
HAL Id: hal-05313149
https://hal.science/hal-05313149v2

Submitted on 27 Mar 2026

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

Distributed under a Creative Commons CC BY-NC-ND 4.0 - Attribution - Non-commercial use - No
Derivative Works - International License

Towards the digital twin of a multi-stage forming process for
metallic sheets

Nivesh Gautam, Tudor Balan, Francisco Chinesta, Sandrine Thuillier

To cite this version:
Nivesh Gautam, Tudor Balan, Francisco Chinesta, Sandrine Thuillier. Towards the digital twin of amulti-stage
forming process for metallic sheets. 26ème Congrès Français de Mécanique (CFM 2025), AFM - Association
Française de Mécanique; LEM3 - Laboratoire d’Étude des Microstructures et de Mécanique des Matériaux
(LEM3 - UMR CNRS 7239); LEMTA - Laboratoire d’Energétique et de Mécanique Théorique et Appliquée;
ENSAM - Ecole Nationale Supérieure d’Arts et Métiers; CNRS - Centre national de la recherche scientifique,
Aug 2025, Metz, France. ⟨hal-05313149v2⟩

https://hal.science/hal-05313149v2
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


26ème Congrès Français de Mécanique Metz, 25 to 29 August, 2025

Towards the digital twin of a multi-stage forming
process for metallic sheets

NIVESH GAUTAMa, TUDOR BALANb, FRANCISCO CHINESTAc,

SANDRINE THUILLIERd

a.Univ. Bretagne Sud, UMR CNRS 6027, IRDL, F-56100 Lorient, France
nivesh.gautam@univ-ubs.fr

b.Arts et Metiers Institute of Technology, Université de Lorraine, LCFC, Metz, France
tudor.balan@ensam.eu

c.Arts et Metiers Institute of Technology, PIMM & ESI Group chair, Paris, France
francisco.chinesta@ensam.eu

d.Univ. Bretagne Sud, UMR CNRS 6027, IRDL, F-56100 Lorient, France
sandrine.thuillier@univ-ubs.fr

Abstract :

Digital twins are a major constituent of advanced and smart manufacturing, to decrease the time to
market, improve process efficiency and reduce waste production. There seems to be a common unders-
tanding on the different levels of integration of the communication between the physical object and the
digital object, i.e., digital model, shadow and twin, with the digital twin being the stage when it sends
actions to perform in real-time to the physical object, for an efficient execution of the process. In the
field of material forming, digital models are well established nowadays, based on finite element simula-
tions and physics-based constitutive equations to represent the material mechanical behavior, although
in general the high calculation time prevents any real-time interaction. The aim of this study is to design
first a digital shadow of a progressive multi-step sheet forming process, aiming at a digital twin in a
second step. The target is to adjust the process parameters according to the mechanical properties va-
riations. The physical process involves cutting of rectangular blanks, U-draw bending, springback and
a last calibration stage to compensate for the springback. To provide a reliable representation of the
mechanical behavior under complex stress states and large strains, distortional hardening is considered
along with isotropic hardening. An analysis of variations of the mechanical properties of DP600 steel
was performed, to generate several material parameter sets. Based on finite element simulations of the
multi-step process, a sensitivity analysis of the forming process outputs to the mechanical properties
variations is carried out. The results highlight the operating principle of the digital twin, stressing out
the required sensors.

Keywords : multi-step forming process, sheet metal, U-draw bending, me-
chanical properties variations, digital twin
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1 Introduction
One of the main challenges in deep drawing, which is a widely used cold forming process for sheet
metals, is to produce parts without defects and corresponding to the geometrical specifications. All the
more in the case of progressive sheet metal forming, where a flat metallic strip is fed into multiple
successive stations, each station performing a forming operation at a given sequence and with a spe-
cific tooling [1]. This mass production technique is used to obtain complex structural components for
automotive, aerospace and electronics industries [2]. Typical operations are punching [3], deep drawing
[4], bending [5] and stamping [6]. Moreover, forming of a metallic sheet in multiple steps increases the
formability [7] while also abetting geometrical compliance [8]. However, progressive forming requires
a careful control of the process parameters, to save design time and improve the part quality [9], requi-
ring a high number of trials to design the process [10, 11]. The issue of springback after the removal of
the tools also becomes important concerning the involvement of different steps [12].

After the mechanical design stage, including tooling and process parameter definition, the variations of
the material mechanical properties present an additional hurdle in progressive forming leading to in-
consistent part quality, high rejection rates and the need for process parameter adjustments. Even within
the same material class, mechanical properties can fluctuate due to the inevitable differences in the pro-
cessing between batches [13], specially for dual phase steels with complex microstructure. Ultimately,
changing the material batch has an influence on the forming process during industrial applications cau-
sing dimensional uncertainty [14]. Indeed, the formability of metallic sheets may depend on the original
coil from which the blanks are cut, as evidenced for stainless steels [15]. The impact of uncertainties on
material parameters for the flow stress, described by Swift’s hardening law, on the hole expansion test
of DP600 steel sheets was clearly highlighted [16]. It is therefore highly important to consider these
influential variations so that the production performance and effectiveness can be enhanced.

Furthermore, advanced material models [17] are usually calibrated using the data from a single material
batch, to develop a nominal model [18], yet are applied to make numerical predictions for several
batches of the material, thereby introducing uncertainty in the numerical results. These nominal models,
utilizing physics-based concepts and finite element (FE) simulations, provide reliable predictions of the
forming process ultimately minimizing the cost and improving the performance. In order to make robust
and accurate predictions, several physical phenomena need to be accounted for : metallic sheets undergo
significant plastic deformation during the forming process and are subject to complex mechanical states
leading to strain path changes [19] and non linear loading effects such as the Bauschinger effect and
permanent softening [20]. Moreover, the multi-step forming process includes a high number of contacts
between the sheet and tools and can lead to convergence issues while utilizing advanced material models
[21].

Digital twin (DT) is a concept of Industry 4.0 that utilizes the physics based FE simulations along with
data-driven concepts and smart algorithms [22] to further improve the efficiency of a manufacturing
process [23]. DT was first defined by NASA [24] based on their Apollo space program and till date,
the standard definition is still evolving. Based on a broad agreement, DT can be defined as the digital
counterpart of a physical process with real time two-way synchronization of the data [25]. Application
of DT in sheet metal forming are not very common, e.g., the digitalisation of a commercial sheet metal
punching machine can be created with the help of 3D CAD models and simulation, exploiting the
Ethernet/IP protocol for real time communication [26]. A similar use of 3D CAD model is repeated
for the bending of sheet metal in V-shape [27], although the automated communication between the
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physical and digital parts is not bilateral and it can be interpreted as a digital shadow [28]. Moreover,
the digital twin may include regression models to determine process parameters for the physical process
or material parameters, in the case of the drawing of cylindrical cups [29] and the front side of an
automotive [30]. However, there is a still a lack of demonstrators, to apply in a practical way the whole
concept [28], especially with multi-step forming process [18].

The main aim of this paper is to introduce a digital twin concept for progressive forming of metallic
sheets, based on a nominal mechanical model corresponding to a real advanced high strength steel ma-
terial. Section 2 presents the digital twin for the multi-step forming process, which involves springback
compensation. In section 3, the mechanical model calibrated for a DP600 steel and the numerical mo-
del of the multi-step process are presented. Furthermore, variations of the mechanical properties are
introduced within the supplier ranges and a sensitivity analysis on the part geometry and forming load
is performed. These results are discussed in section 4, to highlight the digital twin operating principle,
followed by concluding remarks in section 5.

2 Towards a digital twin for multi-step forming
The design of DT has been utilized in a vast category of studies and consistently been defined depending
on the application. Typically, DT is developed for different phases of the product life cycle, namely
design, production, service and retirement [31]. The present case is dedicated to the production phase,
where the manufacturing of the real product takes place, to enhance the product quality and reduce
material waste. Figure 1 illustrates the four pillars required to be defined for developing a successful
DT [32]. A multi-step process is chosen and the final goal is to obtain a part with a given geometry,
whatever the input parameters and in particular whatever the material batch.

FIGURE 1 – Four pillars of a digital twin, i.e., type of entities twinned and system boundary, type and
extent of digitalization [32], applied here to the multi-step forming process.

To further describe the digital twin, answers to the questions "What is digital ? What are we twinning"
[32] are first presented.
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2.1 What are we twinning?
Figure 2 illustrates the digital twin developed for a progressive sheet metal forming process, highligh-
ting the interaction between the physical object, or twin, and its virtual counterpart, to enable real time
monitoring, response prediction and process optimization across multiple forming stages. The motiva-
tion of the forming process is driven by the importance of U-channels of metallic sheets which serve
as critical components in automotive and aerospace engineering applications [33]. The U-draw bending
process was used as a benchmark due to its industrially relevant forming conditions involving bending,
drawing and non-monotonic loadings [34]. These conditions are very critical for calibration and va-
lidation of advanced material models [35], ultimately for the prediction of springback behavior, a key
challenge in achieving the final part geometry. Indeed, in sheet metal forming, the final shape of the part
is hampered by the undesirable elastic recovery, or springback, that occurs upon removing the forming
tools. The magnitude of springback is highly sensitive to the material properties, sheet thickness and
forming die geometries [36], blank holder force and die radius in case of stretch bending [37], punch
velocity and bending radius in free bending [38], load holding time in V-bending [39]. FE simulations
provide a better understanding of the mechanics of springback [40] and promote the reduction in ma-
nufacturing trial and error techniques by offering suitable modifications. Springback predictions are
influenced by the choice of the yield criterion and strain hardening behavior under non linear loading
conditions [41] as evidenced by the kinematic hardening [42] and distortional hardening approaches
[43]. All the evidence from past studies indicates that the springback phenomenon in sheet metal for-
ming can be adjusted by modifying the input process parameters to reach the final geometry, which is
indeed the motivation for the development of the DT in the present study.

FIGURE 2 – Illustration of the digital twin concept for progressive sheet metal forming process develo-
ped in this study.

Over the years, many attempts have been made to minimize the springback in U-draw bending, e.g.,
by repeating the punch stroke to decrease the bending moment on the wall [44]. The reduction in
bending moment can also be achieved by using a hollow punch and a counter stroke [45] or by utilizing
bulgy bottoming process [46]. However, in the present context, the physical forming process include
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3 progressive steps namely cutting of the square blank, U-draw bending, springback and a calibration
step to compensate the springback, as illustrated in Figure 2. All the operations will be performed in
a continuous and inline way, though the DT will deal only with the later 2 steps of the process, which
are critical for the springback effects. The main goal of the this DT is to compensate the influence of
mechanical properties on the springback magnitude and adjust the calibration step to always reach the
same final part geometry.

2.2 What is digital?
The digitalisation is based on finite element simulations using a physics-based mechanical model ca-
librated for a single material batch, further called the reference. In the context of DT, where real time
interaction with the physical system is essential but full scale FE simulations are often too computatio-
nally intensive for direct integration, a Design of Experiments serves as a powerful method to sample
limited yet representative simulation space. A metamodel, which can interpolate the behavior of full
scale FE simulations with a significantly reduced computational effort, will be developed [18]. Figure 3
illustrates the flow chart of the forming process in the present study, highlighting the key input and
output parameters involved in the process. The automated tensile testing will be performed in order to

FIGURE 3 – A block diagram for the progressive sheet metal forming process. Input and output para-
meters are highlighted in violet and orange respectively. Input parameters that can be controlled with
respect to the correctional response from the DT are highlighted in bold font.

characterize mechanical properties such as initial yield stress and ultimate tensile strength. And ultima-
tely, from this knowledge, to control some process parameters to obtain the reference final shape of the
part. A programmable logic controller (PLC) will receive information from physical sensors to control
these process parameters. The data recorded from experiments are the reaction force of the tools and
the section profile of the part. This data will be used to determine the horizontal stroke in the second
step, so that the correctional response can be sent in real time to achieve the specified part geometry.
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3 Nominal model and sensitivity analysis

3.1 Mechanical behavior of DP600
A dual phase steel DP600 of thickness 1.2mm, provided by ArcelorMittal, is considered in this study.
The material’s dual ferrite-martensite phase was revealed by scanning electron microscopy and the
volume fraction of martensite was measured to be 14%±4%. The mechanical response at room tempe-
rature under quasi-static conditions was thoroughly characterized in uniaxial tension, hydraulic bulging
and simple shear tests [21]. The shear tests included monotonic loading and non-monotonic loading
sequences like a simple shear loading followed by unloading and then a reverse shear in the opposite
direction. The mechanical properties and plastic anisotropy coefficients are calculated from tensile tests
performed for 7 directions between rolling and transverse ones. It was found that : Young’s modulus
E = 199GPa, initial yield stress Rp0.2 = 395MPa, ultimate tensile strength Rm = 650MPa, normal
and planar plastic anisotropy coefficients r̄ = 0.99 and ∆r = 0.09 respectively. Initial anisotropy is
neglected in this study.

3.2 Isotropic hardening
A combined Swift-Voce law is used to describe the isotropic hardening, defined as

σ (εp) = R [K (ε0 + εp)
n] + (1−R) [Q1 (1−Q2 exp (−Q3εp))] (1)

where εp is the equivalent plastic strain and R,K, ε0, n,Q1, Q2, Q3 are material parameters identified
with the data from the tensile test in rolling direction and the bulge test, as illustrated in Figure 4a. The
calibrated values of these parameters are presented in Table 2.

3.3 Distortional hardening
Homogeneous anisotropic hardening (HAH-2011) model is based on distortional hardening concept and
developed as an alternative to kinematic hardening to represent the Bauschinger effect and permanent
softening. The yield function of HAH-2011 model contains a stable ϕ and distortional ϕh part as defined
in Equation 2.

Φ(s) =
[
ϕq + ϕq

h

] 1
q =

[
ϕq + f q

1

∣∣∣ĥ : s−
∣∣∣ĥ : s

∣∣∣∣∣∣q + f q
2

∣∣∣ĥ : s+
∣∣∣ĥ : s

∣∣∣∣∣∣q] 1
q
= σ(εp) (2)

Hybrid Swift-Voce law is used to describe the reference flow stress σ (εp), and von Mises criterion is
chosen. The distortional part is a function of the deviatoric stress s, a tensorial internal variable h, also
called microstructure deviator and state variables f1 and f2. The microstruture deviator is defined as a
normalized deviatoric tensor ĥ

ĥ =
hij√

8
3hklhkl

(3)

At the first plastic increment, the deviatoric stress tensor s is projected on the microstructure deviator
and kept unchanged as long as the loading direction is the same. To quantify the magnitude of the strain
path change, a parameter cosχ is defined in a similar way to the strain-based one proposed in [47] but
with a stress-based definition :

cosχ =
8

3
ŝ : ĥ (4)
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This parameter is equal to 1 for monotonic loading, −1 for reverse loading and 0 for cross loading.
When the loading direction changes, the evolution of ĥ takes place as follows

If s : ĥ ≥ 0
dĥ

dεp
= k

[
ŝ− 8

3
ĥ
(
s : ĥ

)]
(5)

If s : ĥ < 0
dĥ

dεp
= k

[
−ŝ+

8

3
ĥ
(
s : ĥ

)]
(6)

State variables f1 and f2 in Equation 2 are function of two other state variables g1 and g2, which phy-
sically represents the ratio of present flow stress to that of theoretical isotropic hardening one, defined
as

fk =

[(
1

gk
− 1

)] 1
q

(7)

where k = 1, 2. State variables g1 and g2 are related to the Bauschinger effect and two additional
variables g3 and g4 are introduced for permanent softening. Evolution laws for these 4 variables are
defined as
If s : ĥ ≥ 0

dg1
dεp

= k2

(
k3

σ0

σ(εp)
− g1

)
(8)

dg2
dεp

= k1
g3 − g2

g2
(9)

dg4
dεp

= k5(k4 − g4) (10)

If s : ĥ < 0
dg1
dεp

= k1
g4 − g1

g1
(11)

dg2
dεp

= k2

(
k3

σ0

σ(εp)
− g2

)
(12)

dg3
dεp

= k5(k4 − g3) (13)

There is a total of 6 parameters, which were identified using forward-reverse shear tests with two values
of forward shear strain, i.e., 0.084 and 0.212. The calibrated values of these parameters are listed in
Table 2. Figure 4b presents the prediction obtained with the identified parameters of HAH-2011 model
as compared to experimental results.

3.4 Variations in mechanical properties
DP600 steel exhibits sensitive variations in the mechanical properties, primarily arising from the hete-
rogeneous microstructural composition and the processing history of the sheets. In the present study,
the calibrated values for isotropic hardening (HSV) model have been used as a reference and different
hardening behavior have been generated. The standard range for initial yield stress and ultimate tensile
strength are taken from ArcelorMittal catalogue 1. This range was used for preparing different com-

1. https://automotive.arcelormittal.com/product_sheet
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(a) Cauchy stress versus equivalent plastic strain
for the different monotonic tests and the isotropic
hardening law

(b) Shear stress (τ ) versus shear strain (γ) for the
forward-reverse simple shear test and distortional
hardening law

FIGURE 4 – Representation of the mechanical behavior of DP600 steel with HAH-2011, based on
isotropic and distortional hardenings.

binations of initial yield stress and ultimate tensile strength, as listed in Table 1, leading to 3 sets of
parameters for HSV model. Moreover, 2 sets of parameters for HAH-2011 model were arbitrarily gene-
rated ; the hardening behavior is illustrated in Figures 5a and 5b. The values of the material parameters
are shown in Table 2. The 2 parameter sets HSV-RF+HAH-SET1 and HSV-RF+HAH-SET2 give a si-

HSV SET Rp0.2 (MPa) Rm (MPa) Combination
HSV-RF 395 650 Identified

HSV-SET1 330 593 Rp0.2 (Min), Rm (Min)
HSV-SET2 330 665 Rp0.2 (Min), Rm (Max)
HSV-SET3 430 695 Rp0.2 (Max), Rm (Max)

TABLE 1 – Combinations of initial yield stress and ultimate tensile strength for parameter sets

Set ↓ HSV-Parameters → R ε0 K (MPa) n Q1 (MPa) Q2 Q3

HSV-RF 0.8 0.0032 1060 0.175 756.4 0.437 26.05
HSV-SET1 0.81 0.00325 863 0.179 716.3 0.414 26.04
HSV-SET2 0.589 0.0211 1473.94 0.397 770.19 0.499 27.06
HSV-SET3 0.795 0.00319 1165.21 0.173 778.66 0.446 25.84

Set ↓ HAH-Parameters → k k1 k2 k3 k4 k5 -
HSV-RF+HAH-SET1 130 120 200 0.2 0.65 6.72 -
HSV-RF+HAH-SET2 130 110 250 0.1 0.65 6.72 -

TABLE 2 – Model coefficients of HSV (isotropic hardening) and HAH-2011 (distortional hardening)
models for DP600. Calibrated values of the model coefficients are highlighted in bold. HSV-RF is taken
as a reference model.

gnificant permanent softening, which relative magnitude, in absolute value, is respectively 16.8% and
6.8%, compared to isotropic hardening (HSV-RF). The stress upon reloading is very similar for both
sets, leading to a decrease by 17% compared to isotropic hardening. Therefore, the investigated effect
is related to permanent softening.
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(a) Cauchy stress versus equivalent plastic strain
for the different sets of parameters for the isotropic
hardening law

(b) Shear stress (τ ) versus shear strain (γ) from
forward-reverse simple shear test for different sets
of distortional hardening law

FIGURE 5 – Variations in the mechanical behavior of DP600 steel

3.5 Forming process and numerical model
The forming process involves 2 stages, namely the U-draw bending and a calibration step of second
bending for compensating the springback, with a tapered tool controlled by its horizontal stroke. The
dimensions of the tools for both stages are given in Figure 6. FE analyses were carried out using ABA-
QUS version 2022 software. U-draw bending and second bending simulations were performed using
the implicit and explicit solvers, respectively, while the springback analysis after each forming step was
performed using the implicit solver. Indeed, simulation for the second bending stage with implicit sol-
ver unveils solution convergence issues and for this reason explicit solver was utilized. The HAH-2011
model along with a non-iterative stress update algorithms were implemented using user subroutines for
implicit and explicit solvers [48].

(a) U-draw bending stage (b) Second bending stage

FIGURE 6 – Tool dimensions for the multistage process (in mm)

The original blank dimensions are 100mm× 100mm and a quarter of the blank geometry was mode-
led considering the process symmetry, as illustrated in Figure 7. A mesh sensitivity analysis with mesh
sizes of 1mm, 0.75mm and 0.5mm was performed, by analyzing the influence on the load and the fi-
nal shape. The stress and strain distributions obtained from the U-drawing simulations utilizing explicit
solver with mesh sizes of 0.75mm and 0.5mm were nearly identical, confirming mesh convergence.
However, simulations of the U-drawing process with implicit solver with mesh sizes of 0.75mm has
solution convergence issues. For this reason, the blank was discretized using shell elements with redu-
ced integration (S4R) of size 0.5 mm with 5 integration points in the thickness. Die and blank holder
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were modeled as discrete rigid to apply the contact properties, so that the blank holder force can be
removed once the blank leaves the space between these two tools and all the other tools are defined as
analytical rigid surfaces. For the contact between the tools and the blank, the Coulomb friction law was
used with a constant coefficient of 0.15. The blank holder force in U-draw bending step was 20 kN and
counter punch force was set to 2 kN for both stages for the full blank dimensions. The punch stroke in
the drawing step was 46mm and a 9mm horizontal stroke was applied on the tapered tool in order to
perform the second bending step.

FIGURE 7 – Boundary conditions for a quarter of the blank (shaded area was simulated). U1,U2 and U3

represents the displacement in X,Y and Z directions respectively.

3.6 Numerical results
The simulations were performed with isotropic hardening law (HSV) and a combination of isotropic
and distortional hardening law (HSV+HAH). Figure 8 shows the reaction force of the punch in U-draw
step and tapered tool in the second bending step. The small-amplitude oscillations in punch force are
likely due to the contact changes and mesh effects, which are common in implicit simulations as the
solver attempts to maintain equilibrium at each increment. Regarding the reaction force evolution of
the tapered tool in the second bending stage, the first peak in the curves highlights the change in the
contact points between the tapered tool and the blank wall as the horizontal stroke progresses. For the
reference set of parameters, the maximum force level of the punch in U-draw bending and tapered tool
in second bending is 36 kN and 1.1 kN respectively. It can be observed from the plot that the evolution
of the reaction force is similar for all parameter sets, for both stages, though variations in mechanical
properties influence the maximum load levels. The differences in the maximum load levels of the punch
are higher than those of the tapered tool. It can also be observed that there is a slight difference in the
prediction of the maximum load level by HSV-RF and HSV-RF+HAH-SET2 parameters, highlighting
the influence of strain path changes.

Section profiles of the deformed blank,output in the middle of the blank, obtained from different sets
of material parameters are shown in Figure 9. The plot compares section profile after U-draw bending
(AF) and after springback, for both forming stages. For the U-draw bending step, it is very clear that
the springback magnitude predicted by the reference parameter sets HSV-RF and HSV-RF+HAH-SET2
is very similar, i.e., taking account of the Bauschinger effect does not influence significantly the final
shape. For the second bending step, the profiles suggest that the springback effects can be reduced by
performing the second bending step.
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(a) Punch reaction force in U-draw bending (b) Tapered tool reaction force in second bending

FIGURE 8 – Evaluation of reaction forces on tools during the 2 successive forming operations.

(a) Springback after U-draw bending (b) Springback after second bending

FIGURE 9 – Section profile of the blank after forming operations and springback

4 Discussion

4.1 Sensitivity analysis of the variations in mechanical properties
Influence of variations in mechanical properties can be observed in the reaction force evolution and
section profiles for U-draw bending and second bending step. In order to quantify the springback ma-
gnitude, the horizontal distance between the top extreme points of the wall after forming and after
springback is computed. Figures 10 and 11 present the sensitivity of the maximum reaction force level
of the moving tools and the springback distance with respect to the combinations listed in Table 1 in
U-draw bending and second bending stage respectively. The best fit trend from these 3 combinations
for U-draw bending stage shows that both the reaction force of the punch and magnitude of springback
increase with the increase in Rp0.2 and Rm. Similarly, in the second bending stage, the reaction force
level of the tapered tool can be seen increasing very slightly with the increase of Rp0.2 and Rm ; ho-
wever, the springback magnitude decreases. The reason for the increase in load levels can be explained
by the yield stress level : the higher it is, the higher the forming load. Concerning the reduction in
the springback magnitude after the second bending step, the amount of overbending is higher for the
large values of Rp0.2 and Rm, e.g., parameter set HSV-SET3, because the tapered tool comes in contact
with the wall earlier than for the other sets of parameters, e.g., the point of contact for HSV-SET3 is at
1.78mm and for HSV-SET1 is at 2.72mm of tool displacement. And this earlier contact increases the
second bending amount thereby reducing the springback by a high margin compared to the other sets.
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(a) Sensitivity to initial yield stress (b) Sensitivity to ultimate tensile strength

FIGURE 10 – Effect of initial yield stress and ultimate tensile strength on reaction force level of punch
and springback distance in U-draw bending stage

(a) Sensitivity to initial yield stress (b) Sensitivity to ultimate tensile strength

FIGURE 11 – Effect of initial yield stress and ultimate tensile strength on reaction force level of hori-
zontal tool and springback in second bending stage

Regarding the virtual predictions obtained with the 2 sets of HAH model parameters, the reaction force
level of the tools exhibits sensitive differences, though the springback distance is very close to the
prediction obtained with the reference set (HSV-RF). Figure 12 shows the effect of a change in har-
dening level in the reverse direction, often referred to as permanent softening, on the load level and
springback distance for both forming stages. It can be seen from the trend that the reaction force and
springback magnitude increase as the permanent softening decreases however, the change is very small
in springback distance. Multiple studies have shown that distortional plasticity models (e.g., extension
of HAH-2011 used in this study) and isotropic hardening models can yield nearly identical springback
predictions. Wiper bending simulation involving 3 bending steps with two direction reversals interes-
tingly shows minimal differences in terms of springback prediction between isotropic hardening and
distortional hardening for the second bending stage [49]. Identical prediction of springback from iso-
tropic and HAH models was also observed in roll forming of martensitic advanced high-strength steels
[50] and in U-draw bending of DP780 steel [51] and aluminum alloys of 7xxx series [52]. In the present
study, reverse strain path change is predominant and it tends to minimize the residual torque, ultimately
reducing the springback regardless of the amount of Bauschinger effect in play [50].
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(a) Effect on U-draw bending stage (b) Effect on second bending stage

FIGURE 12 – Effect of change in reverse hardening behavior with the help of HAH parameters on reac-
tion force level and springback distance in both forming stages. HSV-RF has no permanent softening,
whereas HSV-RF+HAH-SET2 leads to a relative increase of permanent softening of 6.8% and HSV-
RF+HAH-SET1 of 16.8%.

4.2 Illustration of DT in operation
Concerning the DT, the main target is to obtain a given final shape, by adjusting the tapered tool hori-
zontal displacement. With a constant value of 9mm, it was shown that the final shape depends on the
mechanical properties. Additional numerical simulations, with 2 other values for the horizontal stroke,
i.e., 10mm and 11mm, for HSV-SET1, were performed, to highlight the functioning of the DT. In-
deed, HSV-SET1 does not give the reference shape and the horizontal stroke should be adjusted by the
DT. Figure 13 presents the section profile and the trend for springback magnitude reduction obtained
with the 3 values for the horizontal stroke. It can be observed that the springback distance can be mo-
dified by changing the horizontal stroke value in order to achieve the final reference shape. A change
of mechanical properties corresponding to HSV-SET1 should be compensated automatically by the DT
by adjusting the horizontal stroke to 9.46mm. The metamodel will be constructed based on a design
of experiments that accounts for both the material’s mechanical properties and the forming process
parameters, although the specific methodology has yet to be determined [53].

(a) Effect on section profile (b) Illustration of springback trend

FIGURE 13 – Illustration of reduction in springback distance through variations in horizontal stroke for
HSV-SET1. The horizontal line stands for the reference target value to achieve. Intersection point of
the reference target value and springback trend-line is highlighted with the help of green vertical line
which corresponds to the corrected stroke required for acquiring the final target shape.
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5 Conclusions
A study was conducted with two main objectives : to define a digital twin for a multi-step forming
process of metallic sheets and to illustrate how this DT would work using a numerical nominal model
and by introducing mechanical properties variations. Numerical simulations of a multi-step forming
process consisting of a U-draw bending operation followed by a bending step were performed consi-
dering a DP600 steel and using isotropic hardening combined with a distortional hardening model. An
analysis of the variations in mechanical properties of DP600 was also performed, in order to highlight
their influence on the forming process. Based on the results obtained, the following conclusions can be
drawn :

• a DT framework was defined for a progressive sheet metal forming process and its objectives
are highlighted with the help of a numerical sensitivity analysis,

• variations in mechanical properties influence the reaction force as well as springback magnitude
in U-draw bending. However, the effect is comparatively less in the second bending stage,

• springback magnitude after the U-draw bending process can be compensated by performing a
subsequent bending step with the help of a tapered tool, controlled by its horizontal displacement
(stroke),

• identical predictions for springback magnitude could be obtained for both isotropic hardening
and advanced distortional hardening model in the forming process, though the reverse strain
path change is dominant.
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