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Abstract
In the contemporary times, electromagnetic forming process (EMF) is one of themost attractive high-velocity formingmethods
that can be used in order to achieve many industrial applications in sheet metal forming. Taking into account the advantages
and limitations of EMF, this technology is highly used in the automotive industry and has increasing potential applications such
as Flanging, Bending, and Hemming processes. Hemming is the process that bends the edges of sheets and serves to increase
their stiffness and improve their appearance. In this paper, we aim to investigate the simulation of forming Aluminum sheets
using electromagnetic hemming process in order to enhance our understanding of the process and its efficiency, particularly
in industrial applications used for automotive panel production. Specifically, an electromagnetic bulging device serves as the
fundamental setup for our various applications. This study undertakes multiple numerical simulations using the finite element
method to explore the impact of process parameters on the deformed sheet. Additionally, we investigate the temperature
distribution across the sheet during hemming. The numerical results demonstrate strong agreement with experimental data
and existing research.

Keywords Electromagnetic forming · Sheet hemming · Finite element method · Deformation behavior

1 Introduction

Nowadays, high-velocity forming processes are stated to
be the operations where the parts are requested at a high
speed that exceeds 100 m/s. This kind of method includes
other forming processes such as explosive forming, electro-
hydraulic forming, and electromagnetic forming (EMF). All
thesemethods can be differentiated fromother formingmeth-
ods [1]. They offer an acceleration of the part at high velocity
via chemical, mechanical, or electrical forces. Furthermore,
the kinetic energy of the pieces is significant [1, 2]. Among
these process methods, electromagnetic forming has gained
the focus of experts due to its economic issues and the fact
that it has the advantage of increasing the production rate.
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Aside from this, it is comfortable due to its high flexibility
and repeatability. In addition, it allows a significant reduction
in springback and improves the forming limitations that need
to be addressed [3, 4].

Briefly, EMF depends on the magnetic induction effect.
When a coil is placed near a conductor and pulsed via an
energy store (i.e., a capacitor bank), a magnetic field is
generated between this coil and the workpiece, providing
the forming energy that accelerates the workpiece into die
or drives it to a free-forming [1–4]. In fact, electromag-
netic forming is an impulse high-velocity forming technology
that uses high-voltage pulse current through an electromag-
netic coil to generate a strong transient magnetic field that
induces eddy currents in the nearby conductive workpiece.
These eddy currents, in turn, produce an associated secondary
magnetic field around the workpiece. This causes the coil
and workpiece to repel each other by the electromagnetic
force [1–3]. Based on the improved formability of EMF and
its higher velocity, several studies have demonstrated elec-
tromagnetic process improvement (e.g., [4–6]). Depending
on the arrangement of both the coil geometry and work-
piece, different applications of electromagnetic forming can
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be achieved, such as compression and expansion of tubular
components andmany other sheet-forming applications such
as bulging, folding, welding, and hemming (e.g., [1, 7]).

Moreover, hemming represents the process that bends the
edge of a metal sheet to an angle of 180 degrees or more.
It serves several functions, such as increasing the part stiff-
ness, eliminating the acute edge, improving the appearance
of highly visible panel edges, and joining the inner and outer
parts. Hemming is usually applied as the last operation to
be used in auto body panel production. Therefore, it has a
crucial impact on the performance and quality of assembled
vehicles. Flanging, bending, and hemming are the three steps
of the sheet folding process that are used in the production
of automotive closure panels [4, 8].

1.1 Motivations

Due to the required precision in the forming process and the
complexity of the part, most of the bending, flanging, and
hemming processes are tediously designed via lengthy and
expensive die tests. EMF can be a good alternative solution
for saving time, reducing costs, and improving the quality
of hem joints, especially for Aluminum alloy applications
(e.g., [7]).

Current initiatives in the automotive industry are driv-
ing a need for stronger and higher panels made of light
materials, such as Aluminum parts. However, their lower
formability creates considerable problems and issues [9, 10].
Furthermore, several studies have been performed in order
to improve the quality of Aluminum parts (e.g., [1, 3]). In
modern numerical manufacturing processes, simulation and
modeling play an important role in the design and improve-
ment of end-user parameters. For a long time, the modeling
of electromagnetic forming faced different problems; how-
ever, along with the development and explosion of digital
computing, it has become quite accessible. Several types of
approaches can be performed and achieved (e.g., [11–13]).
Semi-analytical methods can be used to solve simple prob-
lems, axially symmetric or planar, if the expression of the
inductance is known [13]. Moreover, in general cases, the
analytical expression for inductance is not known; it is then
necessary to use numerical calculations, mainly the finite ele-
ment methods (e.g., [14]).

Following these considerations, in this paper, we delve
deep into the simulation of sheets forming through amagnetic
hemming process, employing the power of finite element
analysis harnessed through the COMSOL MULTIPHYSICS
software. These calculations are performed in order to offer a
better understanding of industrial processes using magnetic
hemming, provide insights into the performance of the pro-
cess, and investigate the formability and impact of process

parameters. This study pioneers the numerical simulation of
the electromagnetic hemming process for many industrial
applications of automotive parts, which is a pivotal advance-
ment in the realm of industrial innovation. By unlocking the
digitalization of automotive applications.

1.2 Paper organization

The remaining part of this paper is organized as follows.
Section 2 focuses the attention on relevant related work to
our research. In Sect. 3, we present the fundamental principle
and the theoretical analysis of electromagnetic hemming. As
well as introducing the mathematical models essential for
achieving our numerical investigation. Section 4 discusses
and describes our numerical models for each application, as
well as the geometry and material properties. After that, in
Sect. 5, we report our extensive applications and the results
obtained. Finally, Sect. 6 provides conclusions and future
work on our research.

2 State-of-the-art analysis

The process of electromagnetic hemming has garnered sig-
nificant attention from researchers, leading to a wealth of
publications that appeared in the active literature. This sec-
tion aims to highlight some of themost pertinent and relevant
works related to our research.

In [15], the authors propose a novel joining procedure
called hole-hemming, specifically designed to unite Mag-
nesium AZ31 and Aluminum AA6082-T4 alloy sheets to
overcome the limited formability of Magnesium alloys at
room temperature by adopting conventional joining tech-
niques based on plastic deformation. Finite element analysis
is employed to devise the joining process, identifying critical
locations susceptible to fracture and analyzing their load-
ing courses. The study further investigates the influence of
process factors on the mechanical interlock to define appro-
priate processwindows. In order to comprehensively evaluate
the performance of the suggested hole-hemming process,
they construct a flexible tool and experiment with diverse
process parameters, achieving unique hole-hemmed joints
for the first time. Subsequently, shear stress tests are con-
ducted on single-lap joints to assess their strength and failure
mechanisms. Overall, the study confirms the feasibility of
hole-hemming as an effective approach to joining materials
with significantly diverse formability, opening new possibil-
ities for high-performance car construction in the automotive
industry.

Conceição [16] presents a research effort focused on the
development of a flexible instrument tailored for the novel
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hole-hemming joining procedure, specifically for combining
materials with significantly diverse mechanical character-
istics. The study encompasses the design, fabrication, and
assembly of various components constituting the hole-
hemming tool, including structural, active, and passive ele-
ments, with a primary focus on achieving compatibility with
dissimilar materials. The performance of the assembled tool
is thoroughly assessed during experimentation, where the
objective is to join an AA6082−T 4 Aluminum sheet (2mm
thick) with an AZ31 Magnesium sheet (0.9 mm thick). To
validate the tool’s effectiveness, experimental data is com-
pared with the computational results obtained from finite
element analysis of an ideal design.

In [17], the authors address the application of hemming
technology in the automotive industry, specifically for join-
ing inner and outer closure panels such as hoods, doors, and
tailgates. Hemming involves the plastic deformation of the
flange of the outer panel to fold it over the inner one, facil-
itating a secure and aesthetically pleasing connection. To
ensure the successful final design of the part and equipment,
a common feasibility study is essential. By categorizing and
optimizing the feasibility study actions, the research aims
to reduce equipment investment, minimize trial and error,
achieve high-quality products, optimize cycle time, and expe-
dite the commissioning period. The study relies on the results
and challenges faced at each step, with a focus on identifying
the root causes of errors or problems. This iterative approach
allows for a comprehensive review and optimization of each
aspect, leading to efficient and effective hemming processes
in the automotive industry.

In [18], they focus their attention on investigating the
bending phenomena of outer panels during the flanging,
pre-hemming, and hemming processes, particularly in the
context of automotive door panels and other types of panels.
To achieve this, the researchers conducted an experimental
study using a planar straight-edge-shaped hot-dip galvanized
steel sheet panel. The study encompasses the flanging pro-
cess to 90 degrees, followed by pre-hemming at 15 degrees,
andfinally, the hemmingprocess.Throughout the experimen-
tal process, load profiles are recorded concerning the punch
movement distance, and time-lapse images from videos of
the processes are analyzed to examine changes in the panel’s
shape. Additionally, the researchers measured the Micro
Vickers hardness distribution and obtained scanning electron
microscope images of the panel’s lateral surface. Notably, the
study reveals new findings wherein both the microhardness
and morphology of the panel change significantly during the
flanging, pre-hemming, and hemming processes. These find-
ings shed light on the intricate mechanisms involved in the
bending and shaping of automotive door panels and other
similar components.

In [19], the authors provide a comprehensive review of
the latest advancements in high-speed forming conducted at
theCentre forMaterial Forming (CEMEF). The paper delves
into the modeling strategy adopted for the simulation pack-
age, showcasing somenoteworthy results for a ring expansion
case.Moreover, they present the experimental settings imple-
mented for the direct free-forming of flatmetal sheets, aiming
to complement the simulation findingswith real-world obser-
vations. Overall, this work demonstrates a comprehensive
and multi-faceted approach to exploring high-speed forming
technologies through sophisticated simulations and practical
experimentation. By combining advanced modeling tech-
niques with real-world testing, the researchers at CEMEF
contribute to the growing body of knowledge in the field of
high-speed forming, opening up new possibilities for inno-
vative manufacturing processes and materials engineering.

Other relevant relatedworks in thefield of electromagnetic
forming processes can be found in [20–30].

3 Theoretical analysis of electromagnetic
hemming process

In electromagnetic forming processes, a special tool coil is
placed near the metal sheet, and an intense transient mag-
netic field, which is achieved by a pulse current generator, is
employed to form electrically conductivematerials. A typical
EMF system consists of a bank of capacitors, a workpiece,
and a coil. The energy stored in the capacitor bank is dis-
charged through the coil in an alternative, damped electric
current.

After the generation of a magnetic field, an eddy cur-
rent is induced in the workpiece, which establishes another
magnetic field around it. This secondary magnetic field, in
turn, interacts with the original magnetic field, giving rise
to a phenomenon known as electromagnetic repulsion. The
mutually repulsive electromagnetic pressure between the sta-
tionary coil and the metal workpiece leads to the generation
of intense, localized stress within the material. This high-
pressure interaction ultimately results in significant plastic
deformation of the workpiece. This transformation leads to
the reshaping of the workpiece in response to the magnetic
field’s compelling directives.

EMF is fundamentally an electro-thermo-mechanical pro-
cess. Different coupling strategies have been proposed to
numerically solve thismultiphysics problem.The strong cou-
pling consists of solving the full set of equations at every
step. This approach is the most accurate, but it leads to
large non-symmetric matrices, which are computationally
expensive in terms of solving time. Moreover, the EMF
research progresses mainly via a combination of simulation
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and experiments. However, with some experimentally com-
plex equipment, the expert often needs to rely on simulations
in order to investigate feasibility studies. Therefore, numeri-
cal models are highly necessary for this process (e.g., [31]).

Furthermore, these numerical models are needed to solve
transient electrical circuits, electromagnetic equations, and
the mechanical and thermal problems of the EMF process.
Under a fully coupled model, including these different prob-
lems, the geometry displacement and forming speed of the
workpiece will be comprehensively considered to further
improve the calculation accuracy [32].

3.1 Electromagnetic theory

The forming system can be represented by an equivalent
RLC circuit. The transient magnetic field analysis for an axi-
ally symmetric electromagnetic forming system is carried out
based on the finite element method. The magneto-dynamic
equation in terms of the magnetic vector potential, derived
based on Maxwell’s equations, is given by Eq. 1:

σ
δA

δt
+ curl(

1

μ
.curl A) − σ.ν.(curl A) = Jex (1)

where A is the magnetic vector potential, J denotes the
current density in the coil, μ represents the magnetic per-
meability, and σ is the density.

From an electrical point of view, the forming coil and the
workpiece have transformer coupling. The coil is the primary
winding of the transformer, and theworkpiece is considered a
short-circuited secondary coil. By applyingKirchhoff’s laws,
the differential Eq. 2 is obtained:

d2 I (t)

dt2
+ 2ξω.

d I (t)

dt
+ ω2.I (t) = 0 (2)

such that I (t) denotes the current caused by the dis-
charging capacitor, ξ is the damping term given by: ξ =
(1/2).R.(C/L)1/2, and ω represents the natural frequency
given by: ω = (1/LC)1/2.

In EMF, ξ is less than one, which represents an under-
damped system. Solving the above differential equation
provides the current as a function of time. So the current
flow through the circuit can be described by Eq. 3:

I (t) = V0.

√
c

L
. exp−ξωt . sin 2π f t (3)

where V0 is the original voltage cross capacitor.
This time, the current signal in the coil produces a tran-

sientmagnetic flux in theworkpiece. The interaction between
the two magnetic fields results in a material body force that

causes deformation of the workpiece. These body forces are
commonly known as Lorentz’s forces, which are expressed
via Eq. 4:

F = Je ∗ B (4)

where Je and B represent eddy current density and magnetic
flux density, respectively.

3.2 Structural mechanical theory

The workpiece is known to be plastically deformed in the
EMF process. This can be described viaNewton’s law for the
evaluation of deformation in the part in each time increment.

ρ
δ2u

δt2
− ∇.σ = F (5)

where ρ is density, u represents the displacement vector, σ is
the stress tensor, and F is the electromagnetic force density.

Since electromagnetic forming is a high-speed defor-
mation process, a high strain rate impacts the mechanical
properties of the workpiece. In this work, the Johnson-Cook
strengthmodel [33, 34]was adopted to characterize the stress
flow for workpieces under a high strain rate. However, we
used a simplified form of the Johnson-Cook strength model
tailored for Aluminum [35, 36], as presented in Eq. 6:

σ = 93.(1 + 125.ε0.1) (6)

3.3 Thermal theory

Another phenomenon involved in electromagnetic forming
is that it is governed by the equation of heat to get the tem-
perature field in the time domain, which is given by Eq. 7:

ρCp
dT

dt
+ ∇.(−k.∇T ) = Q (7)

where k and ρCp are the thermal conductivity and thermal
storage capacity of the material, respectively.

Moreover, Joule heating is calculated in the workpiece
material due to eddy current, and it is considered a heat source
in thermal physics.

Q = 1

2
.σ.J 2e (8)

4 Numerical modeling of electromagnetic
hemming process

In this section, we discuss and describe our numerical mod-
els for each application (i.e., sheet bulging, bending, flanging,
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Fig. 1 Bulging device

and hemming), as well as presenting the geometry and mate-
rial properties.

4.1 Sheet bulging system

In order to validate the above-described theoretical analysis,
we start with a full analysis of the typical problem of forming
flat parts in a sheet bulging system. This is considered the
basis for other devices, which will be analyzed later.

The bulging device considered, which is presented in
Fig. 1, is the same as the experimental installation [37], with
a copper spiral coil under a thin Aluminum disc (radius of
0.04 m and thickness of 0.0005 m) fixed at its end. Table 1
presents all the system dimensions and parameters. Notably,
due to the axial symmetry inherent in the geometry, the sim-
ulation in this model encapsulates only half of the system.

Table 1 System parameters

Parameter Value

Number of coil turns 3, 5, 7

Coil conductivity (Copper) 5.998 e7 [s/m]
Coil radius 20 [mm]
Workpiece radius 40 [mm]
Workpiece thickness 0.5 [mm]
Workpiece conductivity (Aluminum) 3.774 e7 [s/m]
Resistance R 25.5 [m
]
Inductance L 2 [μH ]
Capacity C 40 [μF]
Frequency f 17803 [Hz]
Voltage V0 6470.52 [Volts]
Energy 0.84 [k J ]
Workpiece thermal conductivity 160 [W/(m ∗ k)]
Density 2700 [kg/m3]
Young’s modulus 70 109

Poisson’s ratio 0.33

Fig. 2 External current density

Figure 2 illustrates the external current density employed
within our simulation. This is derived from the discharge
circuit, whose parameters are shown in Table 1. This wave-
form, given by Eq. 9, delineates the precise nature of the
current employed in our computational model, which aligns
meticulously with the experimental configuration to ensure
congruence between simulated and real-world conditions
(e.g., [37]).

J0 = 4, 556.1010.e−6372,8.t . sin(1, 12.105.t) (9)

4.2 Bendingmodel

The first step in hemming automotive panels consists of the
bending operation.Under these specific conditions, thework-
piece responds to the forces applied in a deliberate manner,
yielding to the mechanical stress with an exactitude that
yields a finely honed angle, where each facet of the bend
is finely tuned to meet the exact requirements of the intended
design or engineering specifications. The considered system
is based on the previous bulging installation (see Fig. 1).

In order to guarantee and ensure the bending of the disc at
this end, certain changes in the shape and dimensions of the
coil become imperative. As a consequence, the number of
turns was adjusted to 3, accompanied by a prescribed deflec-
tion width (fold width) of 11.5 mm, which is achieved by
fixing the workpiece alongside another rigid disk boasting
a radius of 28.5 mm, as shown in Fig. 3. This tailored con-
figuration was instrumental in attaining the desired bending
outcome in the disc, strategically adjusting the elements to
achieve the intended experimental conditions.
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Fig. 3 Simulated bending system

4.3 Flangingmodels

Prior to performing the hemming operation, the parts need to
be flanged. As shown in Fig. 4, to achieve the sheet hemming
process, we keep the previous system by replacing the prior
spiral coil with a tubular coil of 4 turns, which surrounds the
disc. This tubular coil is located in front of the arrow part,
with a width of 11.5 mm.

However, some industrial parts that are electromagneti-
cally folded have concave or convex shapes. These specific
forms were also performed by our numerical models using a
tubular coil with 4 turns and a sheet bended at a 90-degree
angle. This tubular coil is placed inside or outside of the sheet
for convex or concave flanging, respectively. Figure 5 shows
the flanging system for these specific forms.

4.4 Hemmingmodel

In order to achieve a bend angle greater than 90 degrees,
which is typically required for the sheet hemming process,
a meticulous two-stage operation is performed. In the initial
stage, we employ a tubular inductor with precisely 5 turns,
strategically positioned in front of the upper edge of the bent
piece at an exact 90-degree angle, as shown in Fig. 6.

Fig. 4 Simulated sheet flanging system

Fig. 5 Simulated sheet flanging system for concave and convex forms

For what concerns the second step, aimed at achieving
the full hemming of the workpiece, an intricate and purpose-
built coil configuration comes into play. This configuration
is characterized by the incorporation of a complex-shaped
coil, which comprises both a tubular coil with 3 turns and
an additional flat coil, also consisting of 3 turns (see Fig. 7).
This thoughtful configuration is critical in achieving a more
accentuated and precise hemming of the workpiece, ensuring
that the final result meets the exacting requirements of the
manufacturing process.

Furthermore, an in-depth examination of the sheet mate-
rial and its inherent characteristics (see Table 2) was con-
ducted to meticulously scrutinize the variances in sheet
behavior. This comprehensive study aimed to unravel the
nuanced intricacies associatedwith the properties of the sheet
and its dynamic nature.

5 Results and discussion

In this section, we delve deeper into the numerical simula-
tions of electromagnetic hemming in industrial applications
performed using the COMSOL MULTIPHYSICS software,
which can fully couple electromagnetic, mechanical, and
thermal systems. Our focus in this endeavor is mainly

Fig. 6 Simulated first sheet hemming step system
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Fig. 7 Simulated second sheet hemming step system

oriented on innovative industrial processes, with a specific
spotlight on the widely used magnetic bending and hem-
ming techniques. These methods have revolutionized the
way components are shaped and joined in the automotive
manufacturing process, enhancing efficiency and precision
to unprecedented levels.

Therefore, a transient analysis has been developed with a
time step of 1 μs. For each time step, the deformation and
the temperature of the plate are evaluated, a new geometry
is then created, and a new mesh is performed for a new time
step calculation (see Sect. 4). The obtained numerical results
are compared and validated by several experimental studies
(e.g., [8, 38]).

5.1 Sheet bulging

The results of the numerical model presented in Fig. 8, show
a plate deflection quite experimentally predicted by [1, 37,
39].

As illustrated in Fig. 8, the total deflection of the sheet (at
t = 300 μs) is well-improved using inductors with a large
number of turns. As a result, the sheet bulging is improved in
the case of greater-radius coils. Moreover, when addressing
the issue of heating in the formed part, it is essential to con-
sider the theoretical insights presented in Fig. 9.

Table 2 Materials parameters

Parameter Aluminum Aluminum
alloy 10150

Magnesium
AZ31B

Electrical con-
ductivity [s/m]

160 368 96

Thermal conduc-
tivity [W/(m∗k)]

3.774 e7 3.448 e7 1.087 e7

Young’s modulus
[Pa]

70 109 69 109 45 109

Density [kg/m3] 2700 2705 1770

Poisson’s ratio 0.33 0.33 0.35

Fig. 8 Sheet bulging with 3, 5, and 7 turn coils

As shown in Fig. 9, it offers a clear visualization of the
temperature distribution across the workpiece. Notably, the
regions experiencing the highest temperatures correspond to
those positioned directly opposite the turns of the coil. These
specific areas are subject to the most intense eddy currents
and magnetic forces generated during the process.

5.2 Bending process

In this work, a parametric analysis is carried out to analyze
the effect of various bending setup parameters on the struc-
tural deformation of the bent disc (see Fig. 3). To study the
impact of generator energy, we considered different current
loads, which directly influence the magnetic, mechanical,
and thermal behavior of the bent disc.

For the same forming time (t = 300μs), the displacement
(i.e., sheet bending) and temperature distribution for different
generator energies are presented in Fig. 10a and b, respec-
tively. These numerical results are theoretically confirmed by
our numerical models.

On the other hand, considering different bending coils
with different numbers of turns, we can conclude that this
parameter has a significant effect but is lower than the
generator power. Figure 10c and d show the effect of different
bending coils on the sheet displacement and the temperature

Fig. 9 Temperature distributions on bulged sheet

123

1949



The International Journal of Advanced Manufacturing Technology (2024) 133:1943–1959

Fig. 10 Sheet bending for different generator energies (a), temperature
distribution with different generators (b), sheet displacement with dif-
ferent coils (c), temperature distribution on a sheet bendedwith different

coils (d), sheet displacement with different fold width (e), temperature
distribution on a sheet bended with different fold width (f)

123

1950



The International Journal of Advanced Manufacturing Technology (2024) 133:1943–1959

Fig. 11 Flanged sheet form

distribution, respectively. In the following task, the number
of coil turns is set to 3, and the power generator is about
1.26 K J . Figure 10e presents the evaluation of the disc bend-
ing by varying the fold width, from 5 to 17 mm.

It is worth noting that the sheet deformation increases
when the fold width is high and where the force is important.
However, the temperature distribution stayed fixed and did
not show high variation. Nevertheless, the maximum time of
deflection is slightly affected, mainly by the number of coil
turns, as displayed in Fig. 10.

5.3 Flanging process

Using the above geometrical system (see Fig. 4), the numer-
ical model allows us to obtain a flanged sheet, as shown in
Fig. 11.

Nevertheless, it is imperative to acknowledge that the
simulated deformations do notmanifest at the anticipated 90-

Fig. 12 Temperature distribution on flanged sheet

Fig. 13 Concave sheet flanging

degree angle,with a radius of curvature equivalent to 7mm, as
depicted in Fig. 11. This deviation arises from a fundamental
limitation in our numerical model, primarily centered around
its axial symmetry.

Compounding this issue, the temperature profiles within
the disc, as illustrated in Fig. 12. It is noteworthy that during
the bending and bulging processes, the temperatures experi-
enced by the sheet are notably higher than anticipated.

Furthermore, it is worth noting that certain automotive
components designed for electromagnetic folding exhibit
intricate concave or convex shapes, adding a layer of com-
plexity to the manufacturing process. Notably, our numerical
models have successfully captured and replicated these spe-
cific forms. These intricate shapes have been revealed by
implementing a tubular coil with precisely 4 turns and
bending a sheet at a precise 90-degree angle, as clearly
demonstrated in Figs. 13 and 14.

Fig. 14 Convex sheet flanging
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This achievement underscores the versatility and pre-
dictive power of our numerical simulations in accurately
replicating real-life manufacturing scenarios, which encom-
pass a diverse range of complex automotive parts and their
corresponding geometries.

The distinctive concave and convex flanging shapes are
particularly accentuated as we push the boundaries with a
higher number of coil turns and a surge in generator energy,
which is vividly depicted in Fig. 15. This striking observa-
tion underscores the close relationship between these crucial
process parameters and the ultimate shape achieved in the
flanging process.

With an optimal number of coil turns and an energetic
generator, the electromagnetic forces become more potent,
effectively molding and contouring the material to create
these highly accentuated, complex shapes in the flanged

automotive components. This finding further emphasizes the
significance of optimizing these parameters to attain the
desired curvature and geometry in the manufactured parts.

5.4 Hemming process

Aspresented inSect. 4, our numericalmodel for the hemming
process consists of a two-stage operation. The first phase,
known as pre-hemming, initiates the deformation process and
sets the foundation forwhat follows by creating a preliminary
bend that serves as a crucial starting point for the subsequent
stage, as presented in the numerical model shown in Fig. 6.
Moreover, Fig. 16 shows the obtained shapes at different
times for the first hemming step.

As displayed in Fig. 16, these visual representations offer
valuable insights into the dynamic transformation of the

Fig. 15 Sheet concave flanging with different coils (a), sheet concave flanging with different generators (b), sheet convex flanging with different
coils (c), sheet convex flanging with different generators (d)
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Fig. 16 The first sheet hemming step

material over time. It is evident that the results obtained,
leveraging an energy input of 3.36 K J , depict a folding of
theworkpiece by an angle of approximately 135 degrees after
36 μs. Additionally, Fig. 17 shows the temperature distribu-
tion during this first hemming step. The ambient temperature
exhibits a noticeable accentuation, with themost pronounced
elevation occurring at the very tip.

By analyzing the results presented in Fig. 18, we can
notice that Aluminum emerges as the material with the most
favorable mechanical properties. This observation offers
strong justification for the growing prevalence of Aluminum
usage within the automotive industry [5, 9]. The excep-
tional mechanical performance of Aluminum and its alloys
enhances their appeal in various automotive applications,
ranging from structural components to lightweight materials,
contributing to improved fuel efficiency and overall vehicle
performance.

However, despite the increasing adoption of Magnesium
in the industry, the numerical analysis brings to light a notable
distinction. Unlike Aluminum, Magnesium does not exhibit
superior mechanical behavior. In fact, it is revealed that
Magnesiumdemands a higher energy input compared toAlu-
minum and its alloys to achieve comparable outcomes. This
unique insight underscores the importance of selecting mate-
rials in the automotive sector, where considerations extend
beyond mechanical properties alone.

To conclude, Magnesium popularity in the automotive
realm primarily stems from its remarkably low weight, a
highly sought-after attribute, particularly for economy cars.
Therefore, while Aluminum excels in terms of mechani-
cal performance, Magnesium’s role in lightweight design
remains significant, catering to the specific needs of the auto-
motive market.
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Fig. 17 Temperature distribution for the first sheet hemming step

Furthermore, in order to complete the hemming operation
of the piece, we use the previously described geometrical
configuration (see Fig. 7), allowing for a more acute folding
of the component. In order to accommodate the heightened
demands of this precise procedure, the generator used for
discharge must have double the power. Figure 19 presents
the sheet deformation results of the second hemming step.

As demonstrated in Fig. 19, the outcomes of this second
sheet hemming step bear testimony to the effectiveness of
this coil arrangement. The intricate and curvaceous contours
showcased in the results underscore the precision and control

exercised in the hemming operation. This technique empow-
ers the production process to realize the desired bend angles
and geometries with a remarkable level of accuracy and pre-
cision.

The temperature distribution, thoughtfully presented in
Fig. 20, provides a comprehensive perspective on the thermal
effects induced during the process. Notably, the distribu-
tion reveals that despite the substantial heating involved, the
material response remains well within acceptable and tol-
erable limits [6]. This critical observation underscores the
robustness and resilience of the material in the face of ele-
vated temperatures, assuring that it can withstand and adapt
to the imposed thermal conditions without experiencing any
adverse effects that might compromise its structural integrity
or mechanical properties. This, in turn, reinforces the via-
bility and safety of the manufacturing process, assuaging
concerns related to potentialmaterial degradation due to tem-
perature.

5.5 Discussion and remarks

In this section,we provide a discussion of our obtained results
from different applications, as well as comparing them with
some related research from the active literature.

First, for the bulging system that is considered the basis of
all other systemsused in the hemmingprocesses, the obtained
numerical results are compared with experiments conducted
by [37, 39].

Fig. 18 Displacement of different folded sheets (a), temperature distributions for different sheets (b)
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Fig. 19 The second sheet hemming step

Akbar et al. [39] developed a setup for high-stain-rate
electromagnetic forming of thin Aluminum sheets by using
a flat spiral coil and a capacitor bank of 4 k J and 8.9 k J .
Indeed, they conducted sheet-forming experiments for dif-
ferent sheet thicknesses (0.5, 0.8, 1.0, 1.2, 1.5, and 2.0 mm),
using a coil with 13 turns. However, in our case and as pre-
sented in Sect. 4, we used a copper spiral coil with 3, 5, and
7 turns under a thin Aluminum disc (radius of 0.04 m and
thickness of 0.5 mm).

For what concerns the numerical results (see Sect. 5),
the total deflection of the sheet seems to be improved using
inductors with a large number of turns. As a result, the sheet
bulging is improved in the case of greater-turn coils, which
leads to the same conclusion as the experimental setup [39].
Table 3 summarizes the comparison between our numerical
results and those of [37, 39].

As can be seen from Table 3, our numerical results are
in good agreement with those of [37], since we consider a

similar bulging systemcomprising pancake coilswith several
turn windings and circular Aluminum workpieces.

In fact, Takatsu et al. [37] have developed an analytical
model to predict the sheet deflection in free bulging cases. In
addition, they confirmed their results by conducting exper-
iments. They use a coil with five turns, but we use various
coils with 3, 5, 7 turns to study the effect of the number of
coil turns (the coil radius) on sheet deflection. However, the
comparison with the numerical works of Akbar et al. [39],
conducted using FEMM software, can be only qualitative,
since the design of the coil was modified with 13 turns.

Moreover, for what concern the flanging process, Table 4
summarizes our numerical results by highlighting the effect
of three factors: (i) the energy of the bending generator; (i i)
the number of coil turns; (i i i) the foldwidth on sheet bending
and consequently on the flanging angle. This numerical result
can be compared with those of [40].
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Fig. 20 Temperature distribution for the second sheet hemming step

As shown in Table 4, as expected, the flanging angle
increases significantly with increased coil radius. So, the
number of coil turns has a significant effect on the bending
angle. but fold width affects it less than the above parameter.
In fact, energy input is the parameter that has the greatest
effect on sheet bending and its angle.

However, Despite the fact that in [40], they used an exper-
imental bending and flanging setupwith a non-spiral coil that
has a special shape, our results are well-confirmed by their
flanging experiments. Specifically, we do not have the same
input parameters for the flanging process, but the angles of
flanging are within the same range.

Finally, as regards the hemming process, we qualitatively
compared our results with the experimental ones. Jimbert
et al. [7], Anderson et al. [25] have conducted a characteri-
zation of electromagnetic hemmingusing several parameters,
namely the outer diameter, the overlapping between coil and
flange and the roll-in parameter that quantifies the flanging
quality. However, it would be interesting to study the varia-
tion of these parameters over each other.

Table 4 Comparison of flanging angle

Fold width
[mm]

Generator
energy [KJ]

Number of
coil turns

Flanging angle
[degree]

3 1.26 3 35

8 1.26 3 23.6

11.5 0.42 3 4.97

11.5 0.84 3 9,86

11.5 1.26 1 3.73

11.5 1.26 2 9.87

11.5 1.26 5 66

11.5 1.26 7 66

11.5 1.68 3 50.6

11.5 2.1 3 62.4

15 1.26 3 49.4

17 1.26 3 48.18

As presented in Sect. 4, and although in our modeling
process we have adopted a two-stage process (similarly to
conventional hemming), which is different from the experi-
mental setup [7, 25], the numerical results obtained highlight
the efficiency of this electromagnetic hemming process (see
Sect. 5). The outcomes of the sheet hemming process attest
to the effectiveness of our coil arrangement (a tubular induc-
tor with precisely 5 turns in the first step, while in the second
step, we incorporated a complex-shaped coil, which com-
prises both a tubular coil with 3 turns and an additional flat
coil, also consisting of 3 turns) in realizing the desired bend
angles and geometries with a remarkable level of accuracy
and precision. Indeed, Table 5 highlights the comparison
between our hemming results and those of [7, 25].

Therefore, our numerical results presented in Table 5 align
well with those obtained experimentally by [7, 25], given the
different materials of the considered parts (resulting in dif-
ferent mechanical parameters of the parts) as well as the
geometry and dimensions of the used inductors. Indeed,
studying other output parameters (e.g., union radius, warp

Table 3 Comparison of depth sheet bulging

Model Geometry Deflection Number of Max sheet Max sheet
Sheet radius Sheet thickness time [μs] coil turns displacement temperature [K]
[mm] [mm] [mm]

Our Model COMSOL
Software

40 0.5 300 3
5

4.7
12.2

301.5
305.468

7 23.6 311.918

[37] Experiments 40 0.5 215 5 20 /

Analytical
model

40 0.5 211.7 − 269.3 5 17 /

[39] FEMM 32
Software

6.75 0.5 − 2 / 13 25 − 28 /
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Table 5 Comparison between
hemming paramters

Specification Fold width
[mm]

Outer diameter
[mm]

Overlap [mm] Roll-in [mm]

Our mmodel Spiral coils 11.5 35 > 8 < 0.5

[25] Circular coils 20 30 > 40% 0.8

[7] Circular coils 5 − 7 120 15% − 60% 3

defects) would be desirable. Additionally, the geometrical
shape and dimensions of the hemming coil can also be
improved in further investigations.

In summary, the numerical results we have presented find
solid validation and affirmation in the extensive body of
active literature on this subject (e.g., [8, 25, 41]). Within the
current landscapeof research andpractical applications, there
exists a wealth of experimental evidence that aligns closely
with the outcomes of our numerical analysis (e.g., [1, 25, 37,
39]). This convergence between our computational results
and empirical data underscores the reliability and accuracy
of our models, reinforcing our confidence in their ability to
mirror real-life scenarios with a high-degree of efficiency.

6 Conclusions and future work

In this paper, the purpose was to develop numerical models
in order to study and simulate many EMF industrial devices.
This study presents a simulation of an innovative approach to
hem metal sheets by electromagnetic forming, using several
coils with different forms. It proves the feasibility of EMF
for flanging, bending, and hemming operations in industrial
parts. By making the process very suitable for the production
of specific applications at high production rates, particularly
in the automotive industry. These finite element simulations
were carried out to investigate the formability and deforma-
tion behavior under the hemming process. Thesemodels have
allowed us to preview the electromagnetic forces that work-
pieces are subject to and consequently allowed us to calculate
deflections and temperature in different time steps during the
electromagnetic hemming processes.

This numerical study, although validated by experimen-
tal results, does not remain without limits. Because they are
two-dimensional with axial symmetry, they cannot simulate
all the industrial applications; three-dimensional models are
necessary and will be our next investigations. Another aspect
of future works is mainly oriented toward emerging electro-
magnetic trends (e.g., [42–46]).
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