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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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metal stamping. Nevertheless, their performances are often inadequate, making their use a compromise between process efficiency and stability. 
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1. Introduction 

In the last decades sheet metal forming industry has faced 
increasing requirements in terms of high accuracy, reduction of 
esthetic defects as well as the need of high productivity 
especially for automotive and mechanical sectors. Many 
improvements have been represented by auxiliary systems 
developed for blank holding or metal sheet flow control, i.e. the 
use of gas springs [1], independent hydraulic actuators and 
controlled die cushions in metal forming presses [2], [3], 
segmented blankholder [4], shock absorbers [5] (as reported in 
Fig. 1), all having the common purpose of increased accuracy 
of load application as well as higher flexibility in settings the 
process parameters to adapt the operating conditions to 
different production scenarios [6]. 

Flexibility, sensor fusion and Artificial Intelligence (AI) 
applications are the top trends that can be identified in the 
scientific and industrial literature of the last decade. Li et al. [7] 
investigated experimentally the applicability of active draw 
bead in sheet metal drawing. By using multiple draw bead 
trajectories, it was found that draw depth at fracture can be 
significantly improved and more efficient control of the 
drawing force compared traditional solutions. An active control 

system, capable of controlling the blankholder force 
distribution, was developed by Tommerup et al. [8]. The 
material flow was investigated for different process conditions 
showing that both geometry and thickness strain distribution of 
final part can be affected by the active system applied load. In 
[9] the research was exploited with the integration of a feedback 
control system to modulate both blankholder force distribution 
and magnitude. Experimental results showed that such control 
system can eliminate process instabilities, avoiding sheet 
tearing appearance on the stamped part.  

Bäume et al. [10], [11] integrated piezo-electric actuators in 
deep drawing tool to redistribute the blankholder pressure. 
Optical sensors based on laser triangulation were used to 
monitor flange drawn-in during the process. The signals 
collected from the laser sensors were processed to control the 
action of piezo-electric actuators on the stamped part, resulting 
in higher product quality and reduce occurrence of defects or 
cracks on the stamped part. Barthau et al. [4] designed an 
experimental tool equipped with segmented blankholder (up to 
ten elastic segments), each moved by independent hydraulic 
actuators and servo-valves in order to locally apply different 
blank holding forces. Industrial piezo-electric sensors were 
mounted on the tool wall, to measure part wall stress during 
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deformation and used to control hydraulic pistons pressure. 
Close-loop control algorithm was calibrated through both 
theoretical and numerical approaches and it was demonstrated 
an increase of process robustness and maximum drawing depth. 

Sensors and tool integration were the focus of several 
studies, with the aim to realize in-line process monitoring and 
improve process control. Linear Variable Differential 
Transducers (LVDT) were successfully used in deep drawing 
for wrinkle height measuring [12], but the requirement to 
maintain physical contact between probe and workpiece during 
process was found to be the major limitation. To overcome such 
limitation contactless sensors have been developed. Sensing 
methods based on mutual inductance allowed measuring sheet 
draw-in during process [13] while eddy current sensors were 
integrated in the tooling support to detect spring backs of 
complex body car parts [14]. In [13] commercial piezo-resistive 
thin-film force sensors were evaluated to develop spatially 
continuous pressure profiles from discrete measurements. The 
pressure values at random location could be estimated with an 
error of less than 10%, and the binder force, evaluated by 
integration, have an error lower than 4%. A different technique 
for measuring the pressure map over the punch surface, based 
on discrete pressure measurements and numerical interpolation, 
was proposed in [15]. An example of this approach was 
presented by Groche et al. in [16], where the authors proposed 
a sensor fastener, which incorporated three strain gauges and a 
temperature probe, for process load measuring. The simple 
shape and the small size allowed its installation closed to the 
actual process, enabling economical measurements. 

The introduction of smart fluids is dated about twenty year 
ago with the first application od Magneto-Rheological (MR) 
fluids. Yang et al. [17] presented a MR fluid damper for 
structural vibration reduction and anti-seismic application, 
providing an insight into MR fluid flow analysis, geometrical 
design considerations, electromagnetic circuit schematization 

and analytical formulations for evaluating MR damper load 
components. Despite the analytical formulations developed in 
several researches, to improve the MR devices performances 
the design phase has to be supported with FE tools to study the 
electromagnetic phenomena arising in the actuator and their 
interaction with the MR fluid [18]. Lam et al. [19] developed a 
MR damper with embedded force and displacement sensors. 
Experimental tests investigated the damper load response for 
different excitation input currents and the capability of the 
device for structural vibration closed-loop control. MR devices 
are not applied only to vibration control, but are also used to 
realize automotive components, as semi-active suspensions 
systems [20], [21] brakes [22], [23] and clutches [24], [25]. 
Regarding sheet metal forming processes, MR dampers are 
successfully implemented by Ghiotti et al. for the reduction of 
reverse load effect in blanking [26] and to improve the shear 
surface quality of the stamped parts [27]. 
The work described in the paper is part of a wide research 
framework that is aimed at developing a new concept of closed-
loop control blank holding systems for sheet metal stamping 
based on (i) real-time controllable actuators that can be tuned 
over the process, (ii) innovative sensors to collect the process 
parameters and (iii) analytical and numerical algorithms for the 
data computation. The focus of the paper is on a new Magneto-
Rheological (MR) actuator design that combines the effect of 
smart fluids and high-pressure gas in a compact and efficient 
design. In the first part, the design of the active control for the 
blankholder is introduced. Then, the innovative MR device that 
was designed and developed within the project is described, 
with the evaluation of the main performances. Finally, the main 
conclusions are reported. 

2. Modelling blankholder active control 

Sheet metal stamping processes operate in uncertain 
conditions with respect of mechanical properties of incoming 
material, interface conditions, forming machines 
characteristics and this often results in a critical control of 
defects (i.e. tearing, wrinkling, etc.) and part quality. Today, 
the major trend is represented by tentative to set active controls 

 

Fig. 1. Examples of auxiliary systems: a) hydraulic shock absorber for 
blanking; b) tool embedded gas springs; c) controlled draw bed for deep 
drawing; d) segmented blankholder. 

 

Fig. 2. On-line and off-line closed-loop control for blankholder force. 
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of the process parameters to rapidly adjust the dies 
configuration with respect to the external disturbs. The solution 
proposed in the paper is based on the use of MR fluid-based 
devices embedded within the blankholder to adjust the pressure 
by using a closed-control approach. This is possible thanks to 
the rapid change of viscosity that can be activated thanks to a 
magnetic field with a response time of few milliseconds. 
Moreover, the force generated by the devices can be modulated 
in respect of the magnitude of the applied magnetic fields, by 
varying the input current of the electromagnetic circuit. 

The proposed in-line closed-loop control of the blankholder 
pressure is based on the possibility of varying the force of each 
MR actuator according to the sensor measurements performed 
directly on the stamped sheet, i.e. by means of laser sensors for 
material flow monitoring. Furthermore, this control logic can 
be extended to measurements performed on the final 
workpiece. As reported in Fig. 2, the first on-line closed-loop 
control allows adjustment during the production of a part, while 
the latter (off-line closed-loop control) permits adjustments 
only between different parts in the same batch. 

As first step of the research, the design and the validation of 
an innovative MR actuator for sheet metal blank holding is 
presented. A new configuration is proposed that allows a 
compact design suitable for easy embedding in the blankholder 
structure and elevated force with respect to the small 
dimensions. A 2D electromagnetic FE model was developed in 
Ansys Maxwell® environment to reproduce the interaction 
between the MR fluid and magnetic field. From the results of 
the numerical simulations controllable load response was 
estimated by means the analytical formulations. Finally, 
experimental tests were conducted to evaluate the 

manufactured prototype performance at different speeds 
typical of the reference industrial processes. 

3. Design of MR actuators 

3.1. Design stages 

Fig. 3 presents the flowchart of the design procedure 
followed in the design of the innovative MR actuator. At first 
stage, as target specifications, a stroke of 75 mm and a total 
force of 50 kN are chosen. 

The selected MR fluid can be modelled according to the 
nonlinear Bingham plasticity model [17]: 

τ=τ0(H)sgn(γ̇)+ηγ̇     |τ|>|τ0| (1) 

γ̇=0     |τ|<|τ0| (2) 

where τ is the MR fluid yield shear stress, τ0 the yield shear 
stress caused by the applied magnetic field, H the magnetic 
field amplitude, η the dynamic viscosity and 𝛾̇𝛾 the shear strain 
rate. According to the Bingham model, the external shear stress 
required to activate the MR fluid flow varies in respect of the 
magnetic field amplitude H. For external shear stress values 
below to the yield shear stress τ0 the MR fluid acts like a rigid 
body.  

After the selection of the MR fluid, the materials of the 
different components were chosen, and design was conducted 
to develop prototype geometric configuration and 
electromagnetic circuit characteristics. A FE analysis was 
required to verify the magnitudes of magnetic induction field B 
and magnetic field H. The distribution of the magnetic 
induction field B was observed along the components and the 
MR fluid to avoid magnetic saturation of the selected MR fluid 
and materials. The magnetic field H obtained along the gap is 
used to evaluate the fluid shear stress and the consequent load 
response, that was estimated by using the analytical 
formulations for the calculation of the controllable force 
components Fτ and the viscous force components Fη: 

Fτ = ∆PτAp = cτ0L
h Ap (3) 

Fη = ∆PηAp= 12ηQL
h Ap (4) 

where ∆𝑃𝑃𝜏𝜏  and ∆𝑃𝑃𝜂𝜂  are the magnetic and viscous pressure 
drops, Ap is the piston cross sectional area, Q is the MR fluid 
flow rate, w the average circumference of the narrow gap, h the 
gap dimension, L the active pole length and vo the piston speed. 
The dimensionless parameter c is a function of the pressure 
drop ratio ∆𝑃𝑃𝜏𝜏/∆𝑃𝑃𝜂𝜂 and ranges from 2 to 3 [28] 

3.2. MR actuator for blankholder control 

The actuator geometry and the main components are 
presented in Fig. 4a. Contrary to the conventional MR damper 
design, the winding coils of electromagnetic circuit are 
obtained along an inner annular element. In this way, it is 
possible to increase both winding coils number and active pole 

 

Fig. 3. Flowchart of the design stages. 
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total length. Consequently, the available force of the MR 
actuator can be increased, and the overall dimensions kept 
limited. Due to the alternative piston motion, the MR fluid is 
forced to flow through the narrow gap obtained by the inner 
bore and the cylinder, as shown in Fig. 4b. Along the gap, the 
MR fluid is activated by the magnetic flux generated by the 
coils, excited by the input currents. Two independent chambers 
for high-pressure gas are obtained in the piston head and inside 
the rod, with the aim to pressurize the MR fluid and to allow 
the returns of the piston at the top dead center after the 
descending stroke.  

The values of the gap and the materials of the components 
were selected on the basis of FE simulations. Dimensional data 
and parameters of electromagnetic circuit are reported in Table 
1. 

 

Fig. 4. MR actuator: a) prototype sectional view; b) electromagnetic circuit 
view. 

Table 1. Design parameters of MR actuator. 

Parameters Value 

Height 290 mm 

External diameter  120 mm 

Nominal force 50 kN 

Available stroke 75 mm 

Wire diameter 0.8 mm 

Maximum input current 4 A 

3.3. MR fluid 

The selected MR fluid is the ARUS AMT-SMARTEC+. The 
main characteristics of this fluids is the capability to achieve 
high shear yield stress τ0 when exposed to an external magnetic 
field H, e.g. for an applied magnetic field amplitude of 140 
kA/m, the corresponding MR fluid shear yield stress achieve 
the value of 69 kPa. Other relevant MR fluid characteristics are 
reported in Table 2.  

According to the specifications provided by the 
manufacturer, the response time of MR fluid is lower than few 
milliseconds and the on/off state has high stability, i.e. the 
change in shear yield stress is totally reversible. To avoid 
magnetic saturation of the iron particles, disperse in the MR 
fluid, the maximum admissible magnetic induction field B 
amplitude does not exceed the value of 1.5 T. 

Table 2. Properties of ARUS AMT-SMARTEC+. 

Parameters Value 

Density 2.90 g/cm3 

Viscosity at 40 °C  0.37 Pa s 

Flash point > 180 °C 

Operating temperature range -20 °C ÷ 150 °C 

Solid content by weight 81 % 

Shear yield stress at 140 kA/m 69 kPa 

3.4. Numerical model and results 

To obtain the magnetic field amplitude H as function of the 
input currents values, the static electromagnetic FE model of 
the MR prototype is developed using ANSYS Maxwell 
software. As shown in Fig. 5a, the FE geometry is built as 2D 
model, resulting in smaller number of nodes and elements. 
Consequently, the total computation time is contained. This 
approximation is allowed because both MR device geometry 
and electromagnetic phenomena that arise within it have 
axisymmetric configuration. 

For an input current of 4 A, the distribution of magnetic 
saturation field along the materials are presented in Fig. 5b. The 
material of the inner bore behind the coils have greater 
sensibility to the magnetic saturation. The inner bore is 
manufactured of annealed AISI 1040 steel, which has a 
maximum value of magnetic saturation of 1.8 T. Fig. 5c shows 
that, for an input current of 4 A, the magnetic field values are 
1.7 T at point m2 and 2 T at m1 and m3. As the latter affects 
only a small region of material, it is possible to apply an input 
current of 4 A avoiding the magnetic saturation of large region 
of the inner bore material. 

 

Fig. 5. a) FE model geometry; b) B field; c) B field acting in 
correspondence of the upper coil. 
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Fig. 6 presents the trends of magnetic field amplitude along the 
gap length for different values of input current from 1 A to 4 
A. The magnetic field amplitude is low at the extremes of the 
gap length, resulting in a fall of the average magnetic field 
amplitude. The MR fluid shear yield stress is obtained from the 
interpolation of the MR fluid magnetization curve and 
considering the mean value of each magnetic field distribution 
of Fig. 6. Thus, the magnetic force Fτ is calculated by mean of 
Eq. (3), while the viscous force Fη is estimated through Eq. (4), 
considering geometrical data of the prototype and the 
properties of MR fluids. 

4. Experiments 

The prototype was manufactured according to the output 
from the design phase and then tested on laboratory equipment 
50 kN MTS™ dynamometer. 

Experimental tests were performed with two values of speed 
v0 (namely 50 mm/s and 100 mm/s) and a stroke of 50 mm. 
Four values of input current, respectively from 1 A up to 4 A 
with steps of 1 A, as investigated in the numerical model, were 
used. The two inner chambers of prototype head and rod were 
filled with nitrogen at initial pressure of 35 bar.  

Fig. 7 presents the experimental results in terms of total load 
of the MR actuator during the performed stroke. The curves 
associated with the values of 0 A are obtained from tests with 
null values of the excitation current of the electromagnetic 
circuit. Therefore, the magnetic force is zero and these curves 
represent only the viscous force component of the MR actuator. 
The variation of the curves from 3 A to 4 A is limited due to 
the modest increase in MR fluid yield shear stress. 
Consequently, the corresponding variation of magnetic force is 
limited. For each test, at least two millimeters of initial stroke 
are required to reach the load associated to a value of excitation 
current. This initial part of the stroke is used to compress the 
liquid carrier of MR fluid. After that, the load exerted by the 
MR actuator remain almost constant, as the experimental 
curves are horizontal for the entire remaining stroke. 

In Fig. 8, the comparison between experimental and 
numerical values of magnetic force Fτ is presented for different 
values of input current. For an input current of 1 A, the 
experimental values of the magnetic force are almost 
coincident. For intermediate values of input current (3 A and 4 
A), the magnetic force Fτ related to the piston descending 
velocity of 50 mm/s are slightly higher than the values obtained 
from test performed at 100 mm/s. This difference is linked to 
the dependence of the magnetic force on the MR fluid flow 
conditions, expressed by the coefficient c of Eq. (3). The curves 
associated with experimental values behave similarly in respect 

 

Fig. 6. Magnetic field H magnitude along the gap length for different 
values of input current. 

 

Fig. 7. Total load vs stroke curves obtained from experimental test with 
two values of piston speed (50 mm/s and 100 mm/s). 

 

Fig. 8. Magnetic force Fτ experimental and numerical values comparison. 
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total length. Consequently, the available force of the MR 
actuator can be increased, and the overall dimensions kept 
limited. Due to the alternative piston motion, the MR fluid is 
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bore and the cylinder, as shown in Fig. 4b. Along the gap, the 
MR fluid is activated by the magnetic flux generated by the 
coils, excited by the input currents. Two independent chambers 
for high-pressure gas are obtained in the piston head and inside 
the rod, with the aim to pressurize the MR fluid and to allow 
the returns of the piston at the top dead center after the 
descending stroke.  

The values of the gap and the materials of the components 
were selected on the basis of FE simulations. Dimensional data 
and parameters of electromagnetic circuit are reported in Table 
1. 
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Flash point > 180 °C 

Operating temperature range -20 °C ÷ 150 °C 

Solid content by weight 81 % 

Shear yield stress at 140 kA/m 69 kPa 

3.4. Numerical model and results 

To obtain the magnetic field amplitude H as function of the 
input currents values, the static electromagnetic FE model of 
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model, resulting in smaller number of nodes and elements. 
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Eq. (3), while the viscous force Fη is estimated through Eq. (4), 
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Four values of input current, respectively from 1 A up to 4 A 
with steps of 1 A, as investigated in the numerical model, were 
used. The two inner chambers of prototype head and rod were 
filled with nitrogen at initial pressure of 35 bar.  
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of the MR actuator during the performed stroke. The curves 
associated with the values of 0 A are obtained from tests with 
null values of the excitation current of the electromagnetic 
circuit. Therefore, the magnetic force is zero and these curves 
represent only the viscous force component of the MR actuator. 
The variation of the curves from 3 A to 4 A is limited due to 
the modest increase in MR fluid yield shear stress. 
Consequently, the corresponding variation of magnetic force is 
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are required to reach the load associated to a value of excitation 
current. This initial part of the stroke is used to compress the 
liquid carrier of MR fluid. After that, the load exerted by the 
MR actuator remain almost constant, as the experimental 
curves are horizontal for the entire remaining stroke. 
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values of input current. For an input current of 1 A, the 
experimental values of the magnetic force are almost 
coincident. For intermediate values of input current (3 A and 4 
A), the magnetic force Fτ related to the piston descending 
velocity of 50 mm/s are slightly higher than the values obtained 
from test performed at 100 mm/s. This difference is linked to 
the dependence of the magnetic force on the MR fluid flow 
conditions, expressed by the coefficient c of Eq. (3). The curves 
associated with experimental values behave similarly in respect 
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of the numerical values. For an input current of 1 A, both 
experimental values are slightly higher than the numerical 
values. This trend reverses in the case of input current of 2 A, 
and the numerical magnetic force becomes higher than the 
experimental ones. For greater values of input current, the 
difference between numerical and experimental magnetic 
forces arises. This discrepancy can be caused by the occurrence 
of magnetic saturation of the inner bore material and, indeed, 
both experimental magnetic forces converge to the same value 
for the maximum input current of 4 A. 

In order to avoid magnetic saturation occurrence, inner bore 
material has to be replaced with a material with higher 
magnetic saturation value, e.g. mild steel or soft magnetic 
alloy. 

5. Conclusions 

The paper presents the design of a novel MR actuator for 
active control of blankholder force. The sequence and the main 
considerations of the design activities are discussed, as well as 
the FE model and the experimental tests on the manufactured 
prototype. The results show that numerical and experimental 
values of magnetic forces are almost in agreement for low input 
current values. However, for higher values of input current the 
numerical model overestimates the expected magnetic force 
and experimental values converge for the maximum input 
current of 4 A. The occurrence of magnetic saturation in inner 
bore material for high values of input current is a possible 
explanation of this behave. Therefore, with the aim to minimize 
the difference between numerical and experimental forces, 
inner bore material has to be revised, in order to select a 
material more suitable for magnetic applications and with 
higher magnetic saturation values. 
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