metal flow
in deep drawing. Finally, the system was validated on a small-scale
deep drawing of a hat-shaped profile, demonstrating good capabili-
ties in controlling metal flow and improving geometric accuracy in
stamped parts.

2. Approach

Process parameters often present a large scatter, which limits the
advantages of FEA design and forces engineers into time-consuming
and costly adjustment procedures. With this in mind, the goal is to
provide a self-adaptive system capable of compensating for unex-
pected material flow variations and giving extreme flexibility in con-
trolling the BHF or even the local pressure in the case of segmented
BH. The main innovation is represented by the ferrofluidic actuator
(patent pending [13]), whose advantages consist in (i) fully controlla-
ble force along the entire working stroke, (ii) extremely fast dynamic
response (typically shorter than hydraulic servo valves), and (iii) high
energy efficiency due to the reversible behaviour, which allows limit-
ing their activation only when necessary during the single stroke.

Initial FE analysis is used to calculate the metal sheet deformation,
forming loads and optimal BH pressure distribution. These parame-
ters are inputs to the control algorithm, which sets the proper force
for each actuator and elaborates feedback signals about local material
flow from non-contact sensors embedded in the die. Then, the force
applied by each actuator is corrected in real-time against the theoret-
ically expected metal flow. Unlike complex force or pressure meas-
urements, which may be influenced by local deflections, non-
constant friction values, etc., the key parameter of the proposed opti-
mization approach becomes the direct measurement of the metal
flow under the BH, making control simple and reliable.

3. The mechatronic system

The mechatronic system consist of (i) a set of innovative ferroflui-
dic actuators, (ii) non-contact sensors for in-line material flow mea-
surement, and (iii) a control algorithm as detailed below.

3.1. Ferrofluidic actuation

Compared to conventional ferrofluidic single-end actuators which
are characterized by a magnetic circuit embedded in the piston [7],
the innovative design features a sleeve between the piston and bar-
rel. This sleeve incorporates a stator winding excited in DC, which
allows for a longer ferrofluid activation length than the entire opera-
tional stroke of the actuator. The activation length is more than
4 times the height of the piston. This design has made it possible to
meet the force and size requirements of the ISO11901 standard for
gas springs [14]. Fig. 1(a) shows a longitudinal section of the device
with detail of the annular gap along which the ferrofluid flows. The
inner rod has been designed to improve lateral stiffness and to avoid
possible misalignments due to lateral loading in the process. At the
Fig. 1. (a) Ferrofluidic actuator, and (b) non-contact VCSEL sensor.
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same time, it works as a volume compensator to balance the volume
change during the piston stroke and allows for rapid return to the ini-
tial position. The stator winding incorporated into the sleeve gener-
ates a uniform magnetic field, which activates the ferrofluid along
the 125 mm long cavity.

Fig. 2(a) shows the force versus stroke response obtained with dif-
ferent DC values. Unlike gas springs, the force response of the ferro-
fluidic actuator is constant and can be modulated over the working
stroke according to the applied excitation current. The device
presents a threshold force of about 8 kN due to the viscous behaviour
of the ferrofluid flowing through the annular gap. Despite being a dis-
sipative actuator, the response time has kept under 0.18 s, as fast as
servo-valves commercially available and compatible with most
mechanical forming processes, see Fig. 2(b). The main mechanical
and electrical characteristics of the ferrofluidic actuator are given in
Table 1, along with the physical characteristics of the ferrofluid.
Details on the actuators design are in [15].
3.2. Non-contact sensing

Real-time material flow measurements were performed using a
Vertical Cavity Surface Emitting Laser optical (VCSEL) ADNS9800. The
sensor consists of a laser source with a wavelength of 848 nm, a
30 £ 30 8-bit pixel image acquisition system, and a digital signal pro-
cessor for in-line data processing. To obtain the full resolution, the
sensors were used at the maximum frame rate of 12,000 fps, with a
working distance of 2.0 § 0.1 mm from the metal sheet surface. Off-
line calibration over a velocity range from 0 to 15 mm/s resulted in
an average resolution of 0.0035 mm. Fig. 1(b) shows the compact
design of the sensors, which were embedded into the BH to measure
the material flow measurement along the x and y directions of the
sheet metal in the flange. Details of the equipment are in [16].
3.3. Control algorithm

Each actuator can be controlled in closed loop, either in force or
displacement mode, as shown in the block diagram of Fig. 3. In both
the cases, the objective parameters at the i th stroke increment can
be optimized by means of analytical or numerical techniques.

With regards to the force mode, being the theoretical BHF at the i
th stroke increment, Fi,ob, the corresponding pressure of the actuator,
ontrol in stamping through ferrofluidic actuators, CIRP Annals -
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Fig. 3. Force and displacement control algorithms.

Table 2
Experimental plan.

Actuator 1 Actuator 2

Test I (A) Friction I (A) Friction

A 1 dry 1�7 (0.25 stepped) dry
B 1; 3; 7 (r.1/c.2) dry 1; 3; 7 (r.1/c.2) dry
C automatic lubricated automatic dry
1 Stepped.
2 Constant.
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pi,ob is calculated and compared with the actual pressure pi,meas,
which is measured by a pressure transducer embedded in the barrel.
The PID control provides in-line estimation of the error Dpi and auto-
matically varies the DC value at the (i + 1)-th stroke increment to
meet the target force. Although relatively simple, the success of this
approach depends on the correct estimation of the BHF and is not
sensitive to metal flow variations.

In the displacement mode, the controlled parameter is the local
material displacement in the flange, whose actual value di,meas is com-
pared with the target displacement di,ob for a specific stroke incre-
ment. Thus, the input parameters of the PID are the displacements
measured by the non-contact sensors, which allow for a local mea-
surement of the metal flow at different points of the die. Then, the
force of the actuators can be adjusted to increase or reduce the mate-
rial draw in.
4. Validation

To validate the proposed system and approach, a laboratory-scale
deep drawing operation of a hat-shaped profile was used as a refer-
ence. Despite its simplicity, the hat-shaped geometry allows for two
independent flange zones, thus facilitating the application of differ-
ent BHFs and evaluating their effects.

The experimental set-up is shown in Fig. 4 and was mounted on a
servo-hydraulic dynamometer Instron-Wolpert, with a maximum
compressive load of 1000 kN and a ram speed of 10 mm/s. The punch
stroke was measured by a draw-wire sensor (model WPS-MK30 digi-
tal) having a measuring range of 500 mm and a linearity error equal
to §0.05% F.S.O. The active components of the equipment, including
the punch, dies, and BHs, were manufactured in X153CrMoV12
(1.2379) steel, heat treated and polished to obtain a hardness of 54§
1 HRC and a Sa of 0.21§0.03 mm. The sheet used was mild steel
DD11 (1.0332), with a nominal thickness of 0.8 mm and cut to
500 £ 150 mm. Each BH embeds a VCSEL sensor described in Section
3.2, having the X- measurement direction aligned with the material
flow in the flanges.
Fig. 4. The experimental setup for laboratory scale testing.

Fig. 5. (a) Different drawing in type A tests, and (b) stamped parts.
Two ferrofluidic actuators having a nominal force capacity of
70 kN were used to operate the BH. The devices were powered by a
DC drive control unit capable of supplying a DC output in the range
0�12 A. Each actuator was equipped with a NAT 8252 TRAFAG pres-
sure sensor (having a measurement range 0�400 bar with a linear
accuracy of §0.5% F.S.O.) to monitor its force during the test. Each
Please cite this article as: E. Simonetto et al., Adaptive metal flow c
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actuator allowed for an independent control of the BHF applied to
the two sides of the profile, thus making it possible to implement dif-
ferent blank holding strategies.

Three different validation tests were performed: firstly, the sensi-
bility of the system was checked by deep drawing experiments in
which the excitation current varied from 1 A to 7 A for only one actu-
ator. Secondly, the possibility of alternating deep drawing and
stretching conditions to reduce springback was tested. Lastly, the
ability to maintain uniform drawing on both sides was tested by real-
time control of material flow under different lubrication conditions.
Table 2 summarizes the experimental plan, where the tests were
labelled as A, B and C respectively. All the tests were conducted at a
constant ram speed of 10 mm/s and with a repeatability of 3.
5. Results

Fig. 5(a) reports the results of the deep drawing runs carried out
to test the sensitivity of the system to different pressure values of the
BH. For this purpose, while the force applied by actuator 1 was kept
constant, the DC values for actuator 2 were varied in the range from
1 A to 7 A. A dry friction condition was used to avoid any difference
in lubrication between the two sides. The results are plotted in terms
of forces applied by the actuators, and flanges length difference at the
end of the process, Dl = l2-l1. It is shown that material sliding was
symmetrical for balanced applied DC values (Dl = 0), while the sheet
under actuator 2 was stopped for values greater than 4.5 A, as indi-
cated by a nearly constant value of Dl. Intermediate DC values (from
2 A up to 4.5 A) produced different material flow conditions on the
two sides, thus making possible to control the flange lengths. Fig. 5
(b) shows the deep drawn profiles.
By varying the material flow in the flange during the process
stroke, strains in metal sheet can be locally modified, thus affecting
springback and the final shape of the profile, as represented in Fig. 6
for different BHF strategies. A hat-shaped profile obtained by apply-
ing a constant BHF was compared with one deep drawn by applying
stepped BHF as shown in Fig. 6(a). The second strategy allowed for
stretching conditions by increasing the BHF when needed to accu-
rately form the corners (obtained at the beginning and the end of the
ram stroke), while keeping it as low as possible in the middle of the
stroke to minimize the risk of tearing. Numerical analyses carried out
in LS-Dyna environment confirmed the different strains distribution
with the two strategies, see Fig. 6(b), which resulted in a maximum
ontrol in stamping through ferrofluidic actuators, CIRP Annals -
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Fig. 6. (a) BHF in type B test, (b) strains computed by FE and, (c) springback measure-
ments in tests with constant and stepped BHF.

Fig. 7. Adaptive metal flow in the case of non-symmetrical conditions in the two
flanges.
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experimentally measured thickness reduction of 0.11§0.02 mm and
0.03§0.01 mm, respectively, for constant and stepped BHFs. It was
found that springback reductions of about 54% in the flange corner ae
and a 48% in the punch corner ai � shown in Fig. 6(c) � were achiev-
able using the stepped BHF strategy, with respect to the constant BHF
at 1 A. Furthermore, by operating with stepped BHF the machine
energy required to operate the BH has been reduced by 48% in the
case of DC equal to 7 A, which represents an additional benefit for the
energy balance of the entire process.

Finally, the possibility of fully adaptive adjustment of the BHF dur-
ing deep drawing was tested. The case of different lubrication condi-
tions on the two flanges was taken as a reference. The BH under
actuator 2 was operated dry, while the one under actuator 1 was
lubricated with Ratak Butex 171 produced by FUCHS�. The goal for
the PID control, tuned on the process mathematical model, was to
keep the same material flow (measured as sheet tangential displace-
ment) under the flanges by varying the force applied by the actuators.
Fig. 7 plots the difference in the measured material flow Dd during the
process, proving that the material sliding could be kept closed to the
target value Ddob. The forces of the two actuators were adapted in
real-time according to the control algorithm described in Section 3.2,
increasing the applied force where the material was easier to flow
due to the lubrication. Again, the final error was measured as the dif-
ference in length of the flanges at the end of the process and was
equal to 0.35§0.22 mm.

6. Conclusions

The paper introduces a new mechatronic system for self-adaptive
metal flow control in deep drawing. The system, which integrates a
new family of ferrofluid-based actuators and non-contact laser opti-
cal sensors, enables accurate and flexible control of the BHF and can
be easily integrated in already existing dies. The presented actuators
allow for a working stroke of 70 mm, a peak force of 90 kN and
response time lower than 0.18 s. The non-contact laser optical sen-
sors guarantee a resolution of 0.0035 mm and have proven their
worth even in oil-lubricated environments. The deep drawing of a
hat-shaped profile was used as a reference case for validation pur-
poses. It has been shown that the actuators have high force sensitivity
in the DC range from 0 A to 7 A, and the BHF can be modulated from
sliding to stretching conditions, thus affecting the accuracy and
mechanical properties of the stamped parts. Finally, real-time
Please cite this article as: E. Simonetto et al., Adaptive metal flow c
Manufacturing Technology (2023), https://doi.org/10.1016/j.cirp.2023.03
adaptive control was tested by reproducing non-uniform lubrication
conditions on the two sides of the profile, with a maximum deviation
from the imposed material flow of 0.35§0.22 mm, which is accurate
enough for sheet metal stamping applications.
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