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Abstract 

 
The aim of the thesis is the development of accurate numerical models 

to allow for a virtual tryout of the process behavior, the mapping of the 

behavior with metamodels, the application of these models for control 

and the demonstration of the control strategy on adaptive processes. 

The investigated process is a two-step bending process, with an over 

bending and a subsequent reversed back bending. 

 

For an accurate description of the bending process, the focus is set on 

the material description. A version of the recently developed HAH model 

is used for this purpose. Different hardening models have been com-

pared and applied on the two-step bending process and the validation 

test. Finally, the validation of the bending shows in general a good 

agreement in the prediction of the bent angle. Sensitivity studies are 

conducted to investigate the influence of the chosen measured values 

and control parameter on the quality parameter to be able to evaluate if 

the process is controllable. 

 

Knowing the process behavior, two control algorithms have been worked 

out. The models for the controller are based on simulation data or on 

measured data. The stability of the two approaches has been evaluated 

and the influence of noise on the measurement is determined by simulat-

ing different scenarios. The approaches have been implemented and 

demonstrated to improve the quality of the produced parts. Finally, the 

results on the demonstration line show that especially for longer term 

runs the quality of the parts can be improved by using process control. 

The target value is reached for all tests. 

 

 

  



 

 

 

 



 

ix 

Kurzfassung 
 

Das Ziel dieser Arbeit war eine möglichst exakte Prozessmodellierung, 

um das Prozessverhalten zu analysieren, dieses mit Metamodellen ab-

zubilden und eine Regelungsstrategie abzuleiten, und letztendlich die 

Strategien im realen Prozess anzuwenden. Der untersuchte Prozess ist 

ein zweistufiger Biegeprozess, bestehend aus einem ersten Überbiegen 

und anschließenden Zurückbiegen. 

 

Für eine möglichst genaue Abbildung des Biegeprozesses wurde der 

Schwerpunkt bei der Modellierung auf das Materialmodell gelegt. Dazu 

wurde das HAH Modell eingesetzt. Dieses wurde mit anderen Modellen 

verglichen und validiert und schließlich für die Simulation des Biegepro-

zesses verwendet. Die Validierung anhand eines V-Biegeprozess zeigte 

im Allgemeinen eine gute Übereinstimmung zwischen Simulation und 

Experiment. Anschließend wurden Sensitivitätsstudien durchgeführt um 

den Einfluss der gewählten Mess- und Regelungsgrößen auf die Quali-

tätsgröße zu untersuchen, um letztendliche bewerten zu können, ob der 

Prozess beherrschbar ist.  

 

Zwei Regelungsstrategien wurden erarbeitet, wobei die Ansätze entwe-

der auf Simulations- oder Messdaten beruhen. Szenarien wurden simu-

liert, um die Stabilität und den Einfluss von Messrauschen bei der Win-

kelmessung zu untersuchen. Die Strategien wurden implementiert und 

am realen Prozess getestet. Die Resultate zeigen eine Verbesserung 

hinsichtlich der erreichten Genauigkeit beim Biegen, insbesondere bei 

länger andauernden Tests. In jedem Test wurde der Zielwinkel erreicht. 
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Latin characters 
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1 Introduction 
 

In today’s industry, the goal of many companies is a “zero defect” pro-

duction. Producing with high quality leads to cost reduction and competi-

tive advantages. However, the quality of the produced parts usually does 

not fulfill the specifications at all times. The output of the production is 

uncontrolled and subjected to random variations. It is common practice 

that an additional finishing operation is needed at the end of the process 

to ensure the quality of the produced parts. This leads to a slowdown of 

the production, especially for fast forming processes [20] [21]. 

 

Press downtimes, finishing operations and tool modifications due to an 

insufficient process capability are a significant cost factor. In Figure 1-1 

the well-known “tenner rule” shows clearly the impact of error handling 

on costs in the different stages of the product life cycle. If the number of 

defect parts and the associated needed finishing operations or tool modi-

fications can be reduced, costs can be saved and the efficiency can be 

increased [26]. For this reason the forming industry aims for parts which 

are leaving the press finished. 

 

 
 
Figure 1-1: Developments of costs due to defects in different stages of 
the product development cycle [26] 
 
Usually, the approach to reduce defects is a robust process layout, which 

means that the process is designed in the planning phase as stable as 

possible. A robust process layout ensures that the fluctuations of the in-
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fluencing factors of a forming process do not have an effect on the quali-

ty of the produced parts. In general, for sheet metal forming processes, 

the criterion “quality” is related to specific parameters, as for example the 

draw-in, wrinkling or shape deviations. Sometimes, even failure can oc-

cur. As shown in Figure 1-2, this quality parameters are influenced by 

different factors, e.g. by the tool design, process parameters, tribological 

conditions and material properties. Already small changes in these pa-

rameters can determine whether the produced part is within the specified 

tolerances or not [1] [6]. 

To realize a robust production, the knowledge about the influence of var-

ious parameters on the quality is important. Numerical simulations con-

tribute to a better process understanding and are a very well established 

tool for the tool design and process layout [28]. Using simulations, it can 

be evaluated which quality can be expected under specific process con-

ditions. Especially useful are sensitivity and robustness analyses, which 

are the basis for optimizing the process. Therefore, various deterministic 

simulations with different variations at the input parameters need to be 

performed. However, the numerical simulations do not yet show the re-

quired accuracy and therefore research is necessary in these topics. 

Usually, experimental tryouts are used in combination with simulations 

for the investigation of the process behavior [6]. 

 

 

 

Figure 1-2: Quality criteria’s and their influencing factors in sheet metal 

forming [1] 
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A robust process layout is a common demand in today’s industry. Narrow 

tolerances can be achieved by optimizing the process layout regarding 

robustness. But in some cases, it’s difficult to achieve robust settings and 

no optimal conditions can be reached. Reasons can be, among others, 

the large diversity of influencing factors, a complex part design or wear of 

the tools. This leads to a trend in the quality of the parts towards specifi-

cation limits [23]. An operator is required to adapt the process settings 

manually to avoid producing outside specification limits. These manual 

control loops are typically slow and have to be repeated over and over 

again. Therefore, efforts are made to introduce adaptive process control 

which allows an adjustment of the process parameters, to reach a con-

stant quality in the output by variability in its input. As shown in Figure 

1-3, with the adaptive control approach, the defect rate should be re-

duced further, compared to the conventional “static” robust process lay-

out. With the notation “dynamic” robustness, the capability of the tool to 

adjust to suitable process parameters during production should be em-

phasized to ensure the quality of the parts. 

In this work, a further reduction of defects is investigated by applying 

adaptive process control. Therefore, closed loop control approaches are 

investigated and demonstrated. Models for control are derived based on 

 

 

 

Figure 1-3: Static and dynamic robustness [58] 
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numerical or measured data. The control approaches are demonstrated 

on a multi-step forming process. The process under investigation is a 

two-step bending process. Within the whole tooling, this process is only 

one out of four stages: Cutting, deep drawing, coining and bending. The 

approaches are analyzed and implemented into the control system 

hardware and a comparison is made between uncontrolled and con-

trolled system. 
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2 State of the art 
 

In this work, the feasibility of process control in sheet metal forming is 

investigated. Therefore, an adaptive tool has been developed. Using 

control, the process parameter can be adapted automatically. To realize 

such adaptive tools, the principles for the process design are shortly ad-

dressed in the following section. To define parameter dependencies for 

the adaptive control, in depth process knowledge is necessary. There-

fore an overview is given in the field of numerical simulation, modeling 

and control as well. The chapter finishes with the goal of the thesis. 

 

2.1 Process design 
 
For the demonstration of the potential of process control, a suitable tool 

is needed. First, the process chain for the tool development is summa-

rized. In the scope of this thesis, the bending process is in focus. There-

fore, the most important bending operations are shortly addressed. The 

main interest in this work is the control of the shape of the bent part.  In 

this respect, springback is an important factor. Basic relation between 

material and process parameters and the amount of springback are de-

rived. For the reduction of springback, different approaches exist. The 

approaches bending under tension, under compression and reverse 

bending are discussed. Finally, the investigated two-step bending pro-

cess is introduced. 

 

 

Tool development process 

A typical tool development process consists of the steps conceptual 

phase, tool design and manufacturing, tool tryout and mass production, 

which is illustrated in Figure 2-1 [6] [23] [25]. 

 

First, the process designer evaluates in the conceptual phase the feasi-

bility of the part, based on the given drawing. Personal experience, 

common knowledge and studies using numerical simulations are neces-

sary in this phase. This results in a first rough concept for the forming 
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stages [20]. In the next phase, the tool design and manufacturing, more 

specific process parameters and the number of forming stages are de-

termined. The springback behavior needs to be predicted and compen-

sated for by a corresponding tool design. Therefore, more accurate simu-

lations are necessary.  To observe effects prior to the actual tool manu-

facturing, also experimental tryouts are used [6]. Finally, the tool tryout is 

conducted, which is an iterative procedure. The quality loop is passed till 

the requirements are fulfilled [25]. At the beginning the quality is evaluat-

ed and, if needed, measures are defined for improvements. This can be 

smaller manual adjustments and optimization or even tool modifications, 

which has to be done first in the CAD model and later on the tooling. 

When the quality loop process is passed, the tool can be used in the ac-

tual production. 

 

 
Overview bending processes 

Bending is one of the most used forming procedures in sheet metal form-

ing. According to the DIN 8586, bending is defined as a deformation pro-

cess of a solid, which is plastically deformed, mainly by bending loads 

[2], [57].  In general, bending processes can be separated into processes 

with rectilinear motion and rotary motion of the tool, see Figure 2-2. 

 

 
 
 

Figure 2-1: Quality loops within the tool development process [23] 
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Within the bending operation with rectilinear tool movement, the most 

important procedure is the free and die bending [3]. In free bending, the 

tools are only used for the transformation of forces and moments on the 

part. The bent form is not depending on the geometry of the tooling, it 

develops freely. In contrast, die bending is done between bending punch 

and die till the part is in full contact with the die. Most common process 

designs are the V-bending and U-bending. Hemming, on the other hand, 

is assigned to bending operations with rotatory motion, and is used for 

example to reinforce edges. The sheet is bent to an acute angle, fol-

lowed by a flattening procedure. Straightening processes are used to 

eliminate or reduce unnecessary curvature in metal parts [2]. It is ex-

plained later in more detail as a strategy for accurate bending processes. 

 

 

Springback 

Springback occurs at the end of the forming process during unloading 

and has a significant influence on the geometrical accuracy of the bent 

part. For the calculation of springback, different approaches exist in the 

literature. A common method is based on the assumption of superposi-

tion [2]. In this case, the assumption is made that the unloading of the 

plastic deformed sheet happens elastic. Therefore, a fictive bending 

moment of the same amount as the loading moment is superposed, 

which loads only elastically. Due to the superposition of the elastic with 

the previous plastic deformation, the remaining or residual stresses are 

received, as shown in Figure 2-3. The investigated two step bending 

process in this work, which is introduced later, can be represented by a 

 

 
 
Figure 2-2: Classification of the bending forming operation [2] 
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plane strain assumption. However, to illustrate the principle of springback 

behavior, the simple one dimensional case, which will be considered in 

the following, is sufficient. 

To bend the sheet to a radius 𝑅, a moment 𝑀𝐵 is needed. After unload-

ing, the bending moment is released, the magnitude of internal stresses 

will change, and the sheet will spring back to reach a new equilibrium. 

The amount of curvature change after unloading can be expressed in 

dependency of the applied bending moment in the following manner [6]. 

 

Due to elastic unloading, the change in stress can be calculated accord-

ing to 

 

∆𝜎 = 𝐸∆𝜀 = 𝐸 (
𝑧

𝜌
−

𝑧

𝜌′) = 𝐸 (∆ (
1

𝜌
) 𝑧)  (2-1) 

 
where 𝜌 is the curvature after bending and 𝜌′ after unloading. 𝑧 is the dis-

tance above the mid-surface and 𝐸 the elastic modulus of the material.  

 

The change in stresses can be related to a bending moment 

 

𝑀𝐵
∗ = ∫ ∆𝜎𝑧d𝑧

𝑡/2

−𝑡/2

= ∫ 𝐸∆ (
1

𝜌
) 𝑧2d𝑧

𝑡/2

−𝑡/2

=
𝐸𝑡3

12
∆ (

1

𝜌
) (2-2) 

 
with the material thickness 𝑡. The calculated moment is related to the 

width of the sheet. 

 

  
a) b) 

  
 
Figure 2-3: a) Exemplary bending process and parameter definition [6]; 
b) Definition of springback during bending by using the principal of su-
perposition [3] 
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The removal of external loads after loading with the bending moment 𝑀𝐵 

leads to a resulting moment 𝑀𝑅 = 𝑀𝐵 + 𝑀𝐵
∗ = 0. Accordingly, the applied 

bending moment can be related to the change in curvature using equa-

tion (2-2). 

 

−𝑀𝐵 =
𝐸𝑡3

12
∆ (

1

𝜌
) (2-3) 

 

∆ (
1

𝜌
) = −

12𝑀𝐵

𝐸𝑡3
 (2-4) 

 
This leads to an expression for the change in angle 

 

∆𝜃 = −
12𝑀𝐵

𝐸𝑡3
𝜌𝜃 (2-5) 

 
This equation clearly shows, that the springback ∆𝜃 is proportional to the 

applied bending moment 𝑀𝐵, the 𝜌/𝑡 ratio and to the bending angle 𝜃. 

The applied bending moment depends on the yield stress of the material, 

whereby springback is also proportional to the 𝜎𝑓/𝐸 ratio [6]. 

 

 

Strategies for accurate bending 

To reduce springback after the forming process, different approaches 

can be applied. In bending under tension, the sheet will be stretched to 

reach a homogenous stress distribution throughout the cross section, 

see Figure 2-4. From equation (2-5) follows, that springback is propor-

tional to the acting bending moment. Applying a tension load, the bend-

ing moment is reduced to zero and lead to negligible springback [4]. 

Bending under compression is a similar procedure, in which the super-

position of compressive stresses takes place to reduce springback. 

 

A procedure where multiple reverse bending steps are taking place is the 

straightening process. In general, the straightening approaches have the 

task to remove undesired curvature, which develops due to residual 

stresses during forming and inhomogeneous cooling after forming. By 

the use of subsiding back and forth bending, the stress state is homoge-
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nized and the curvature can be reduced. Finally a part with a good 

straightness is achieved [3]. 

 

 

Investigated process 

The underlying process of this thesis consists of two bending steps. Al-

ternate bending takes place, first in one direction and then in the oppo-

site direction, which it is called reverse bending, see Figure 2-5. In the 

first step the blank is bent to an angle of 50° and in the second step the 

blank is bent back to a lower angle. The first bending is done as closed 

bending, while the second bending is done as open bending. The posi-

tion of the punch in the second bending can be adjusted to reach the 

wanted quality parameter, which is the angle of the flap in rolling direc-

tion. 

  

 

 
 
Figure 2-4: Development of stress state during stretch bending for an 
ideal plastic material behavior [4] 
 

a) b) 

 
 

 
 

Figure 2-5: Investigated two-step bending process a) First closed 
bending and b) Second open back bending 
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2.2 Numerical modeling 
 

For the setup of a numerical model, it is important to consider the differ-

ent basic principles in the field of the Finite Element Method, the friction 

model and the material model, as shown in Figure 2-6. Many models 

have been developed and recommendations have been established in 

each field [7]. In the following section, the most relevant basics are men-

tioned. 

 

FE method 

For the simulation of springback, implicit approaches are usually used for 

solving the system equation. The implicit method leads usually to more 

reliable results, because iterations are done at every time increment to 

enforce equilibrium of internal forces and external loads. In explicit meth-

ods, the equilibrium is not enforced. The time increments need to be suf-

ficiently small to reach accurate results [6]. 

 

In the field of FE methods, different element types can be chosen. There 

exists, among others, 2D plane strain, shell and solid elements. Usually, 

shell elements are used in sheet metal forming, due to their computa-

tional efficiency. They are appropriate if the material thickness is consid-

erably smaller compared to the other dimensions [6]. Therefore, special 

 

 

 

Figure 2-6: Topics in the field of numerical modeling 
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continuum mechanic descriptions to handle the strain component in 

thickness direction are needed. The classical theory for the description of 

the strain state is based on the Kirchhoff’s and the Mindlin’s approach. 

Both models treat in different ways the twisting of the cross section [56]. 

 

In the investigated process, the material thickness is not considerably 

smaller than the other dimensions. Either the anisotropy of the material 

should be taken into account. Therefore, solid elements are chosen for 

the numerical modeling of the two-step bending process, see section 4.2. 

 
 
Friction 

Standard models are usually used like the Coulomb model. In general, 

the friction coefficient ranges between 0.1 and 0.2 as shown in [18]. Be-

side the Coulomb model, more sophisticated models have been devel-

oped, as for example the Stribeck model, which is taking the pressure 

and velocity into account [7]. 

 

In this thesis, friction will not be investigated further, because the influ-

ence of friction on the simulation results is low for the investigated pro-

cess. Variations of the friction coefficient in a common range show nearly 

no influence on the simulation results, because the contact patch in the 

investigated bending process is extremely small compared to the usual 

deep drawing process. However, as shown within a sensitivity study ap-

plied on a deep drawing process in [17], friction can have a significant 

influence on the simulation results.  

 

 
Constitutive modeling 

Several material tests are needed to describe the plastic material behav-

ior under different stress states. An overview is given in Figure 2-7 to in-

troduce the different experiments. The traditional tensile test is used to 

determine the elastic and plastic material properties under uniaxial state 

of stress. To identify the corresponding equi-biaxial values, hydraulic 

bulge tests are used. To identify the beginning of plasticity under plane 

strain tension, a sample has to be loaded under tension without trans-

verse contraction. For the pure shear stress state, the stresses in tensile 
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and transverse direction need to be equal in magnitude but opposite in 

sign [15] [60]. 

The results of the tensile test can be used to fit an elastic-plastic material 

law, using for example von Mises yield criteria. However, the material 

properties are usually anisotropic. To describe this behavior correctly, 

more advanced yield criteria’s are necessary, see section 3.3.1. 

 

Cyclic tests are used to identify the material behavior under reverse load-

ing. Well known effects under reverse loading are summarized in Figure 

2-8.  The Bauschinger effect, transient hardening, hardening stagnation 

and permanent softening can occur. Conventional isotropic hardening 

laws cannot describe this behavior. More sophisticated models are nec-

essary. 

 

A lot of effort has been spent by various researchers on phenomenologi-

cal hardening models to describe the effects which occur during reverse 

loading. Kinematic hardening models for example try to capture these 

effects by a shift of the yield locus with no change in shape and size. 

Many kinematic hardening models are based on the Frederick and Arm-

strong type [11], which has been refined by various authors, for example  

Chaboche [12], to incorporate additional experimentally observed phe-

nomena. A model, which can describe all features of the Bauschinger 

effect, including workhardening stagnation, is the Yoshida-Uemori model 

 

 
 

Figure 2-7: Description of different stress states [15] 
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[13]. This model has been investigated in depth by Eggertson [8]. More 

physically based models, as for example from Teodosiu [14], can be 

used to describe additional effects, like stress overshoots during cross 

loading and nonlinear strain paths. This model has been investigated in 

the thesis of van Riel [15]. For the material description in this thesis, the 

recently developed homogeneous anisotropic hardening (HAH) model 

will be used, see section 3.3.3. This distortional hardening model pro-

vides the description of many features such as the Bauschinger and 

transient cross-hardening effects [9] [46] [47] [48]. 

 

2.3 Robustness of processes 
 

Optimization tools and methods for the investigation of process sensitivi-

ties and robustness have been developed in Grossenbacher [25] and 

Bonte [31]. The methods for the robustness analysis and the robust op-

timization are shortly addressed. In these approaches, analytical meta-

models are used to map the behavior of the underlying system. The most 

common types are introduced. For the quantification of the quality of a 

 

 
 
Figure 2-8: Material behavior under reverse loading 
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process, methods of statistical process control, SPC, can be used and 

the basic theory is summarized. 

 

 

Methods for the investigation of process sensitivity and robustness 

The purpose of the robustness analysis is the evaluation of the expected 

quality under specific process conditions. Therefore, the quality parame-

ters are modelled in dependency of the process inputs, considering ran-

dom variations. The accuracy of the results depends on the numerical 

model and on the modeling of the variable input data (distribution and 

correlation), as shown in Figure 2-9 [25]. 

Annen [23] used the results of the robustness analysis to define process 

windows, which indicate the feasible region for several input and quality 

parameters. The expected robustness can then be determined for differ-

ent constraints. Grossenbacher [25] integrated the robustness analysis 

into the existing planning process to evaluate the robustness in an early 

development stage. A part of this work shows the important expertise of 

the influence of different material models on the resulting sensitivities 

and robustness. Emrich [26] worked also with the methods of the robust-

ness analysis in the stage of the tool development process. Using the 

results of the analysis leads to a reduction of production problems for 

complex automotive parts. 

 

The purpose of robust optimization is to minimize the variability in the 

output distribution, taking a certain variability in the input values into ac-

count. The corresponding value of the control variable need to be calcu-

 

 
 
Figure 2-9: Procedure of the robustness analysis 
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lated for which a reduction of the variability in the response can be 

achieved. As an example, the value 𝑥𝑎 would lead to a narrower re-

sponse distribution than the value 𝑥𝑏, as shown in Figure 2-10 [31]. 

In Bonte [31] the robust optimization scheme is applied to sheet metal 

forming processes. A mathematically formulated optimization model is 

derived. Screening techniques and optimization algorithms are used as 

well to find the optimal process design. In Wiebenga [32] the optimization 

strategy has been developed further to find the optimal process design 

even in the presence of uncertainty. 

 

Metamodels 

For the described procedures, the system behavior needs to be mod-

elled. Simulations are usually associated with high computational costs. 

Therefore, metamodels are used to map the behavior of the underlying 

system, because they are fast to evaluate. Usually, they are used in the 

field of parametric studies, optimization, design space exploration and 

sensitivity studies [62]. There are several model types available, see Hitz 

[24] and Bonte [31]. The most common are shortly addressed. 

 

Polynomial fitting is a basic modelling method in order to approximate 

the system behavior. Different model types can be fitted, e.g. linear, 

quadratic or cubic relations. Neuronal networks and radial basis func-

 

 
 
Figure 2-10: Principle behind robust optimization [31] 
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tions are able to map more complex behavior. In radial basis functions 

(RBF), several functions are used, which are weighted to model the out-

put as sum of all single basis functions. In neuronal networks, percep-

trons with multiple layers are used. Weighted output to the next percep-

trons can be passed or not. Comparing the perceptrons with RBFs, 

RBFs have always the same structure and are more transparent and 

comprehensible [62] [69]. 

 

 
Statistical process control 

The theory of statistical process control, SPC, is used for the quantifica-

tion of the quality of a process. Therefore, the output of the process is 

considered as normally distributed. The normal distribution is character-

ized by the mean and the standard deviation. The standard deviation is a 

quantity for the scatter of the values of a characteristic around the mean 

value [20] [21]. 

 

To define the quality of a process, the so called upper specification limit 

(USL) and the lower specification limit (LSL) is used. All parts within 

these boundaries are considered as good parts. Assuming a normal dis-

tributed characteristic, where the mean +/- one time the standard devia-

tion lies within the specification limits, 68.2% of the parts would be good 

parts, see Figure 2-11. Today the manufacturing industry tries to aim a 

six sigma production, where only 3.4 parts per million are defect [20]. 

 

 
 
Figure 2-11: Normal distribution [21] 
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In general, process responses can be further specified by their robust-

ness and reliability. Process robustness describes the variation in the 

process response. A narrower response distribution means a more ro-

bust process. Reliability describes the amount of parts, which satisfy the 

specification limits. The dependencies of robustness and reliability are 

illustrated in Figure 2-12. A process with a very narrow response distribu-

tion far outside the specifications is, for example, very robust, but not re-

liable, because it has a very high scrap rate [25] [31]. 

 

Process capability ratios can be used to determine the process robust-

ness and reliability. Under the assumption of a normal distributed pro-

cess response, the process capability ratios 𝑐𝑝 and 𝑐𝑝𝑘 are defined as 

[31] 

In the definition of 𝑐𝑝𝑘, the location of the mean is considered, in contrast 

to the definition of 𝑐𝑝. Therefore, the meaning of 𝑐𝑝 can be related to the 

process robustness and 𝑐𝑝𝑘 to the process reliability.  

 

 
 
Figure 2-12: Process robustness and process reliability [25] 
 

  

𝑐𝑃 =
𝑈𝑆𝐿 − 𝐿𝑆𝐿

6𝜎
 (2-6) 

  

  

𝑐𝑃𝑘 = 𝑚𝑖𝑛 (
𝑈𝑆𝐿 − 𝜇

3𝜎
,
𝜇 − 𝐿𝑆𝐿

3𝜎
) (2-7) 
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The effect of taking the location of the mean into consideration can be 

illustrated with the following example. In Figure 2-13 a), a 3𝜎 process is 

compared with a 6𝜎 process. For the 3𝜎 process, the 𝑐𝑝 and 𝑐𝑝𝑘 values 

equal 1. For the 6𝜎 process, 𝑐𝑝 and 𝑐𝑝𝑘 equal 2. In Figure 2-13 b), the 6𝜎 

process is shifted and touches the limits. This process has than a 𝑐𝑝 of 2 

and 𝑐𝑝𝑘 of 1 [20]. 

 

2.4 Adaptive tools and concepts 
 
To compensate for external disturbances, which influence the system 

behavior, closed loop control strategies are usually applied. A common 

setup of a controlled system is shown in Figure 2-14. The basic elements 

are represented by sensing, computation and actuation [40]. 

 

 

 

 

 

 

 

  
a) b) 

  
  
Figure 2-13: a) Comparison between 3σ and 6σ process; b) borderline 
process 
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Different control strategies can be applied to compensate for external 

disturbances. Using feedback control, corrective actions are done based 

on the measured error in the output. Feedforward control can be applied, 

if it is possible to measure a disturbance before it enters the system. 

Than corrective action can be taken before the disturbance influences 

the system. Therefore, good process models are needed, otherwise the 

correction is wrong. 

 

Inline sensors are needed to detect the disturbances. Problematic is 

usually the positioning of the inline sensors, which cannot always be 

placed at the needed position. So called indirect measurements can be 

used, which estimate the wanted quantity based on meaningful and sig-

nificant measured data [41]. In general, it is important to ensure that the 

introduction of unwanted sensor noise is avoided and therefore careful 

filtering of signals is necessary [40]. 

 

Different approaches for the reduction of defects applied on sheet metal 

forming processes are described in literature. In Müller-Duysing [33], 

basic parameters are defined, based on simulations, to build up a model 

to control a V-bending process. For feedback, process measurements, 

 

 

 

Figure 2-14: Components of a controlled system [40] 
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as characteristics from force curve and the bent angle, are used. In Ru-

zovic [4] an adaptive control system has been developed, which is able 

to react on changing process conditions as well. It is applied on a deep 

drawing process. In Endelt [39] a flexible blank holder system is used to 

adjust the blank holder pressure individually to be able to control the 

draw-in. In Annen [23] an adaptive tool has been developed, in which 

several sensors and actuators are integrated, to be able to monitor and 

control the process. 

 

 

2.5 Aim of the thesis 
 
In this thesis the feasibility of control in sheet metal forming should be 

investigated. The presented results in this thesis base up on the MEGa-

FiT project [58]. Within this project, the underlying demonstrator process 

of this work has been developed. The application of the developed con-

trol strategy is done on a standard Bruderer stamping press equipped 

with a personal computer. The demonstration on a press shop empha-

sizes the industry related investigation in this work. 

 

The work piece is produced within a multi-stage forming process and un-

dergoes one cycle of bending-unbending within the bending stage. This 

sets higher requirement on the numerical model, in particular on the con-

stitutive model of the material, because the material behavior depends 

on the loading history. Strain path dependent tests need to be performed 

to calibrate an appropriate material model, whereby the sheet thickness 

amounts only 0.3 mm. Finally, the influence of the different models on 

springback behavior has to be investigated. 

 

The forming process needs to be transformed to a controlled system. 

Approaches for process control have to be worked out. This includes the 

definition of a measurement concept, development of a control strategy 

and its implementation. Based upon numerical and experimental results, 

the relationship between the influential input variables and the output 

quality characteristics need to be described. These models are used for 

process control. Finally, the strategy has to be tested on the real process 
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to compare uncontrolled and controlled systems. The developed adap-

tive control system should reduce the bending error below 0.1°. 

 

Two materials are investigated in the scope of the project. However, for 

the stainless steel AISI420, much more data, especially during the appli-

cation of control approaches, has been generated. But still, it is worth to 

show also some data for the second material, Berylco25. This data is 

listed, among others, in Appendix A. 

 

The thesis is structured into four main chapters. In chapter 3 the material 

behavior is investigated using different experimental setups. Suitable 

material models are presented and calibrated. In chapter 4 the accuracy 

of the calibrated material models is studied using a validation experi-

ment. The process model is addressed and described as well. Chapter 5 

built up on the developed process model to investigate the process be-

havior in detail. Models are built, based on stochastic simulations, which 

mimic the process behavior. In chapter 6 the developed control strate-

gies are presented in combination with the sensor system, scenario sim-

ulations and the final demonstration on the developed adaptive process. 
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3 Material and constitutive modeling 
 

The investigated process consists of two successive bending steps, in 

which a load reversal takes place. This sets special requirements on the 

material model, which should be able to describe the material effects oc-

curring during reversed loading. The recently developed homogeneous 

anisotropic hardening (HAH) model has been chosen to model the ob-

served material effects. 

 

Beneath the traditional tensile and bulge tests, a combined tension -

shear testing device is used for the calibration of the material model. 

With the combined tension – shear testing device, a specimen can be 

subjected to both plane strain tension and simple shear stress states in 

an arbitrary order. Tests with different types of strain path changes and 

load amplitudes are performed, which are used to identify the parame-

ters of the distortional hardening model. 

 

The investigated material is a ferritic stainless steel, AISI420 (1.4021 / 

X20Cr13), with a sheet thickness of 0.3 mm. The material consists of a 

weight % composition of elements, as provided in Table 3-1 [60]. 

 
Table 3-1: Chemical composition of material AISI420 
 
 

C Cr Mn P S Si 

0.32 13.7 0.30 ≤0.025 ≤0.010 0.15 

 
 

 

3.1 Experimental setup 

 

A number of tests are conducted (tensile tests, bulge tests and combined 

shear – tension tests). In the following, the experimental setup of each 

test is shortly addressed. 
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3.1.1 Tensile test 

The tensile test is used to determine the flow curve and the anisotropy in 

plastic range. In the tensile test, the specimen (normed in DIN 50125) is 

loaded with a constant velocity till fracture occurs. The forces and elon-

gation of the specimen are measured during the test by force load cells 

and an extensometer. Out of this information, tension and strains are 

calculated resulting in the well-known flow curve. The tensile test is 

normed as a standard application of mechanical testing (DIN EN 10 002-

1) [60]. 

 

 

3.1.2 Bulge test 

The bulge test is used to determine the yield stress under equi-biaxial 

state of stress and the yield stress up to considerably higher forming de-

grees. In the bulge test a sheet metal is clamped between the blank 

holder and the stamper and is loaded with oil pressure until failure. The 

material failure occurs considerably later with the bulge test than with the 

tensile test due to the biaxial state of stress [60]. 

 

The calculation of the biaxial stress is based on 

 

𝜎𝑏 =
𝑝𝜌

2𝑡
 (3-1) 

 
 
where 𝑝 is the pressure, 𝜌 is the curvature radius and 𝑡 is the blank 

thickness. Radius 𝜌 is determined from the measured three dimensional 

coordinates. The thickness 𝑡  is determined from the surface’s principal 

strains 𝜀1 and 𝜀2. Assuming volume constancy the thickness strain can 

be calculated [9] [44]. 

 

3.1.3 Combined shear - tension test 

A combined shear - tension test setup [10] is used to determine the plas-

tic behavior under different types of strain path changes. With this testing 

device it is possible to translate the clamps arbitrarily in the horizontal 

and vertical directions, applying simple shear or tension. 
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Both actuators are equipped with force sensors to determine the stress-

es. The deformation is determined from the positions of black dots that 

are applied to the surface of the specimen and which are in turn tracked 

by a digital camera. The sample is designed in a way, that the probability 

of buckling during reverse loading (cyclic shearing) becomes minimal 

and to have a large area of homogenous deformation (large width of the 

deformations area). The dimensions of the deformation zone are 45 mm 

in width and 3 mm in height [15] [60] [66]. 

 

The calculation procedure for the strains is based on the deformation 

gradient [15] [55]. The deformation gradient transfers the distance be-

tween dots form the undeformed to the deformed configuration and is 

defined by the relation 

 

𝑑𝑥 = 𝑭 ∙ 𝑑𝑥0 ⇒ 𝑭 =
𝜕𝑥

𝜕𝑥0
 

(3-2) 
 

 
where 𝑑𝑥0 is an infinitesimal line in the undeformed configuration and 𝑑𝑥 

in the deformed configuration. This dependency can be applied on the 

dots of the specimen. In Figure 3-2, the definition of a line piece from a 

reference dot 𝑘 to a dot 𝑙 is shown. 

 

 
 

Figure 3-1: Test setup to perform the combined shear – tension test [15] 
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A line piece ∆𝒙 from one dot to another can be expressed as 

 

∆𝒙 = 𝑭 ∙ ∆𝒙𝟎     or     {
∆𝑥𝑙

∆𝑦𝑙
} = [

𝐹11 𝐹12

𝐹21 𝐹22
] ∙ {

∆𝑥0𝑙

∆𝑦0𝑙
} (3-3) 

 
The calculation of the deformation gradient is based on a least square 

approach. The error between measured line pieces (distance between 

dotes) and calculated line pieces is built.  

 
𝑒𝑥𝑙 = ∆𝑥𝑙 − 𝐹11∆𝑥0𝑙 − 𝐹12∆𝑦0𝑙    

(3-4) 
𝑒𝑦𝑙 = ∆𝑦𝑙 − 𝐹21∆𝑥0𝑙 − 𝐹22∆𝑦0𝑙 

 
The total error is than minimized with respect to the components of the 

deformation gradient, which finally leads to the approximation of the val-

ues of the deformation gradient. 

 

Using small strain theory, 𝑭 is used to determine the velocity gradient, 

which is true if the used time step is small: 

 

𝐋∆𝑡 ≈ ∆𝐅 ∙ 𝐅−1 (3-5) 
 
The logarithmic strains are then determined directly from 𝐋 [15]: 

 
∆𝛆 = 𝐋 (3-6) 

 

 

 
 
Figure 3-2: Dots on a specimen before and after deformation [55] 
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3.2 Observed material behaviour 

 

In this section, the results of the described test facilities are presented 

and the observed material characteristics are discussed. 

 

Tensile tests 

Several tensile tests with different parameter settings have been per-

formed. This includes tests with samples in different orientations to the 

rolling direction (0°, 45°, 90°). 

 

In Figure 3-3 a), the yield curves for the different orientations of the sam-

ples to the rolling direction are shown. It can be noted, that AISI 420 

does not show high anisotropic behavior in the yield stress. Figure 3-3 b) 

shows the development of the 𝑅 values in dependency of plastic strain. 

After a few per cent of strain, the 𝑅 values reach a constant level. For 

this material, all 𝑅 values are > 1, which indicates a mild anisotropy [60]. 

 

Bulge tests 

The stress-strain curve from the bulge test is shown in Figure 3-4. For 

AISI 420, the biaxial flow curve is higher than the uniaxial one. This devi-

ation is an indication for the normal anisotropy of the sheet [60]. 

 

  
a) b) 

  
 
Figure 3-3: Investigation of the anisotropic plastic deformation for AI-
SI420 with sheet thickness 0.3 mm a) yield curves b) 𝑅 values 
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The uniaxial tensile tests can only provide plastic hardening curves up to 

the point of diffuse necking, which occurs for AISI420 for logarithmic 

strains in the range 0.15–0.17. However, in ordinary sheet forming oper-

ations the magnitude of the plastic strains can reach much higher values. 

The bulge test data are used to scale and fit the uniaxial strain curve 

based on the principle of equivalent plastic work [60]. This procedure is 

explained in Appendix B. 

 

Combined shear-tension tests 

The applied strain paths for each test setting are summarized in Figure 

3-5. In the first test setting, Figure 3-5 a), the material behavior under re-

verse loading is investigated. Therefore, forward shear – reverse shear 

tests are conducted with different amount of shear deformation (from 5% 

up to 25%). In the second test setting, Figure 3-5 b), the behavior under 

forward-reverse loading with prior deformation is studied. First the sam-

ple is loaded under plane strain tension and, then, under forward shear – 

reverse shear. This test should provide information about the impact of 

pre-straining on the Bauschinger effect. In the third test setting, see Fig-

 

 
 

Figure 3-4: Extrapolated tensile test curve by using bulge test data for 

AISI420 
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ure 3-5 c), tests with two successive orthogonal strain path changes 

(tension to shear to tension) are performed. The measured stress-strain 

response can be compared with monotonic simple shear and tension 

tests to assess whether softening occurs after the strain path is changed 

[66]. In general, orthogonal strain path changes are referring to loading 

conditions, whereby the second loading does not cause any deformation 

in the direction of the first loading. An example is a loading in tension fol-

lowed by shear. 

The results of the forward – reverse shear tests are shown in Figure 3-6. 

The Bauschinger effect can be observed. For all three tests, the material 

starts to yield earlier under reverse loading. The transition from the elas-

tic to the plastic region is sharper and more clearly defined for higher 

amplitude of the shear. A stagnation of strain hardening under reversed 

loading is observed for the highest amplitudes (15% and 25%) [66]. 

  

a) b) 

 
 

c) 

 
 

Figure 3-5: Different tests to impose strain path changes. a) cyclic shear 

b) cyclic shear under pretension c) tension - shear - tension 
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The results of the forward – reverse shear tests after pre-tension are 

shown in Figure 3-7. For the plane strain tension test, the tensile stress-

es and strains are plotted, for the following shear test the shear stresses 

and strains. These tests were performed with elastic unloading after the 

applied tensile deformation. The preloading in plane strain tension is the 

same for all tests (7%). The shear deformation before reversal was con-

ducted using different amplitudes (2%, 5% and 15%). The results show 

that, after the first strain path change, the material starts to yield earlier 

(Bauschinger-like effect). Furthermore, the pre-tension seems to have an 

impact on the reverse shear behavior. The experiments indicate that the 

transition to plastic flow after load reversal is quite sharp for small 

amounts of shear. For higher shear pre-strain, it is getting smoother and 

similar to the behavior without pre-tension. It seems that the high ampli-

tude of shear (15%) eliminates the pre-tension history. Furthermore, it 

can be observed that all three tests tend to reach the same stress level 

for high levels of strains [66]. 

 

 

 

 
 

Figure 3-6: Results of the shear – reverse shear test for AISI 420 
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The results of the tension – shear – tension tests are shown in Figure 

3-8. Compared to the previous case, no reverse shear takes place. In-

stead the sample is loaded in tension again. Again, the material tends to 

yield earlier and recovers the stress level of the monotonic hardening 

curves (Bauschinger-like effect). Compared to the monotonic shear and 

plane strain tension curves, no softening occurs after both orthogonal 

strain path changes. At the end of the second strain path change, the 

yield curve overshoots the monotonic plane strain tension curve slightly. 

Experimental uncertainties may result in this effect. However, the differ-

ence is small and is partially within the usual scattering of the material 

properties [66]. 

 

 

 

 

 

 
 
Figure 3-7: Results of the shear – reverse shear test after pre – plane 
strain tension for AISI 420 
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The experiments show that many material effects occur during multiple 

strain path changes. The Bauschinger effect, hardening stagnation after 

reverse loading and Bauschinger-like effect after orthogonal loading are 

observed. Tests with prior pretension show that these effects are some-

how influenced by the loading history. The HAH model was chosen to 

capture these effects. This model is explained shortly in the following 

section [66]. 

 

 

 

 

 

 

 

  

 

 
 

Figure 3-8: Results of the plane strain tension – shear – plane strain 
tension test in comparison with monotonic shear and monotonic plane 
strain tension tests for AISI420 
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3.3 Constitutive modelling 

 

In general, the constitutive description of the plastic material behavior 

includes the yield condition, the flow rule and the hardening law [9] [70] 

[71]. The yield condition describes the stress state after that the material 

starts to deform plastically. As soon as the equivalent stress reaches the 

yield stress, plastic deformation takes place. This is described with the 

following function 

 

𝐹(𝝈, 𝜀�̅�) = �̅�(𝜎1, 𝜎2, 𝜎3) − 𝜎𝑦(𝜀�̅�) (3-7) 

 

with the yield function 𝐹(𝝈, 𝜀�̅�), the equivalent stress �̅�, the principle 

stress components 𝜎1, 𝜎2 and 𝜎3 and the yield stress 𝜎𝑦. 

 

The flow rule defines the relationship between stresses and strains. It 

describes the evolution of the plastic deformation 𝜀𝑝𝑙 during loading 

 

d𝜺𝑝𝑙 = d𝜆
𝜕�̅�

𝜕𝝈
 (3-8) 

 

whereby d𝜆 is the plastic multiplier. Finally, the hardening law describes 

the evolution of the yield stress in dependency on the plastic strain. 

 

In this work, distortional hardening terms are introduced to deform the 

yield surface during loading, such that phenomena, which occur during 

non-proportional or cyclic loading, can be described. In general, this dis-

tortional hardening model provides the description of many features such 

as flattening, contraction and rotation of the yield surface. The basis of 

the model is the isotropic hardening. All modifications of the yield locus 

shape are defined as distortions with regard to the isotropic hardened 

yield locus. Therefore, the distortional hardening parameters needs to be 

identified once and are then valid during the whole loading. Furthermore, 

the approach can be combined with any yield locus description. 
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3.3.1 Yield condition 

The stresses in a structure are usually multiaxial. A measurement of 

yielding for the multiaxial state of stress is called the yield condition. Ad-

equate yield criteria, which are suitable for a full three dimensional stress 

state are needed for the following investigations, because solid elements 

are used for the numerical modeling. A number of yield conditions are 

available and two of them, the von Mises and Hill48 yield function, are 

discussed in this section [60]. 

 

The von Mises yield function is commonly used for ductile isotropic mate-

rial. The yield surface can be expressed as follows 

 

�̅�2 =
1

2
[(𝜎𝑥−𝜎𝑦)

2
+(𝜎𝑦−𝜎𝑧)

2
+ (𝜎𝑧−𝜎𝑥)2 + 6𝜏𝑥𝑦

2 + 6𝜏𝑦𝑧
2 + 6𝜏𝑧𝑥

2] (3-9) 

 
where 𝑥, 𝑦 and 𝑧 represent the principal axes. 

 

The Hill 48 anisotropic yield function is defined using the following quad-

ratic function 

 

�̅�2 = 𝐹(𝜎𝑦−𝜎𝑧)
2

+𝐺(𝜎𝑧−𝜎𝑥)2 + 𝐻(𝜎𝑥−𝜎𝑦)
2

+ 2𝐿𝜏𝑦𝑧
2 + 2𝑀𝜏𝑧𝑥

2

+ 2𝑁𝜏𝑥𝑦
2 

(3-10) 

 
where the coefficients 𝐹, 𝐺, 𝐻, 𝐿, 𝑀, 𝑁 are material parameters and 𝑥, 𝑦 

and 𝑧 represents the principal axis of anisotropy. 

 

 

3.3.2 Isotropic hardening law 

For the description of the hardening behaviour, different hardening laws 

are available. Well known functions for isotropic hardening laws are the 

Voce, Swift and Hockett-Sherby law [60]. 
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The Voce law is defined as follows 

 

𝜎𝑦(𝜀�̅�) = 𝜎0 + 𝐾 (1 − 𝑒−
�̅�𝑝

𝑏 ) (3-11) 

 

where 𝜎0, 𝐾 and 𝑏 are material parameters. The material parameters are 

defining the slope of the stress-strain curve. The Swift law is defined as 

  

𝜎𝑦(𝜀�̅�) = 𝐴(𝐵 + 𝜀�̅�)
𝑛

 (3-12) 

  

where 𝐴, 𝐵 and 𝑛 are material parameters as well. The Hockett-Sherby 

law is defined as 

  

𝜎𝑦(𝜀�̅�) = 𝜎𝑠𝑎𝑡 − (𝜎𝑠𝑎𝑡 − 𝜎0)𝑒−𝑚�̅�𝑝
𝑛

 (3-13) 

  
where 𝜎0, 𝜎𝑠𝑎𝑡, 𝑚 and 𝑛 are material parameters. 

 

 

3.3.3 Distortional hardening law 

The homogeneous anisotropic hardening (HAH) model is used to de-

scribe the observed material effects during multiple strain path changes. 

The model was introduced in [46]. This basic version of the HAH model 

has been improved in [47] [48] to be able to describe the mechanical re-

sponse under orthogonal loading. A comparison of both models can be 

found in [81]. Both versions are shortly described in the following section. 

 

 

Basic model 

The basic HAH model combines the already introduced stable yield func-

tion 𝜙 with a fluctuating part 𝜙ℎ, which varies but has the isotropic hard-

ening as a limit, as follows: 
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The fluctuating yield function component is a function of the stress devia-

tor 𝒔, microstructure deviator 𝒉𝒔 and state variables 𝑓1 and 𝑓2. 𝑞 is a con-

stant exponent. The microstructure deviator defines the direction of the 

yield surface distortion and the variables  𝑓1 and 𝑓2 define the amount 

and rate of the distortion [7], which are related to state variables 𝑔1 and 

𝑔2 in the following manner: 

 

𝑓1,2 = (
1

𝑔1,2
𝑞 − 1)

1
𝑞

 (3-15) 

 
In the following, the evolution equations of the state variables 𝑔1 and 𝑔2 

are shortly explained, which are shown in Table 3-2. A more detailed de-

scription and a schematic plot about the evolution of the state variables 𝑔 

is given in Appendix C. 

 

A reverse loading case from tension into compression is chosen as an 

example. In the first loading, 𝒉𝑠 is initiated and set equal to 𝒔 and there-

fore the two deviators are identical (𝒔: �̂� ≥ 0). For this case, the state var-

iable 𝑔1 decreases during deformation, see Table 3-2. Thereby, the yield 

surface in the opposite side to the active stress state is contracted, how-

ever the active stress state it is not influenced. In that way, the beginning 

of yielding under reloading is controlled [46]. 

 

In the second loading, the deformation path is changed in the opposite 

direction (𝒔: �̂� < 0). For this case, the differential equation for 𝑔1 takes a 

different form and 𝑔1 increases during deformation. Thereby, the initial 

shape of the yield surface is restored. In that way, the hardening during 

reloading is controlled. Meanwhile, the microstructure deviator 𝒉𝒔 chang-

es towards the stress deviator. This leads in turn to a contraction of the 

yield surface in the opposite direction [46]. 

 

�̅�(𝒔) = [𝜙𝑞 + 𝜙ℎ
𝑞

]
1
𝑞  

= {[𝜙(𝒔)]𝑞 + 𝑓1
𝑞

|�̂�𝑠: 𝒔 − |�̂�𝒔: 𝒔||
𝑞

+ 𝑓2
𝑞

|�̂�𝒔: 𝒔 + |�̂�𝑠: 𝒔||
𝑞

}

1
𝑞
 

(3-14) 
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Additionally, the material effect “permanent softening” needs to be mod-

eled, which describes the effect of a stress offset during reverse loading. 

For this case, the parameter 𝑔3 and 𝑔4 are introduced, which are defined 

in the functions of state variables 𝑔1 and 𝑔2. Thereby, the reachable 

amount of stress can be controlled [46]. 

 

 
 

 

Enhanced model 

In the enhanced HAH model, new state variables are included in order to 

model additional effects, occurring during orthogonal loading. The basic 

idea of this model is the decomposition of the stress state into compo-

nents being coaxial and orthogonal to the loading state [81]. The compo-

nent of 𝒔 coaxial to �̂� is derived as follows: 

 
Table 3-2: Evolution equations for the state variables of the homogene-
ous anisotropic hardening model 

 𝒔: �̂�𝑠 ≥ 0   𝒔: �̂�𝑠 < 0     

dg1

dε̅
= k2 (k3

�̅�0

�̅�
− g1)  d𝑔1

d𝜀̅
= 𝑘1

𝑔3 − 𝑔2

𝑔2
 

 Controls reloading 

stress 

     

d𝑔2

d𝜀̅
= 𝑘1

𝑔4 − 𝑔1

𝑔1
 

d𝑔2

d𝜀̅
= 𝑘2 (𝑘3

�̅�0

�̅�
− 𝑔2) 

 
Controls reloading 

hardening 

     

 
       

 
d𝑔4

d𝜀̅
= 𝑘5(𝑘4 − 𝑔4) 

 d𝑔3

d𝜀̅
= 𝑘5(𝑘4 − 𝑔3) 

 
Controls permanent 

softening 
      

 
dh𝑠

dε̅
= k [�̂� −

8

3
ℎ̂𝑠(�̂�: ℎ̂𝑠)] 

 dh𝑠

dε̅
= k [−�̂� +

8

3
ℎ̂𝑠(�̂�: ℎ̂𝑠)] 

 Controls rotation of 

�̂�𝑠
 

 

    

 
 

 

 

𝒔𝒄 = ‖𝒔‖𝑐𝑜𝑠𝜒
�̂�

‖�̂�‖
 (3-16) 
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𝜒 is describing the “angle” between the two tensors �̂� and 𝒔. The orthog-

onal component is calculated by subtracting the coaxial component from 

the stress deviator. 

The extended yield condition in this model is 

 where the function 𝜉 is defined as follows 

 

The new state variable 𝑔𝐿 is defined to model a stress overshoot after 

orthogonal loading conditions (latent hardening), using the following 

equation [9]: 

This leads to an increased yield stress. The second new state variable 𝑔𝑠 

is defined to model the earlier yielding of the material after orthogonal 

loading (latent contraction), using the following equation [9]: 

In summary, the parameter 𝑘1 to 𝑘5 for reverse loading, 𝑘 for the rotation 

of the 𝒉𝒔 tensor, 𝑘𝐿 and 𝐿 for the latent hardening and 𝑘𝑆 and 𝑆 for the 

latent contraction need to be determined. The model calibration is shown 

in the next section. 

 

 
𝒔𝟎 = 𝒔 − 𝒔𝒄 (3-17) 

 

 

�̅�(𝒔) = {[𝜉(𝒔)]𝑞 + 𝑓1
𝑞

|�̂�𝑠: 𝒔 − |�̂�𝒔: 𝒔||
𝑞

+ 𝑓2
𝑞

|�̂�𝒔: 𝒔 + |�̂�𝑠: 𝒔||
𝑞

}

1
𝑞
 (3-18) 

 

 

𝜉(𝒔) = √𝜙2 (𝒔𝒄 +
1

𝑔𝐿
𝒔𝟎) + 𝜙2 (

4 ∙ (1 − 𝑔𝑠)

𝑔𝐿
𝒔𝟎) (3-19) 

 

 

d𝑔𝐿

d𝜀̅
= 𝑘𝐿 [

𝜎𝑓 − 𝜎𝑦

𝜎𝑓
(√𝐿(1 − cos2𝜒) + cos2𝜒 − 1) + 1 − 𝑔𝐿] (3-20) 

 

 

d𝑔𝑠

d𝜀̅
= 𝑘𝑆[1 + (𝑆 − 1)cos2𝜒 − 𝑔𝑠] (3-21) 
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3.4 Application to stainless steel AISI 420 
 

In the applied fitting procedure, the material parameters for the yield lo-

cus and isotropic hardening are determined first. With these parameters 

fixed, the parameters of the distortional hardening model are approxi-

mated. 

 

Yield condition 

The used material properties for the yield locus calibration are shown in 

Table 3-3. The yield locus Hill 48 is calibrated either to the stress or to 

the 𝑅 values. 

In terms of the calibration to the stress values, the result in term of 𝑅 val-

ues is not perfect. But the trend of the 𝑅 value regarding the rolling direc-

tion is the same as the one shown by the experimental results. In terms 

of the calibration to the 𝑅 values, the stresses are not sufficient. The 

identified parameters are summarized in Table 3-4. 

 

 

 
Table 3-3: Material properties for the stainless steel AISI 420 

Material AISI 420 

𝜎0 [MPa]   𝜎45 [MPa] 𝜎90[MPa]   𝜎𝑏 [MPa] 𝑟0  𝑟45  𝑟90 

362    368  368     384  1.23  1.17  1.53 

 

 
Table 3-4: Identified parameters for the yield locus description 

Yield function 

Hill 48 𝐹  𝐺  𝐻  𝐿  𝑀  𝑁 

Stress 0.411 0.444 0.557 1.5  1.5  1.5 

Hill 48 𝐹  𝐺  𝐻  𝐿  𝑀  𝑁 

R value 0.399 0.496 0.61  1.5  1.5  1.5 
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Isotropic hardening law 

The hardening behavior is in good agreement with the experimental re-

sults, see Figure 3-10. A compromise needs to be made for the calibra-

tion of the hardening law concerning smaller and larger strain. The Swift 

and Hockett-Sherby law show a good description of the yield curve. The 

Voce law shows a good accuracy only for small strains. The results of 

the calibration of the Swift, Voce and Hockett-Sherby laws are summa-

rized in Table 3-5. 

 

a) b) c) 

  

 

 

 

 

Figure 3-9: Von Mises and Hill48 yield locus; a) yield locus b) yield stress 
c)  𝑅 values 
 

 
Table 3-5: Identified parameters for the isotropic hardening description 

Isotropic hardening 

Voce   𝐾  [MPa]  𝜎0 [MPa]  𝑏 [-] 

    750   350   0.06 

Swift   𝐴 [MPa]  𝐵 [MPa]  𝑛 [-]  

    975   0.0025  0.17 

Hockett-Sherby 𝜎𝑠𝑎𝑡 [MPa] 𝜎0 [MPa]  𝑚 [-] 𝑛 [-] 

    920   350   2.86  0.55 
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Distortional hardening law 

Finally, the distortional hardening model is calibrated. Two approaches 

have been calibrated, the basic and enhanced version of the HAH mod-

el. Due to the fact that the anisotropy of the material is low, the HAH 

model is combined with the von Mises yield locus. For the isotropic hard-

ening, the Swift law is used, which shows a good approximation of the 

uniaxial yield curve in the relevant region up to 25%. The calibrated 

Hill48 model is used in the next chapter to investigate the influence of 

anisotropy on the bending behavior. 

 

The principle for the model calibration is shown in Table 3-6. The reverse 

shearing test is used to calibrate the HAH model for reverse loading. 

This leads to the “Bauschinger parameters” 𝑘1 to 𝑘5. Orthogonal loading 

tests, from plane strain tension to shear, are used to determine the pa-

rameter 𝑘, 𝑘𝑆 and 𝑆, for the case of latent contraction. Finally, tests with 

multiple strain path changes are done to compare the experimental and 

predicted results of the HAH model and to investigate its approximation 

under multiple strain path changes. 

 

 

 
 
Figure 3-10: Calibration results of the isotropic hardening laws using a 
tensile test and its extrapolation based on bulge test data 



42  3. Material and constitutive modeling 

 

 

The results for the reverse shearing tests are shown in Figure 3-11. The 

quality of the model prediction compared with the experimental data for 

forward – reverse shear can be assessed. A good description of the 

strain hardening with reverse loading is achieved. In general, the model 

approximation is reasonable and the Bauschinger effect is captured sat-

isfactorily. For reverse loading, the basic and enhanced HAH model lead 

to identical results. The parameters identified for the basic version of the 

HAH model, which lead to the results presented in Figure 3-11, are listed 

in Table 3-7. 

 

 

 

 
Table 3-6: Fitting procedure for the HAH model 
 

 
Reverse load-

ing 
Orthogonal 

loading 
2nd strain path 

change 

Bauschinger parameter 

𝑘1, 𝑘2, 𝑘3 x   

𝑘4, 𝑘5  x   

Effects for orthogonal loading cases 

𝑘𝑆, 𝑆  x  

Rotation of “microstructure deviator” 

𝑘  x  

Validation 

   x 

 

 

 
Table 3-7: Identified parameters for the basic HAH model 

Basic homogeneous anisotropic hardening 

𝑘 [-]  𝑘1 [-] 𝑘2 [-] 𝑘3 [-] 𝑘4 [-] 𝑘5 [-] 

60  107.5 100  0.7  0.95  20 
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In Figure 3-12, the experimental results for forward – reverse shear un-

der pretension are compared with the model predictions. The so- called 

Bauschinger like effect, which occurs during orthogonal loading, is cap-

tured appropriately by the enhanced HAH model approach. The model is 

able to describe the gradual yielding after the strain path was changed. A 

more complex aspect to model is the second strain path change. Three 

different amplitudes of forward shear loading have been chosen to inves-

tigate its impact on the behavior under reverse shear loading. All tests 

are well described. The best approximation is achieved for the highest 

amplitude (15%). Furthermore, it can be seen, that the basic version is 

able to describe the reverse loading as well, but is not able to capture 

effects during orthogonal loading. 

 

 

 

 

 

 
 

Figure 3-11: Model prediction of the shear – reverse shear test 
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Finally, in Figure 3-13, the predicted flow curves obtained with two or-

thogonal strain path changes are shown. Using the basic version of the 

HAH model, neither the first strain path change nor the second strain 

path change can be modeled accurately. The enhanced version, which is 

able to contract or expand during orthogonal loading, describes the first 

strain path change, the Bauschinger like effect, reasonably well. For the 

second strain path change, on the basis of the chosen model calibration 

approach and identified parameters, the predicted flow curve exhibits a 

sharp transient behavior before recovering the monotonic flow stress 

level, see Figure 3-13. 

 

 

 

 

 

 

 

 
 

Figure 3-12: Model prediction of the plane strain tension – shear – re-

verse shear test 
 



3. Material and constitutive modeling 45 
 

 

The parameters identified for the enhanced version of the HAH model, 

which lead to the results presented in Figure 3-12 and Figure 3-13, are 

listed in Table 3-8. 
 

 

  

 

 
 

Figure 3-13: Results of the plane strain tension – shear – plane strain 

tension test  
 

Table 3-8: Identified parameters for the enhanced HAH model 

Enhanced homogeneous anisotropic hardening 

𝑘 [-]  𝑘1 [-] 𝑘2 [-] 𝑘3 [-] 𝑘4 [-] 𝑘5 [-] 

60  107.5 100  0.7  0.95  20 

𝐿 [-]  𝑘𝐿 [-] 𝑆 [-]  𝑘𝑆 [-]  

1.0 0.0  0.8  400 



46  3. Material and constitutive modeling 

 

3.5 Conclusions 

 

The mechanical behaviour of an AISI 420 stainless steel was investigat-

ed using tensile tests, bulge tests and a combined tension – shear test-

ing device. A number of complex deformation paths using a special 

equipment producing sequences of plane strain tension and simple 

shear are done. The corresponding stress-strain curves were captured 

reasonably well with the HAH model. The basic version captured the 

Bauschinger effect well. For orthogonal loading, the enhanced HAH 

model leads to a good agreement of the model prediction with the meas-

ured yield curves. For the process simulation and validation of the inves-

tigated two step bending process, the basic version of the HAH model is 

used in the following. The basic phenomena occurring during reverse 

loading, like the Bauschinger effect and the transient hardening, are 

modelled satisfactory. 

 

The HAH model is used for the representation of a three dimensional 

stress state in this work. In general, the HAH model is defined for the 

general three dimensional stress state, because all tensors, which occur 

in the model description, are three dimensional tensors. The used yield 

locus finally defines the represented stress state of the model. 

 

The HAH model parameter are calibrated using reverse shearing tests. 

The model assumes that the effects during load reversal are identical in 

all other directions of the three dimensional space. In the absence of 

more data, it is reasonable to assume an isotropic Bauschinger effect. If 

more data in different directions would be available, the anisotropic be-

havior of the Bauschinger effect could be investigated and taken into ac-

count. 
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In this chapter, the calibrated material models are validated using a V-

bending experiment. After that, the numerical model of the two-step 

bending process is introduced. The numerical model is used to investi-

gate the process behavior, comparing output as forces and springback. 

For the simulation with the basic HAH model, a UMAT has been used 

within Abaqus. The model implementation is shortly addressed in the fol-

lowing section. 

 

 

Implementation algorithm for the HAH model 

For the implementation, the general convex cutting plane method 

(GCPM) is used [49], [50]. The first step is the calculation of the trial 

stress, which is pure elastic and is based on a given total strain incre-

ment Δ𝜀𝑛+1. Next, the trial stress is checked by inserting in the yield con-

dition. If the condition is met, the stress is elastic and the procedure con-

tinues. In the other case it is assumed to be plastic and the predictor cor-

rector iterative scheme begins. The procedure is illustrated in Figure 4-1. 

The predictor corrector scheme starts with the calculation of the variation 

in the equivalent plastic strain increment. With this quantity, the variation 

in the state variables can be calculated. The gradient of the yield function 

 

 
 
Figure 4-1: Illustration of the predictor – corrector scheme [49] 
 



48  4. Numerical modeling 

 

𝜕Φ𝑛+1 𝜕𝜎𝑛+1⁄  is also needed and should be carefully determined. This 

can be done by a multi-step Newton– Raphson algorithm [49]. The itera-

tive scheme continues until the consistency condition is satisfied within a 

given tolerance. 

 

4.1 Validation 

 

The numerical model is validated using a V-bending experiment. Details 

about the model are given and the simulation results are compared using 

measured forces and springback. 

 

4.1.1 Experimental setup 

In general, typical validation setups are for example cylindrical bending, 

U-bending and V-bending. The advantage of these methods is the large 

springback, which can be easily measured. In this work, the validation 

method is decided to be a V-bending test. In this test, a sheet metal 

sample is placed on a die as shown in Figure 4-2. 

 

 

 

 

 
a) b) 

  
 

Figure 4-2: Validation experiment consisting of a two-step V-bending 
process to introduce a load reversal 
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The punch moves during the experiment down to a specified depth. Dur-

ing this movement, the strip is bent and the reaction force and displace-

ment of the punch is recorded, see Figure 4-3. 

With a second tool set, the strip is bent back, such that a load reversal is 

introduced. The force and displacement of the punch is recorded as well 

in the second step. To validate the simulation results, a test is done 

where the strip is bent with a maximum force of 200 N in the first bending 

and afterwards bent back with a force of 150 N. 

 

4.1.2 FE model 

A quarter of the geometry is modeled. The tools (punch, die) were mod-

eled as rigid analytical surfaces and the blank was meshed with 8-node 

solid elements, see Figure 4-4 a). 

 

Seven elements over thickness are chosen. Coulomb’s friction law was 

used with the friction coefficient of 0.1 for all of the contacts between tool 

and blank. For the material description, two models are compared in the 

following. The isotropic material description is used in combination with 

the Swift hardening law. The results are compared with simulations using 

the basic HAH model approach, to investigate the influence of the 

Bauschinger effect on the springback behavior. This model is used in 

combination with von Mises yield criteria and Swift hardening law. To 

 

 
 
Figure 4-3: Validation test setup 
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compare the model results, the springback has been evaluated. This has 

been done by choosing two nodes, as indicated in Figure 4-4 a). The an-

gle has been calculated with respect to the horizontal level.  

 

4.1.3 Results 

In Figure 4-5, the force displacement curve from the simulation and from 

the experiment is compared. 

a) b) 

 
 
Figure 4-4: a) Discretization of the used mesh and chosen nodes for the 
evaluation of springback b) Chosen element for the evaluation of the  
stress state during bending 
 

  
a) b) 

  
 
Figure 4-5: Comparison of experimental and simulated bending forces; 
a) first bending process and b) second bending process 
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The results are showing a good agreement, but small details are differ-

ent. In the first bending, the calculated bending forces without and with 

HAH model are totally equal. In the second bending, the calculated 

bending force is lower using the HAH model, which is compared with the 

experimental results also more in agreement. 

 

In Figure 4-6, the springback behavior from the simulation and from the 

experiment is compared. In the first bending, both models predict the 

same angle, nearly in agreement with the experimental results. In the 

second bending, using the HAH model leads to a better prediction of 

springback than using the isotropic hardening model. The prediction in 

the second step is reasonable good with a deviation of 1.8° from the ex-

periment. 

The difference in the predicted force displacement curve and springback 

for the two used material models can be explained by comparing the 

stress state resulting from both material models, which is illustrated in 

Figure 4-7. For the plot, an integration point in the top layer in the bend-

ing radius is used, which is shown in Figure 4-4 b). 

 

After the first bending, both models predict the same stress state. After 

the second bending, a difference exists in the predicted stress state be-

tween both models, because the HAH model captures the Bauschinger 

effect. In the experiment, the amount of back bending was small. If the 

 

  
 
Figure 4-6: Springback behavior in the first and second bending process 
from the experiment and from the simulation 
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sheet metal is bent back more, a smaller difference in the predicted 

springback can be expected. 

 

 

4.2 Process modeling 

 

The tools for the two – step bending process, as defined in the demon-

strator, are implemented in the finite element code Abaqus. Again, the 

results of different material models are compared. Simulation results are 

compared with experimental data, using basic process output as forces 

and springback. 

 

 

 

 
 
Figure 4-7: Comparison of stress state resulting from numerical simula-
tions using isotropic hardening and HAH models  
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4.2.1 Process setup 
 

The first bending is designed as closed bending. The blank is bent to an 

angle around 50 degrees. The blank is clamped at the beginning with a 

defined force by the blank holder. The punch moves down and bends the 

flap. After that, the punch goes up and springback of the bent flap can 

occur. In the second bending, the flap is bent back to a lower angle, 

which is realized in the tooling as an open bending. The punch position 

in the second bending step can be adjusted. The position is defined as 

the distance between blank and punch and referred to as “bending gap” 

in the following. 

 

 

 

 
Figure 4-8: Process test setup consisting of two bending processes. 
 
 

4.2.2 FE model 
 

The model is created of one specific flap. To avoid an increased bending 

stiffness due to the chosen three dimensional element formulation, eight 

node linear elements are used with seven elements over the thickness. 

The contact bodies are implemented as rigid bodies. Three different ma-

terial models are compared in the following in order to examine their in-

fluences on the springback prediction. The basic model is using isotropic 

hardening (Swift law). To investigate the influence of anisotropy, instead 

of von Mises, the Hill 48 model is chosen. Finally to investigate the influ-

ence of the Bauschinger effect, the basic HAH model in combination with 

von Mises yield locus and the Swift hardening law is used. Because of 

symmetry, only half of the flap is modelled. A friction coefficient of 0.12 

has been chosen. The chosen size and amount of elements is shown in 

Figure 4-9. 
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4.2.3 Results 

In Figure 4-10, the impact on the calculated springback for the three dif-

ferent material models is shown in dependency of the amount of back 

bending.  

a) b) 

 
 

Figure 4-9: a) Discretization of the used mesh; b) Chosen element for the 
evaluation of the  stress state during bending 

 

 

 
 
Figure 4-10: Springback prediction in dependency of the back bending 
punch position using different material models 
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If the amount of back bending is small (which corresponds with a high 

bending gap), a difference between the calculated springback using the 

HAH model and isotropic hardening model exist. If the amount of back 

bending is higher (smaller bending gap), the difference for the calculated 

springback is smaller. Between the results using von Mises yield locus 

and Hill48 yield locus exists nearly no difference. 

 

Once more, the difference in the predicted springback between the cal-

culated models can be explained by comparing the stress state, which is 

illustrated in Figure 4-11. For the plot, an integration point in the top layer 

in the bending radius is used, which is shown in Figure 4-9 b).  

In case of the von Mises yield locus description it is seen, as expected, 

that the stress point of the second bending is symmetrical to the first 

bending and continues at the hardening level where the first deformation 

has stopped. In case of the HAH model the early re-yielding phenome-

non can be observed. Therefore, small amounts of back bending leads to 

a difference in the springback. For a large amount of back bending, the 

 

 
 
Figure 4-11: Comparison of stress states using von Mises and HAH 
model during reverse loading within a two-step bending process 
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difference is negligible. Therefore, the isotropic hardening law in combi-

nation with von Mises yield locus description is used to investigate the 

process behavior. 

 

Concerning the HAH model, it is noticeable, that the stress point in the 

beginning of the second deformation is not symmetrical to its counterpart 

in the first deformation. With continued deformation the model returns to 

the isotropic response. Different reasons may underlie the mentioned 

observation. A possible explanation is that the strongly distorted shape of 

the yield locus at the beginning of the reverse deformation leads to a sit-

uation where many different stress states share very similar flow direc-

tions. Whether this behavior is a numerical artefact due to the nature of 

the model needs to be studied further. 

 

In Figure 4-12 a), the simulated and measured bending force is com-

pared. As the simulation has a linear time dependency of the punch dis-

placement while the motion of the press is defined by the crank curves, 

the simulation results have to be converted to the press angle to achieve 

comparable data [20]. Comparing the simulation with the experimental 

force curve shows a quantitative and qualitative agreement. 

In Figure 4-12 b), a comparison between simulated and measured angle 

is done. It has to be considered, that the bent angle varies during pro-

duction within a narrow tolerance field. Furthermore, the control parame-

a) b) 

  
 
Figure 4-12: a) Force curve during 1st bending b) Final angle after 
second bending in dependency of the punch position 
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ter in the press and the control parameter definition in the simulation are 

different. In the simulation the gap is the distance between blank and 

punch. In the demonstrator process, the punch position depends on the 

motor position of the actuator. To transform these values, measurements 

of the gap at different motor positions are needed and fitted to a linear 

relation. Therefore, only a rough comparison between simulation and ex-

periments can be done by comparing the slope, which corresponds well. 

 

4.3 Conclusions 

 

For an accurate description of springback, an adequate material descrip-

tion has been used and its implementation is described. The numerical 

model is introduced and validated. Different hardening models have 

been compared and applied on the validation test. 

 

The validation of the bending shows in general a good agreement. 

Based on the results, it can be concluded that the material description 

predicts within an error of 1.8°. Compared to the goal to reduce the 

bending error below 0.1°, this accuracy cannot be achieved. 

 

Furthermore, the process model is described. The development of the 

stress state has been illustrated for a reasonable interpretation of the re-

sults from the different material models. It can be concluded that for the 

process simulation, the isotropic hardening law is sufficient. The HAH 

model and isotropic hardening model lead to the same results in the giv-

en process range of a bending gap around 0.5 mm. 
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In general, variations in the material and process parameter are leading 

to a drift in the quality parameters. Variations in the material parameter 

can occur, for example, due to variations in the yield stress, elasticity and 

thickness. These parameters are changing throughout coils and between 

the coils. Variations in the process parameters can occur due to variation 

in the friction, which can change due to temperature changes or tool 

wear. The actuating variable is a changeable process parameter as well, 

which is in the investigated process the punch position in the second 

bending step [20]. In Table 5-1 the parameters are summarized, which 

are considered for the description of the process. 

 
Table 5-1: Variable input parameters for the analysis of the process be-
havior 
 

Sheet metal forming process Declaration Explanation 

 A Swift parameter 

Material parameters E Elasticity 

 t Sheet thickness 

Process parameters 

Control variable 

(CV) 

Bending gap 

µ Friction 

 
To gain in depth knowledge about the process behavior, a screening 

study using the numerical model is done. By using simulations it is pos-

sible to change a specific parameter, while keeping other influencing fac-

tors constant. That is a major advantage compared to real tests, where it 

is nearly impossible to realize such a kind of study [27]. 
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5.1 Design of experiment 

 

The basic procedure to create a sufficient data set can be separated into 

the following steps: 

 

 the determination of the input parameters 𝑥𝑖 and their ranges 

 definition of target- or response values 𝑦 

 choice concerning the design of experiment 

 

The following results are based on a data set, generated with simula-

tions, using the isotropic hardening model in combination with von Mises 

yield locus description. The result of the design of experiment is summa-

rized in Appendix D. 

 

 

Input parameter and their ranges 

The nominal values and the varied range from the test can be seen in 

Table 5-2. 

 
Table 5-2: Variation values for the design of experiment 
 

Parameter unity nominal  min max 

Par. A (Swift) [MPa] 900 975 1050 

E [MPa] 205000 200000 210000 

t [mm] 0.3 0.295 0.305 

Bending gap [mm] 0.475 0.45 0.5 

µ [-] 0.12 0.08 0.16 

 
 

 

Definition of target- or response values 

As responses for the model, the angle after the first bending and the an-

gle after back bending are taken. For the evaluation of the bending force, 

the maximum force in the free bending area and the absolute maximum 

force at the end of the bending process are chosen, see Figure 5-1. 

“Point A” of the force curve is characterized by a “force plateau”. In “point 

B”, the flap is in contact with the die. In this plot, variations in the force 
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curve are due to variations in the input parameters to the specification 

limits (one factor at a time), as shown in Table 5-2. 

 

Design of experiment 

Several possibilities exist for the generation of a data set. The full facto-

rial approach and the Latin Hypercube approach are chosen as the de-

signs of experiment for the data set [20] [30]. 

 

With the full factorial approach, levels (amount of data points between 

the specification values) are defined for each input and combined with 

each other. As an example, three inputs at two levels can be visualized 

as the corners of a cube, as shown in Figure 5-2 a). The number of ex-

periments for the factorial design is the number of levels of the inputs to 

the power of the quantity of the inputs. A common design is the two-level 

design, in which the input values are varied between the upper and lower 

specification limit. 

 

The Latin Hypercube approach is a stochastic approach. If 𝑛 experi-

ments are needed, the design space is divided in 𝑛 rows and 𝑛 columns 

and each row and column is only taken once, see Figure 5-2 b). Another 

stochastic approach would be the Monte Carlo approach, in which the 

 

 
 

Figure 5-1: Visualization of the chosen supporting points for the evalua-

tion of the bending force 
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data points are distributed in a purely random manner inside the design 

space, see Figure 5-2 c). Compared to the Monte Carlo approach, the 

Latin Hypercube design is more structured [20]. 

Concerning the given process and its chosen five input parameter, the 

full factorial design consists out of 32 simulations and another 25 simula-

tions were generated with the Latin Hypercube design. The full factorial 

approach generates values at all bounding points to have the necessary 

data for a linear fit, while the Latin Hypercube extension is chosen to be 

able to evaluate the data set for nonlinear models. 

 

 

5.2 Sensitivity analysis 

 

In this section, the influence of material and process parameter varia-

tions on the bending force and bent angle is investigated. First, correla-

tion coefficients are calculated between inputs and outputs. Afterwards, 

each factor is varied using a one factor at a time design, to illustrate their 

influence [20] [29] [31] [62]. 

 

 

Correlations 

The Pearson correlation coefficient is used to analyze the dataset. The 

correlation coefficients are calculated to check if correlations exist in the 

design. Correlations in the input should be avoided, because it influences 

   
a) b) c) 

   

 

Figure 5-2: a) Two level full factorial design b) Latin Hypercube design  

c) Monte Carlo approach [20] 
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the correlation between inputs and response. Using the correlations co-

efficient, the most influencing factors can be identified as well. 

 

The dataset is represented by 𝑥 and 𝑦 for a sequence of 𝑚 observations. 

The Pearson coefficient is defined in the following manner 

The Pearson coefficient results in one for positive linear correlation, in 

minus one for negative linear correlations and in zero for no linear corre-

lation. But, in the case of zero, a non-linear correlation could exist. The 

calculated correlation coefficients between the inputs and the inputs and 

outputs are shown in Table 5-3. 

 

Concerning the correlations between the inputs, the coefficients are 

mainly around zero. Therefore, no correlation between the inputs exists 

which could influence the correlation between inputs and response. Con-

cerning the correlation between inputs and outputs, the angle after the 

first bending 𝛾 is mainly influenced by the blank thickness. Young’s mod-

ulus, yield stress and friction have a minor impact. The angle after the 

second bending 𝛼 is mainly influenced by the control parameter “bending 

gap”. This parameter has a clear linear impact on the bent angle. The 

second largest influence is the blank thickness, which is a measured 

noise parameter. The young’s modulus and the yield stress have a minor 

 

𝑟𝑥𝑦 =
∑ (𝑥𝑘 − �̅�)(𝑦𝑘 − �̅�)𝑚

𝑘=1

[∑ (𝑥𝑘 − �̅�)2𝑚
𝑘=1 ]−

1
2[∑ (𝑦𝑘 − �̅�)2𝑚

𝑘=1 ]−
1
2

 (5-1) 

 

 
Table 5-3: Correlation coefficients after Pearson between input parame-
ters (material and process) and responses (angles and force) 

  Inputs  Outputs 

  CV t E A µ  γ α FA FB 

In
p

u
ts

 

CV 1 -0.02 -0.02 0.02 0.04  0.03 0.94 0.02 0.01 

t -0.02 1 0.04 -0.05 -0.01  -0.99 -0.32 0.41 0.66 

E -0.02 0.04 1 0 0.04  -0.04 -0.1 0.03 0.06 

A 0.02 -0.05 0 1 -0.05  0.07 0.20 0.88 0.65 

µ 0.04 -0.01 0.04 -0.05 1  0.04 0.02 0.11 0.25 
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impact on the angle. The friction coefficient has a small influence, com-

pared to the usual deep drawing process, because the contact patch is 

small in the investigated process. 

 

 

Effect of parameter variations 

In this section, a descriptive image of the system behavior is given. 

Therefore, one parameter is varied to the specification limit while keeping 

the other parameters at the nominal value. The influence of variations in 

the material parameters on the angle after the first and second bending 

and on the force curve is shown in Figure 5-3. 

 

The variations of the Swift model parameter A has nearly no influence on 

the angle after first bending and a moderate impact on the final angle. 

The force curve in the first bending is influenced by the parameter A var-

iations, in the free bending and in the maximum force. The results of the 

elasticity variations have no influence on the angles and on the force. Fi-

nally, the sheet thickness is a very significant variable. Changes in thick-

ness have a big influence on the first bending angle, as well as on the 

second bending angle. It also affects the force curve. 
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The influence of variations in the process parameters on the final angle 

after the first and second bending and on the force curve is shown in 

Figure 5-4. The control parameter “bending gap” has a major influence 

on the final angle. Furthermore, the relation is linear. Changes in the fric-

tion coefficient have no impact on the bending angles, and no impact on 

the force curve. The influences of the variations of material and process 

parameters are summarized in Table 5-4. 

 

 

Influence on angle Influence on force 

Parameter A (Swift) 

  

Elasticity 

  

Sheet thickness 

  
 
Figure 5-3: Influence of variations in the material parameters on the bent 
angles, first and second angle (on the left side) and on the bending 
force, point A and B (on the right side) 
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Influence on angle Influence on force 

Bending gap 

 

No interaction 

Friction 

  
 

Figure 5-4: Influence of variations in the process parameters on the bent 
angles, first and second angle (left) and on the bending force, point A 
and B (right) 

 

 
Table 5-4: Influence of input parameter variations on angles and punch 
force 

 First angle γ Second angle α   Punch force 

Par. A (Swift) low moderate high 

E low low low 

t moderate high high 

Bending gap - high - 

µ low low low 
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5.3 Response surface methodology 

 

To model the relation between the parameters, the least square approx-

imation by a polynomial equation is used. The quality of the fit is deter-

mined by the evaluation of different approximation errors [20] [29] [30]. 

 

Least square approximation 

The data for the model calibration is consisting out of the input parame-

ters 𝑥 and the response 𝑦. A linear model of the response 𝑦 for the dif-

ferent inputs 𝑥1 to 𝑥𝑛 would be 

 
𝑦 = 𝑏0 + 𝑏1 ∙ 𝑥1 + 𝑏2 ∙ 𝑥2 + ⋯ + 𝜀 (5-2) 

 
with the regression coefficients 𝑏 and the approximation error 𝜀, which is 

the difference between the predicted and the measured response. The 

response surface can be extended to nonlinear relations if needed. 

 

Given 𝑛 samples and 𝑘 regression coefficients, the introduced equation 

(5-2) can be written in matrix form as follows: 

where 

 

𝒚 = [

𝑦1
𝑦2

⋮
𝑦𝑛

] , 𝑿 = [

1 𝑥11
⋯ 𝑥1𝑘

1 𝑥21 ⋯ 𝑥2𝑘

⋮
1

⋮
𝑥𝑛1

⋮ ⋮
⋯ 𝑥𝑛𝑘

] ,   𝒃 = [

𝑏0

𝑏1

⋮
𝑏𝑘

],  and   𝜺 = [

𝜀1
𝜀2

⋮
𝜀𝑛

] (5-4) 

 
𝒚 is an 𝑛 𝑥 1 vector of the observations, 𝑿 is an 𝑛 𝑥 𝑝 matrix, 𝒃 is a  𝑝 𝑥 1 

vector of the regression coefficients and 𝜺 is an 𝑛 𝑥 1 vector of random 

errors. 

 

The vector of the regression coefficients 𝒃 can be calculated as follows: 

 

𝒃 = (𝑿′𝑿)−1𝑿′𝒚 (5-5) 

 
 

 
𝒚 = 𝑿 ∙ 𝒃 + 𝜺 (5-3) 
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The response surface model results in the following equation 

with �̂� as the approximation of the response. 

 

The calculated model parameters are summarized in Table 5-5. In the 

calculation procedure, the inputs have been normalized to values from -1 

to 1 to avoid numerical inaccuracies in the matrix inversion. 

 
Table 5-5: Model coefficients based on the dataset presented in appen-
dix D for the first and second bending angle and two supporting points on 
the force curve (point A and B, see Figure 5-1) 
 
 

Variable Coeff. 1st angle γ 2nd angle α   Force A Force B 

- 𝑏0 50.94 35.1 15.5 114 

Bending gap 𝑏1 - 1.03 - - 

t 𝑏2 -0.14 -0.32 0.59 8.35 

E 𝑏3 8.e-5 -0.07 0.01 0.22 

Par. A (Swift) 𝑏4 0.003 0.18 1.16 8.31 

µ 𝑏5 0.004 -0.013 0.21 3.53 

 
 

Accuracy quantification 

In this section, different quality measures are explained and used to 

quantify the accuracy of the model [20] [30]. 

 

The sum of square residual is using the residual between the estimated 

response �̂� and the measured response 𝑦 in the following manner: 

 

𝑆𝑆𝐸 = ∑(𝑦𝑖 − �̂�𝑖)2

𝑛

𝑖=1

 (5-7) 

 
The regression sum of squares can be calculated as follows: 

 

𝑆𝑆𝑅 = 𝒃′𝑿′𝒚 −
(∑ 𝑦𝑖

𝑛
𝑖=1 )2

𝑛
 (5-8) 

 

 
�̂� = 𝑿𝒃 (5-6) 
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The total sum of squares is the sum of the regression sum of square 

(𝑆𝑆𝑅) and the sum of square residuals (𝑆𝑆𝐸): 

 

𝑆𝑆𝑇 = ∑(𝑦𝑖 − �̅�)2 = 𝑆𝑆𝑅 + 𝑆𝑆𝐸

𝑛

𝑖=1

 (5-9) 

 
A quality measure, which is called the coefficient of multiple determina-

tions, can be calculated as follows: 

 

𝑅2 =
𝑆𝑆𝑅

𝑆𝑆𝑇
= 1 −

𝑆𝑆𝐸

𝑆𝑆𝑇
 (5-10) 

 
A good fit of the model would have a 𝑅2 value close to one and a poor fit 

a value close to zero. 

 

Additionally, the value 𝑅𝑎𝑑𝑗
2  can be built. To make this quality measure 

independent on the number of regression coefficients, the definition 

takes also the number of regression coefficients 𝑝 in relation to the num-

ber of experiments 𝑛 into account. It is defined as follows: 

 

𝑅𝑎𝑑𝑗
2 = 1 −

𝑛 − 1

𝑛 − 𝑝
(1 − 𝑅2) (5-11) 

 
This value should not deviate significantly from 𝑅2, otherwise the number 

of regression coefficients is chosen to high. In this case, the quality of the 

fit is not improved, despite of a high 𝑅2 value. 

 

Also, the value 𝑅𝑝𝑟𝑒𝑠𝑠
2  can be built. It shows how well the model predicts 

new data and is defined similar to 𝑅2. It is defined as follows:  

The value 𝑃𝑅𝐸𝑆𝑆 is built as follows: 

 

𝑅𝑝𝑟𝑒𝑠𝑠
2 = 1 −

𝑃𝑅𝐸𝑆𝑆

𝑆𝑆𝑇
 (5-12) 

 

 

𝑃𝑅𝐸𝑆𝑆 = ∑(𝑦𝑖 − �̂�𝑖)2

𝑛

𝑖=1

 (5-13) 
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For each data point 𝑖, a new model has to be fitted based on a reduced 

data set (without using the inputs and responses of the data point). The 

model response �̂�𝑖 is recalculated and compared to the measured re-

sponse 𝑦𝑖. A good fit of the data produces an 𝑅𝑝𝑟𝑒𝑠𝑠
2  value in the same 

range as 𝑅2. All calculated values are summarized in Table 5-6. 

Summarized the back bending process can be modeled with a linear 

model. With 𝑅2 = 0.99 the fit is approximating the angles and forces in-

side the design space accurately. The reason for this good approxima-

tion of the first bending step mainly lies within the linear and high impact 

of the thickness. For the second bending, the back bending gap has a 

high and linear impact. The predictive quality 𝑅𝑝𝑟𝑒𝑠𝑠
2  for points inside the 

design space is good as well. 

 

5.4 Analysis of variance 
 

To calculate a relevance for each input parameter of the model, the par-

tial 𝐹-test is used [20] [30]. The following hypotheses is tested for each 

parameter 𝑏𝑥: 

Rejection of 𝐻0 implies that the parameter 𝑏𝑥 contributes significantly to 

the model. 

 

 

 
Table 5-6: Evaluation of the data set for the bending process using least 
square approximation 

 1st angle γ 2nd angle α Force A Force B 

𝑅𝑝𝑟𝑒𝑠𝑠
2  0.99 0.99 0.99 0.99 

𝑅𝑎𝑑𝑗
2  0.99 0.99 0.99 0.99 

𝑅𝑝𝑟𝑒𝑠𝑠
2  0.99 0.99 0.99 0.99 

 

 

 
𝐻0: 𝑏𝑥 = 0 (5-14) 

 
𝐻1: 𝑏𝑥 ≠ 0  

 
(5-15) 



5. Stochastic simulations and metamodeling 71 
 

The test procedure is to compute 

with the mean squared error 𝑀𝑆𝐸 

 

𝑀𝑆𝐸 =
𝑆𝑆𝐸

𝑛 − 𝑘 − 1
 (5-17) 

 
and the regression sum of squares 𝑆𝑆𝑅(𝑏𝑥|𝑏remain) 

It is built out of the difference between the regression sum of squares of 

the whole model and the regression sum of squares of the model, which 

does not use the input 𝑥. 

 

If the 𝐹0 value is greater than a test value 𝐹𝛼,𝑘,𝑛−𝑘−1, the testing hypothe-

ses 𝐻0: 𝑏𝑥 = 0 is rejected and the input 𝑥 is considered as significant for 

the model. The test value 𝐹𝛼,𝑘,𝑛−𝑘−1 can be found in tables. Usually, the 

test values are tabulated for a significance level of ∝= 0.05 and ∝= 0.01. 

 

In Table 5-7 the model coefficients of the linear approximation for both 

angles 𝛾 and 𝛼 are shown in combination with the 𝐹0 values of each pa-

rameter. 

 

𝐹0 =
𝑆𝑆𝑅(𝑏𝑥|𝑏remain)

𝑀𝑆𝐸
 (5-16) 

 

 
𝑆𝑆𝑅(𝑏𝑥|𝑏remain) = 𝑆𝑆𝑅(whole model) − 𝑆𝑆𝑅(reduced model) (5-18) 

 

 
Table 5-7: Coefficients of the linear model and their impact factors using 
the partial F test 

 1st angle γ 2nd angle α   Force A Force B 

 Coeff. F0 Coeff. F0 Coeff. F0 Coeff. F0 
         

Const. 50.94 0 35.1 0 15.5 0 114 0 

gap - - 1.03 15737 - - - - 

t -0.14 6346 -0.32 1546 0.59 9294 8.4 3219 

E 8.e-5 0 -0.07 72 0.01 3.35 0.22 2.17 

A 0.003 3 0.18 487 1.16 36382 8.31 3292 

µ 0.004 6 -0.01 3 0.21 1203 3.53 576 
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By comparing the 𝐹0 values the input with the greatest influence on the 

response can be determined. To illustrate the model approximation, the 

whole dataset is shown in combination with the model approximation in 

dependency of the main impact factors. In Figure 5-5 a) the high and lin-

ear influence of the thickness on the first bending angle is shown. In Fig-

ure 5-5 b), the dependency between the main influencing factor, the 

bending gap, on the final angle is shown. 

a) b) 

  
 

Figure 5-5: Main impact factors on a) first bending angle and b) second 
bending angle 
 
 

5.5 Conclusions 
 

The full factorial and the Latin hypercube design are chosen for the gen-

eration of a data set. The sensitivity study shows that the influences of 

the measured thickness and the control parameter back bending gap are 

high, which indicates that the process is controllable. The fitted response 

surfaces are evaluated using different quality values, which leads to the 

result that a linear model approximates the angle after the second bend-

ing well. From these insights, the control strategy can be derived. 
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6 Control concept and demonstration 
 

In this section, control strategies are applied on a sheet metal forming 

process to investigate their feasibility. For this purpose, a suitable de-

monstrator process has been developed within the MEGaFiT project 

[58]. The whole tooling consists of cutting, deep drawing, forging and 

bending modules, see Figure 6-1a). The produced demonstrator product 

is shown in Figure 6-1b). The product is produced with a rate of one 

product per second. The used material is the stainless steel AISI420 with 

a strip width of 38 mm. 

Pilot holes and pins are used to guide the strip through the different form-

ing stages. The first module consists of three cutting steps. The second 

module is a single deep drawing step. The third module has two cutting 

steps and one forging step. Finally, the last module consists of one cut-

ting step, in which three flaps are cut out, and two bending steps, in 

which the flaps are bent, first to an angle of 50° and then to a lower tar-

get angle. 

 

To compensate for disturbances on the measured angle, closed loop 

control approaches are used. In the following section the framework for 

the control approaches and the control algorithms will be introduced. 

First, the sensors and actuators are explained and their accuracy is ad-

dressed. Two uncontrolled data sets, for thicknesses of 280 μm and 300 

μm, are used to show and analyze their outputs. The control strategies 

are introduced and their behavior is analyzed by simulating a suitable 

scenario. Finally, the control strategies are implemented into the PLC 

a) b) 

  
 

Figure 6-1: a) Tooling and b) demonstrator product 
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hardware and their behavior is analyzed compared to the uncontrolled 

process behavior. 

 

6.1 Sensors and actuators 

 

The following sensors are implemented and will be discussed in the fol-

lowing: Thickness, force and angle measurement. Actuators are imple-

mented to be able to adapt the blank holder forces in the deep drawing 

module and the punch position in the bending module. All sensors and 

actuators are summarized in Figure 6-2. 

 

The thickness is measured continuously with an analogue contact gauge 

before entering the cutting stage. The sensitivity analysis in section 5.2 

showed that the thickness is one of the main impacts on the bending an-

gle. Therefore, the thickness measurement plays a key role in the recog-

nition of changing inputs of the forming steps. 

 

Force sensors are implemented in each module to evaluate the process 

behavior. Especially interesting is the force measurement in the first 

bending stage which could be used as control input to gather further in-

formation which cannot be measured directly. 

 

 

 

 

Figure 6-2: Whole tooling including bending module 
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The bent angle in rolling direction, which is the quality parameter of the 

bending process, is measured by an optical measurement system in eve-

ry stroke. The measurement system is directly integrated in the bending 

module in the last position of the tool. This aims for short delays in the 

feedback loops of the control algorithms. 

 

To control the bending stage, which is in the focus of this work, the 

punch position in the second bending step can be set to adapt the final 

bent angle. For the sake of completeness, it should be mentioned, that 

the blank holder in the deep drawing step, which is divided into four sec-

tions, can be controlled by a hydraulic system to be able to control the 

draw-in of the flange. However, the influence of the blank holder forces 

on the draw-in in the deep drawing module was not strong enough. 

Therefore, the control strategy could be applied only on the bending 

stage. 

 

6.1.1 Thickness measurement 

The thickness is measured by a Vollmer strip thickness gauge of the type 

VBK 563, see Figure 6-3. A repeatability study has been done to quantify 

the accuracy of the thickness measurement device. The results of this 

study ranges in a standard deviation of 0.11 µm. 

 

 
 
Figure 6-3: Thickness measurement (Vollmer VBK 563) 
 
An example of the thickness measurement can be seen in Figure 6-3 

where the thickness over roughly 3000 parts for a blank with a nominal 
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thickness of 280 and 300 micrometers is plotted. Evaluation of the data 

for the thin blank shows, that the blank has a mean value of 280.66 µm 

with a standard deviation of 0.58 µm. Evaluation for the 300 µm thick 

blank results in a mean value of 302.15 µm and a standard deviation of 

0.77 µm. 

The variation in the thicker sheet is larger than in the thinner sheet, but in 

general still small. For the 300 µm thickness coil, a sinusoidal trend can 

be observed over time. This trend could be due to the cold rolling pro-

cess at the steel manufacturer. 

 

6.1.2 Force measurements 

The forces are measured individually by Kistler piezo sensors. The ca-

pacity of the piezo sensors is detected and amplified by a charge ampli-

a) b) 

  

c) d) 

  

 
Figure 6-4: Measured thickness for different coils with a nominal thick-
ness of a) 280 micrometers and c) 300 micrometers in combination with 
its normal distribution (b) and (d) 
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fier. The used sensor types in each forming stage are summarized in 

Table 6-1. 

The data of the force curves need to be post processed for a proper 

evaluation. Three issues have been taken into account for that purpose. 

First, the forces are filtered to reduce the measurement noise. This is 

necessary, especially for bending, with the relative small force of approx-

imately 15 N during free bending and a variance of 1.6 N. With this filter 

the variance is reduced from 1.6 N to 0.05 N and therefore the usability 

of the force curve is improved. Secondly, the data is aligned in time, be-

cause, in some cases, the force curve is shifted over time. Therefore, 

one curve of one product is used to align the whole data set for all prod-

ucts. Finally, a pretension offset of 70 N is canceled out. In Figure 6-5 all 

monitored force signals for each forming stage for one product are 

shown. The influence of the different sheet thicknesses can be clearly 

seen. 

 

In Figure 6-5 a), the cutting force is shown. In this module, a sensor is 

mounted above the cutter for the pilot pin holes. The maximum force for 

cutting ranges in the area of 650 N. In Figure 6-5 b), the deep drawing 

force is shown. The deep drawing force sensor detects nearly 10 000 N. 

In Figure 6-5 c), the bending force is shown. The first plateau is the free 

bending while the slope at the end is the last part of the bending where 

the tool is closing and ending up in a state which represents a nearly 

closed bending. A comparison with the simulated force curve is done and 

shown in Figure 6-5 d). 

 

 

 

 

 

 
Table 6-1: Used type of Kistler sensor within the different forming stages 
 

 Cutting Deep Drawing Bending 

Sensor 
type 

SlimLine 
9132B29 

SlimLine 
9133B29 

SlimLine 
9130B39 
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6.1.3 Angle measurement 

The angle measurement, which is integrated in the last step of the bend-

ing module, is based on the evaluation of an image of the bent flap, see 

Figure 6-6. The image is processed with an edge detecting algorithm, 

which selects the relevant pixels and fits them to a linear function. 

Thereby the angle can be calculated. 

 

 

 

 
a) Cutting force Fcut b) Deep Drawing force Fdd 

  
 

c) Bending force Fbend d) Comparison with numerical 
simulation results 

  
 
Figure 6-5: Measured forces in each forming stage 
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Figure 6-6: Picture of a bent flap from the angle measurement device 
 
To investigate the accuracy of the angle measurement, a repeatability 

study has been done. Therefore, one product is measured six times be-

fore the next product is made. The results can be seen in Figure 6-7 for 

six products. In summary the measurement device is accurate with a 

measurement error of 0.01 degree. The part to part fluctuations amount 

0.2 degrees. 

 

6.1.4 Actuators 

To adapt the process on changing conditions, actuators are implement-

ed. The focus is on the bending module, in which the punch position in 

the second bending step can be adapted. For the sake of completeness, 

the blank holder forces from the deep drawing step are shown as well. 

  

 

 

 

Figure 6-7: Amount of variation in the angle measurement 
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Blank holder forces 

In the deep drawing step, the blank holder force is controlled. The blank 

holder is divided in four separate sections. Each section is connected to 

a hydraulic cylinder, whereby the flow to the cylinder is controlled by a 

valve.  In Figure 6-8 the pressure in the inflow for each blank holder sec-

tion is shown. The graphs show similar responses for each separated 

blank holder and also for both coils. But it can be seen that the blank 

holder force is not completely constant. This leads inevitable to an influ-

ence in the measured deep drawing punch force. 

 

 

 

 

  
a) b) 

  
  
c) d) 

  

 
Figure 6-8: Hydraulic pressure for each separated blankholder 
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Punch position 

In the second bending step, the position of the punch is controlled. The 

electrical actuation is done by a Maxon motor. The back bending punch 

can be adjusted to achieve a back bending gap between 0.2 mm and 0.6 

mm. Within one test session, the punch has been set to different values 

to investigate the dependency between punch position and final angle. 

The relation for both coils, thickness 280 μm and 300 μm, is shown in 

Figure 6-9. 

 

6.1.5 Analysis of the data set 

 

The accuracy of the input quantities is crucial for a proper data analysis. 

Therefore, the accuracy of each sensor is addressed. Next the longtime 

behavior of the measured angle is shown to complete the introduced da-

taset for the coil thickness of 280 μm and 300 μm. Finally, the correlation 

coefficients between the measured thickness, forces and final bent angle 

are calculated. 

 

 

 

 

 

 
 
Figure 6-9: Variation of the punch position and its effect on the final an-
gle 
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Accuracy of the sensors 

The accuracy of the angle measurement can be estimated with an error 

of 0.01 degree (part to part fluctuations amount of 0.2 degrees). The 

thickness measurement is accurate as well. Both measurement devices 

can be used in the control strategies. The force measurements need to 

be filtered for the usage of other values than the maximum value, which 

can be handled directly by the amplifier. 

 

 

Long-term behavior of measured angle 

In Figure 6-10 the results of the bent angle for a long time run without 

control for the both sheet thicknesses with 280 µm and 300 µm is shown. 

It can be seen that the bent angle is relative constant over time, but small 

fluctuations exist. For both runs, the punch position is set at the same 

position, which leads to a lower angle for the thicker sheet. 

 

 

Correlations 

For identifying correlations in the data set, features of the forces need to 

be defined and extracted. In this case, the maximum force of each curve 

is chosen. The results are summarized for both coils in Table 6-2. 

 

The correlation between bending force and angle is low. A stronger cor-

relation exists between the maximum cutting force or maximum bending 

a) b) 

  
  

Figure 6-10: Results of measured angle for the two coils with different 
thicknesses a) thickness 280  µm and b) thickness 300  µm 
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force and the blank thickness. This information could be used in a sensor 

fusion approach to enhance the quality of the influence of the blank 

thickness. On the other hand, the variation of the thickness is small and 

does not explain the variations in the angle alone. Other sources of noise 

exist, which are not detected yet. 

 

Comparing this observation with numerical results, see Table 6-3, the 

correlation between thickness and bending force can be shown as well. 

Noticeable is the relative strong correlation between thickness and final 

angle. This effect cannot be identified in the experimental test results. 

 

  

 
Table 6-2: Correlation coefficients for different data sets a) no control 
280 µm (1000 parts) and b) no control 300 µm (1000 parts) 
 

 t Fcut Fdd Fbend α 

t 1 0.54 0.023 0.194 0.04 

Fcut 0.54 1 0.1 0.31 0.08 

Fdd 0.023 0.1 1 0.052 0.05 

Fbend 0.194 0.31 0.052 1 -0.15 

a) 

 

 t Fcut Fdd Fbend α 

t 1 0. 37 0. 09 0. 54 -0. 11 

Fcut 0. 37 1 0. 23 0. 50 -0. 09 

Fdd 0. 09 0. 23 1 0. 09 0. 12 

Fbend 0. 54 0. 50 0. 09 1 -0. 2 

b) 

 

 
Table 6-3: Correlation coefficients for numerical simulation results for 
300 µm sheet thickness 
 

 t Fbend α 

t 1 0.664 -0.32 

Fbend 0.664 1 -0.08 
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6.2 Control strategy 

 

To control the quality of the products in the environment of changing 

conditions, the measured angle of the process needs to be fed back to 

the input of the controller. Additionally, other sources can be used. For 

example direct measured disturbances as the sheet thickness or indirect 

measured information, assumed out of the force curves. Two approach-

es have been worked out, which are presented in the following section. 

In each approach, the relation between measurement and control pa-

rameters is defined in a different way. To evaluate the stability of the ap-

proaches, simulations are done for each strategy 

 

 

6.2.1 Approach based on numerical models 

In this approach, the relations between measured values and control var-

iable are built up using simulation results [20] [64].  

 

Approach 1.1 

The control parameter “𝑔𝑎𝑝“ is calculated based on all direct measured 

values and deviations, which are the deviation in the final angle 𝛼𝑡𝑎𝑟𝑔𝑒𝑡 −

𝛼𝑙𝑎𝑠𝑡 and the sheet thickness 𝑡𝑛𝑜𝑚𝑖𝑛𝑎𝑙 − 𝑡𝑙𝑎𝑠𝑡. The slope of the response 

surface regarding to the measured quality parameter  𝑏1 =
𝜕𝑔𝑎𝑝

𝜕𝛼
  and 

measured thickness 𝑏2 =
𝜕𝑔𝑎𝑝

𝜕𝑡
 in the current working point is used to cal-

culate the new setting of the control parameter. 

As derived in the section before, the relation between thickness and con-

trol variable to the final angle are linear. The parameters for this ap-

proach are summarized in Table 6-4. 

 

 

 

 

𝑔𝑎𝑝 = 𝑔𝑎𝑝𝑙𝑎𝑠𝑡 + 𝑏1 ∗ (𝛼𝑡𝑎𝑟𝑔𝑒𝑡 − 𝛼𝑙𝑎𝑠𝑡) 

          +𝑏2 ∗ (𝑡𝑛𝑜𝑚𝑖𝑛𝑎𝑙 − 𝑡𝑙𝑎𝑠𝑡) 
(6-1) 
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Approach 1.2 

To make the control approach more robust against the variation in the 

measured angle, the mean of the last three measured angles �̅� is used 

instead of only the last one. As the mean of the last three angles is noth-

ing else than simple data smoothing, the influence of the noise is re-

duced. Furthermore, the control variable is updated every fifteen parts. In 

this modification, the absolute values are used and the bending gap is 

calculated as follows 

 

𝑔𝑎𝑝 =
(𝛼𝑡𝑎𝑟𝑔𝑒𝑡 − 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛) − 𝑏0 − 𝑏2 ∙ 𝑡

𝑏1
 (6-2) 

 
The correction factor is calculated by the following equation 

 

𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛𝑛𝑒𝑤 = 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛𝑜𝑙𝑑 + (∝𝑡𝑎𝑟𝑔𝑒𝑡− �̅�) (6-3) 

 
 

The coefficients used for this control approach are shown in Table 6-4 as 

well. 

 

 

 

 

 

 

 
Table 6-4: Coefficients for the control approach based on simulation da-
ta 
 

 𝑏0 𝑏1 𝑏2 Averaging 

Approach 1.1 - 46.8 -68.4 1 

Approach 1.2 30.12 46.8 -68.4 3 
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6.2.2 Approach based on measured data 

In this approach, the coefficients of the model are recalculated during the 

process based on measured data [20] [64]. 

 

 

Approach 2.1 

A response surface is built by using regression techniques. As derived in 

the section before, the sensitivity study shows that the relation between 

measured values and control variables are linear. The use of a multiple 

linear regression method is a reasonable choice. 

 

The multiple regression describes the relationship between the control 

variable “𝑔𝑎𝑝” and the measured variables with the following basic model 

 

𝑔𝑎𝑝 = 𝑏0 + 𝑏1 ∙ 𝛼 + 𝑏2 ∙ 𝑡 + 𝑏3 ∙ 𝐹  (6-4) 

 

with the measured process data final angle 𝛼, thickness 𝑡 and  selected 

features of the force curve 𝐹. The model coefficients are calculated using 

the least square approximation. The regression coefficient matrix can be 

recursively updated using a moving window approach when actual 

measurement of output is available. The coefficients for this approach 

are summarized in Table 6-5. 

 

 

 

 

 

 
Table 6-5: Coefficients for the control approach based on measured da-
ta 
 

 𝑏0 𝑏1 𝑏2 𝑏3 Averaging 

Approach 2.1 variable (calculated during production) 50 
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6.2.3 Simulation of scenarios 

Simulations are used to investigate the influence of measurement noise 

and to evaluate the stability of the algorithms. The process is represent-

ed by models based on numerical simulations. The exact description of 

the input values and used models is summarized in Appendix E. Further 

scenarios are simulated and evaluated in [20]. 

To evaluate the influence of noise on the angle measurement, two differ-

ent noise levels are introduced. The first evaluation is done without 

noise, the second with a noise with a variance of 0.2°. To check the con-

trol algorithm for their reaction of sudden changes, a step in the request-

ed angle is introduced. 

 

 

 

Figure 6-11: Concept for the simulation of different scenarios 

 

 
Thickness Yield stress Target angle 

   
 

Figure 6-12: Scenario including change in the target angle 
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In Figure 6-13 a), the results using approach 1.1 is shown without intro-

ducing noise on the measured angle. It can be seen that the angle is os-

cillating close to the target after overshooting. In Figure 6-13 b), the re-

sult with the introduction of noise on the measured angle is presented. 

The number of defects is rising and leaves the tolerance field of 0.2° 

form time to time. 

 

In Figure 6-13 c), the result using approach 1.2 is shown without intro-

ducing noise on the measured angle. It can be seen that a very good be-

havior is achieved by reaching the new tolerance field already after the 

first step. In Figure 6-13 d), the result with the introduction of noise on 

the measured angle is presented. A noise dependency can be identified. 

Noise is widening the bandwidth to a value that stays below 0.2 degrees. 

Overall, the results showed that this approach worked quite well. 

 

In Figure 6-13 e), the result using approach 2.1 is shown without intro-

ducing noise on the measured angle. It can be seen that that the angle is 

following the target angle perfectly. In Figure 6-13 f), the result with the 

introduction of noise on the measured angle is presented. The noise de-

pendency is low. After the step, some defect parts are produced until the 

parts are in the tolerance field again. 

 

Summarized, all control algorithms reach the target angle after a certain 

transient oscillation. It can be concluded that all control algorithms react 

sensitive on additional measurement noise. Data smoothing helps to 

make the process more robust against noise on the angle measurement. 
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Approach 1.1 

a) b) 

  
 

Approach 1.2 

c) d) 

  
 

Approach 2.1 

e) f) 

  
 
Figure 6-13: Simulation results for the different control strategies a), c), 
e) without noise on the angle measurement b), d), f) with noise (variance 
of 0.2°) 
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6.3 Demonstration 
 

The following section introduces the components for the implementation 

of the control strategies and the test results. First, a comparison of the 

control methods is done. Finally a coil change test is performed to verify 

the quality of the developed approach [65] [67]. Further tests are done, 

with lower speed and without the forging stage, which are summarized in 

Appendix F. 

 

6.3.1 Implementation 
 

The framework can be divided in standard components and exceptional 

parts, which are needed for control. Standard components are the press 

and the PLC. Exceptional in the framework is the tool, including actuation 

and sensing, and the software TwinCAT by Beckhoff, which combines all 

different parts of the framework. The complete setup is shown in Figure 

6-14 [20]. 

 

 

 

 

 

 

 
 
Figure 6-14: Setup for control implementation [20] 
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The “TwinCAT” software system is the platform that enables real-time 

process control. It is used additionally to the “Bruderer PLC” to extend 

the freedom in programming. Additionally, so called “TcCOM objects” are 

used. The two main “TcCOM objects” are the Simulink and the UDP Cli-

ent modules. The Simulink module contains the logic for the control, the 

UDP (User Datagram Protocol) is used to call the “Optimus server” for 

metamodel evaluations. 

 

For data acquisition, a txt file is used (text database). The txt file includes 

all necessary values like the thickness, maximal forces for the different 

stages, current back bending punch position and the bent angle of the 

part. These data are used to provide a better estimation of the process 

and are therefore used to update the process response models for the 

control approach 2.1. In this architecture “Optimus” [59] is the software 

responsible for creating and updating the process metamodels that are 

deployed into the “Optimus server”. 

 

 

6.3.2 Comparison of control methods 

 

The following test scheme is used as shown in Table 6-6. After starting 

up the test, parts are made based on the evaluated control [65] [67]. 

 

 

 
Table 6-6: Test scheme used to determine the quality of the control 
 

 sheet thickness [µm] Control approach 

Uncontrolled test 

Test 1 280 No 

Comparison of control methods 

Test 2 280 Approach 1.1 

Test 3 280 Approach 1.2 

Test 4 280 Approach 2.1 

Test 5 280 Approach 2.1 
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Test run without control 

Looking at a test run with 800 parts, the process shows a stable behavior 

for a long run without a coil change. This stable behavior can only be ex-

plained by nearly constant material properties throughout the coil. Still, 

small variations in the measured angle exist and an offset between 

measured and target angle is obvious due to a constant setting parame-

ter for the punch position. 

Approach based on numerical models 

In Figure 6-16 the result of the simulation based approach (approach 

1.1) is shown. In fact, the noise dependency is high. The target angle is 

reached, but the variation of the angle is larger than without control. 

 

 

 

Figure 6-15: Test 1: No control run with sheet thickness of 280 µm 

 

 

  

 

Figure 6-16: Test 2: Results using “ Approach 1.1” incl. histogram  

 



6. Control concept and demonstration 93 

 

 

Data smoothing (averaging over 3 parts) helps to make the process 

more robust against noise and the tolerance field is getting narrower, 

somehow to the level of the test run without control (approach 1.2). 

 

 

  
 
Figure 6-17: Test 3: Results using “Approach 1.2” (applying data smooth-
ing using last 3 parts) incl. histogram 
 
 

Approach based on measured data 

In Figure 6-18 the result of the approach based on measured data (ap-

proach 2.1) is shown. It can be seen that the regression is not stable. 

The reason is that the coefficients change for each new fit. 

  

  
  
Figure 6-18: Test 4: Results using “ Approach 2.1” (using punch posi-
tion and angle for process modeling) incl. histogram 
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In the test shown in Figure 6-19, the data set is extended and the thick-

ness measurement and the maximum bending force are used too (ap-

proach 2.1). This additional information leads to an improved behavior. 

 

 
 

Figure 6-19: Test 5: Results using “Approach 2.1” (using thickness, max. 
bending force, punch position and final angle for process modeling) incl. 
histogram 
 
 

Conclusions 

It can be noted, that all the tests with process control deliver significantly 

better results than the uncontrolled ones. In each test the target angle is 

reached. For the controller it is important to have a constant relation be-

tween measured quality and control variable. In this study approach 1.2 

with a fixed slope fitted on simulation data achieved the best results, see 

test 3. The tests are compared in the Table 6-10. 

For the final test to verify the quality of the developed approach, the con-

trol strategy has been modified by fixing the slope of the model deter-

mined from measured data. This is explained in the next section. 

 
Table 6-7: Comparison of tested control approaches 

 Sheet thick-
ness [µm] 

Standard deviation (over 
first 800 parts) 

Remarks 

Test 1 280 0.17 No control 

Test 2 280 0.23 Approach 1.1 

Test 3 280 0.17 Approach 1.2 

Test 4 280 0.23 Approach 2.1 

Test 5 280 0.18 Approach 2.1 
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6.3.3 Coil change 

The target value for the angle is in this test 35 degrees. Four test runs of 

about 45 min are done, first with a thickness of 280 µm, after that with a 

thickness of 300 µm, without and with control. For control, a modified ap-

proach is used, as shown in the following. The test scheme is summa-

rized in Table 6-8 [65] [67]. 

 

For control the approach based on measured data has been modified 

(approach 2.2) by fixing the slope of the model 

 
𝑔𝑎𝑝 = 𝑏0 + 𝑏1 ∙ 𝛼𝑡𝑎𝑟𝑔𝑒𝑡 (6-5) 

 
and update only 𝑏0. The last 8 parts are used to update the model coeffi-

cient. The coefficient 𝑏1 has been determined by using an old test data 

set. All coefficients for the approaches are summarized in Table 6-9. 

 
Table 6-9: Coefficients for the control approach based on measured da-
ta 
 
 

 𝑏0 𝑏1 𝑏2 𝑏3 Averaging 

Approach 2.2 variable 38.73 - - 8 

 
 

 

 

 

 
Table 6-8: Test scheme used to determine the quality of the control 
 

 Sheet thickness [µm] Control approach 

Coil change 

Test 6 280 No 

Test 7 280 Approach 2.2 

Test 8 300 No 

Test 9 300 Approach 2.2 
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Coil with thickness of 280 µm 

For the first coil without control it can be observed that the measured an-

gle is relative constant (Figure 6-20 b)) for the first 1000 parts. Later, 

small artefacts can be seen in the signal, for example a sudden drop in 

the measured angle around part 2000. Using control, the target angle is 

reached constantly. The variation in the measured angle of the controlled 

test is in the same range as the test without control [65]. 

 

 

 

 

 

a) Histogram 

 
  

b) 280 µm – no control c) 280 µm - control 

  
 
Figure 6-20: Test 6 / 7: Results using “Approach 2.2” incl. histogram / coil 
with thickness 280 µm / uncontrolled (left) and controlled (right) 
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Coil with thickness of 300 µm 

For the second coil (test 8), a similar picture can be seen (Figure 6-21 

b)). Also in this dataset, a sudden drop in the measured angle appears. 

 

Two phenomena can be observed, when comparing the two different coil 

runs. First, the tests without control for the different thicknesses are 

showing an offset in the measured angle. The back bending punch is set 

at the same position in both runs, which leads due to the different thick-

ness to the observed offset. Second, the variation in the measured angle 

of the controlled test run for the sheet thickness of 300 µm is smaller 

compared to the no control test. The used model for control seems to 

approximate the behavior for the thicker coil better [65]. 

 

a) Histogram 

 
  

b) 300 µm – no control c) 300 µm - control 

  
 
Figure 6-21: Test 8 / 9: Results using “Approach 2.2” incl. histogram / coil 
with thickness 300 µm / uncontrolled (left) and controlled (right) 
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6.4 Conclusions 

 

Closed loop control has been realized on a multi-step forming process. 

Different approaches have been implemented and tested to improve the 

quality of the produced parts. The results on the process show that es-

pecially for longer term runs the quality of the parts can be improved by 

using process control [67]. 

 
Table 6-10: Comparison of tested control approaches 
 

 sheet thick-
ness [µm] 

Standard deviation (over 
first 800 parts) 

Remarks 

Uncontrolled test 

Test 1 280 0.17 No control 

Comparison of control methods 

Test 2 280 0.23 Approach 1.1 

Test 3 280 0.17 Approach 1.2 

Test 4 280 0.23 Approach 2.1 

Test 5 280 0.18 Approach 2.1 

Coil change 

Test 6 280 0.17 No control 

Test 7 280 0.2 Approach 2.2 

Test 8 300 0.15 No control 

Test 9 300 0.13 Approach 2.2 

 
From the tests depicted it can be concluded that the implemented control 

strategy can improve the quality of the parts by correcting the nominal 

value of the angle, for example between different coils. It can be stated, 

that this kind of effects can be corrected by conventional sample based 

testing as well. The realized control strategy compensates for these ef-

fects automatically. More difficult are the part to part fluctuations of the 

product characteristics. This “short term” fluctuation in the measured an-

gle can exist due to short term material variation effects and of other un-

known noise sources, for example tool misalignment. This noise sources 

could not been identified and therefore, the short term fluctuations could 

not be eliminated by the implemented control strategy. 
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7 Conclusions and outlook 
 

The aim of the thesis was the development of accurate numerical models 

to allow for a virtual tryout of the process behavior, the mapping of the 

behavior with metamodels, the application of these models for control 

and the demonstration of the control strategy on adaptive processes. 

The investigated process is a two-step bending process, with an over 

bending and a subsequent reversed back bending. 

 

For a more precise model of the bending process, a large effort has been 

made in the field of material modeling. For the calibration of the material 

model, tensile tests, bulge tests and strain path dependent material tests 

are done, although the sheet thickness amounts only 0.3 mm. Finally, 

the validation experiment shows in general an improvement to conven-

tional isotropic material models. Nevertheless, a small amount of inaccu-

racy still exists. 

 

Further, the numerical model is used within a sensitivity study to build up 

a model of the process. A linear model approximates the angle after the 

second bending well. The analysis of variance showed that the influ-

ences of the measured thickness and the control parameter back bend-

ing gap are high. Therefore, the process is controllable. 

 

The manual adaption of the process has been eliminated by implement-

ing quality control at the end of the forming process. The realized control 

strategy compensates for the long term effects, which are caused for ex-

ample by coil changes and tool wear, automatically. Continuous drifts 

can be controlled, but a small amount of process noise still exists (0.4° 

part to part fluctuations). This noise source could not be identified and 

assigned. The material properties are relative constant along the coil and 

the thickness as well. The reason can be a tool problem, because a min-

imal displacement of the punch position in the second bending step has 

a big influence on the final angle. 

 

The reached limitations regarding sensors have been investigated. The 

thickness measurement shows a sufficient accuracy. The signal for the 
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force measurement is superimposed by noise. Sometimes, the force 

curves are not aligned in time. Data cleaning need to be programmed in 

Twincat for the usage of the complete force curve in the control algo-

rithm. The accuracy of the angle measurement has been checked and 

the repeatability study shows a good accuracy. 

 

Good results are achieved using the presented closed loop control ap-

proaches. But still, small fluctuation exists in the quality parameters. To 

reduce the error in the bent angle further, the source of noise need to be 

identified. Integration of quality control between the forming steps would 

be a help for this purpose. Also the process model for the prediction of 

the angle requires further improvements. Finally, more extensive data 

analyses need to be done to identify the sources of process noise. 

 

 



 

101 

8 Appendix 

A Berylco25 
 

In this section, the results of the material tests for the second material, 

Copper-Beryllium (BERYLCO25), are shown. The material comprises a 

weight % composition of elements, as provided in Table 8-1. 

The results of the tensile test for Berylco25 are shown in Figure 8-1. It 

can be noted that the material properties of Berylco25 are highly aniso-

tropic. For Berylco25, some 𝑅 values are lower and some are higher 

than 1. The ductility and the hardening behavior of Berylco25 is quiet low 

[60]. 

 

 

 

 
Table 8-1:  Weight % composition of elements for Copper-Beryllium 
 

Be Co Cu Fe Ni Pb Other 

1.8-2.1 ≤0.3 Rest ≤0.2 ≤0.3 - ≤0.5 

 

 

  
a) b) 

  
  

Figure 8-1: Material data for Berylco25 a) tensile tests a), b) develop-
ment of R-values 
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The stress-strain curve from the bulge test is shown in Figure 8-2 a). For 

Berylco25, the biaxial flow curve is nearly on the same level as the uni-

axial one. The bulge test data are used to scale and fit the uniaxial strain 

curve based on the principle of equivalent plastic work, see Appendix B 

[60]. 

The cyclic stress-strain curves from the combined tension - shear test 

are shown in Figure 8-2 b). The material response to forward and re-

verse shearing shows a large amount of the Bauschinger effect. Transi-

ent hardening occurs after all reversals. No stagnation of workhardening 

takes place [60]. 

 

 

 

 

 

 

 

 

  

  
a) b) 

  
 

Figure 8-2: Material data for Berylco25 a) Extrapolation of tensile test 
curve using bulge test data b) cyclic shearing test 
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B Extrapolation of uniaxial yield curve 
 

The procedure to extrapolate the uniaxial yield curve, obtained from the 

tensile test, by using the biaxial yield curve is based on the plastic work 

principal of the equivalent strain definition [44], see Figure 8-3. 

 

First, a point 𝑆′ = (𝜀𝑉𝑆′ , 𝜎𝑆′) on the biaxial yield curve is determined. 

Therefore, the “plastic work” is defined for the highest point of the uniaxi-

al yield curve 𝑆 = (𝜀𝑇𝑇 , 𝜎𝑇𝑇) by using 

The point 𝑆′ on the biaxial yield curve is than interpolated as follows 

Next, the biaxial stress ratio 𝑓 is built to be able to extend the uniaxial 

yield curve from the biaxial stress curve. The stress ratio is defined with 

 

𝑓 =
𝜎𝑆′

𝜎𝑇𝑇
 (8-3) 

 
so that the corresponding stress and strain values can be calculated as 

 

 
a) b) 

  
 
Figure 8-3: a) Plastic work principal; b) Extrapolation of the uniaxial yield 
curve [44] 

 

𝑊 = ∫ 𝜎𝑇𝑇 ∙ ∆𝜀𝑇𝑇 (8-1) 

 

 

∫ 𝜎𝑆′ ∙ ∆𝜀𝑉𝑆′ = ∫ 𝜎𝑇𝑇 ∙ ∆𝜀𝑇𝑇 (8-2) 
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𝜎′
𝑇𝑇 =

𝜎

𝑓
                        𝜀′

𝑇𝑇 =
𝜎 ∙ 𝜀𝑣

𝜎′
𝑇𝑇

= 𝜀𝑣 ∙ 𝑓 (8-4) 
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C Calibration of the HAH model 
 

In the following section, it is explained, how the equations of g and ℎ are 

defined. Furthermore, the procedure to determine the “HAH” model pa-

rameters is explained in more detail [9]. 

 

The evolution equations for g and of ℎ for the “homogeneous anisotropic 

hardening model” approach are defined as follows 

  

Case 𝒔: �̂�𝑠 ≥ 0 Case 𝒔: �̂�𝑠 < 0 
  

dg1

dε̅
= k2 (k3

�̅�0

�̅�
− g1) 

d𝑔1

d𝜀̅
= 𝑘1

𝑔3 − 𝑔2

𝑔2
 (8-5) 

d𝑔2

d𝜀̅
= 𝑘1

𝑔4 − 𝑔1

𝑔1
 

d𝑔2

d𝜀̅
= 𝑘2 (𝑘3

�̅�0

�̅�
− 𝑔2) (8-6) 

d𝑔4

d𝜀̅
= 𝑘5(𝑘4 − 𝑔4) 

d𝑔3

d𝜀̅
= 𝑘5(𝑘4 − 𝑔3) (8-7) 

dh𝑠

dε̅
= k [�̂� −

8

3
ℎ̂𝑠(�̂�: ℎ̂𝑠)] 

dh𝑠

dε̅
= k [−�̂� +

8

3
ℎ̂𝑠(�̂�: ℎ̂𝑠)] (8-8) 

 

 

A schematic plot is used to illustrate the effect of the “HAH” model pa-

rameters on the evolution of the state variables g. Therefore, a reverse 

loading case is chosen as an example, in which the loading is continued 

until the state variables reached their saturation value, see Figure 8-4. 

 

In Figure 8-4 a), the influence of the parameter is shown, which leads to 

a flattening of the yield locus opposite to the actual stress state. k2 is de-

fining the rate of the contraction and k3 the saturation value. 𝑘1 is the 

rate, which defines the recovering of the flattened yield locus during re-

verse loading. Permanent softening can be taken into account with the 

equations for 𝑔3 and 𝑔4. The parameter 𝑘4 defines the saturation value 

and 𝑘5 the rate [9]. 
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To fit the model parameters, the parameters are varied by hand to find 

the parameter setting, which shows the best agreement with the meas-

ured yield curves. First, a test with load reversal is used to calibrate the 

so called “Bauschinger parameters” 𝑘1 to 𝑘5. In this case a reverse 

shearing test is used. The parameters 𝑘1, 𝑘2 and 𝑘3 define the transition 

phase, from elastic to plastic, and the parameter 𝑘4 and 𝑘5 are neces-

sary for the case of permanent softening. In a second step, the parame-

ters 𝑘, 𝑘𝑆 and 𝑆 were determined, which control the rate of "rotation" of 

the microstructure deviator as well as the rate of contraction after or-

thogonal loading [9]. Therefore, an orthogonal loading test is used, from 

plane strain tension to shear. Furthermore, arbitrary strain path changes 

are done with the used combined shear-tension test to validate the cali-

brated model. 

  

a) b) 

  
c) d) 

  
 
Figure 8-4: Evolution of state variable during forward and reverse load-
ing [9] 
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D Data set for metamodeling 
 

Full Factorial 

Thick-
ness 

Fric-
tion 

Gap E Swift 
par. A 

An-
gle1 

Angle2 Forc
e 1 

Force 
2 

0.295 0.08 0.45 200000 900 51.07 34.27 13.6 95.3 

0.295 0.08 0.45 200000 1050 51.07 34.65 15.8 109.9 

0.295 0.08 0.45 210000 900 51.07 34.15 13.6 95.6 

0.295 0.08 0.45 210000 1050 51.07 34.53 15.8 110.4 

0.295 0.16 0.45 200000 900 51.08 34.22 13.9 101.1 

0.295 0.16 0.45 200000 1050 51.10 34.61 16.2 116.7 

0.295 0.16 0.45 210000 900 51.09 34.11 14.0 101.4 

0.295 0.16 0.45 210000 1050 51.10 34.48 16.2 117.1 

0.295 0.08 0.5 200000 900 51.07 36.30 13.6 95.3 

0.295 0.08 0.5 200000 1050 51.07 36.69 15.8 109.9 

0.295 0.08 0.5 210000 900 51.07 36.18 13.6 95.6 

0.295 0.08 0.5 210000 1050 51.07 36.56 15.8 110.4 

0.295 0.16 0.5 200000 900 51.08 36.25 13.9 101.1 

0.295 0.16 0.5 200000 1050 51.10 36.64 16.2 116.7 

0.295 0.16 0.5 210000 900 51.09 36.14 14.0 101.4 

0.295 0.16 0.5 210000 1050 51.10 36.52 16.2 117.1 

0.305 0.08 0.45 200000 900 50.80 33.62 14.6 109.7 

0.305 0.08 0.45 200000 1050 50.79 34.01 17.0 127.2 

0.305 0.08 0.45 210000 900 50.80 33.51 14.7 109.9 

0.305 0.08 0.45 210000 1050 50.80 33.51 17.0 127.5 

0.305 0.16 0.45 200000 900 50.79 33.57 15.0 117.2 

0.305 0.16 0.45 200000 1050 50.81 33.96 17.5 135.8 

0.305 0.16 0.45 210000 900 50.78 33.46 15.1 117.5 

0.305 0.16 0.45 210000 1050 50.79 33.83 17.5 136.1 

0.305 0.08 0.5 200000 900 50.80 35.68 14.6 109.7 

0.305 0.08 0.5 200000 1050 50.79 36.07 17.0 127.2 

0.305 0.08 0.5 210000 900 50.80 35.57 14.7 109.9 

0.305 0.08 0.5 210000 1050 50.81 35.94 17.0 127.5 

0.305 0.16 0.5 200000 900 50.79 35.64 15.0 117.2 

0.305 0.16 0.5 200000 1050 50.81 36.02 17.5 135.8 

0.305 0.16 0.5 210000 900 50.78 35.53 15.1 117.5 

0.305 0.16 0.5 210000 1050 50.79 35.90 17.5 136.1 
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Latin Hypercube 

Thick-
ness 

Friction Gap E Swift 
par. A 

Angle Ang-
le2 

Force 
1 

Force 
2 

0.298 0.133 0.498 209676 981 50.99 36.08 15.44 112.38 

0.302 0.111 0.497 203857 919 50.88 35.71 14.82 110.26 

0.305 0.138 0.488 207971 1008 50.81 35.38 16.64 127.62 

0.304 0.098 0.460 209364 1038 50.83 34.34 16.81 125.70 

0.302 0.081 0.471 202036 1017 50.91 34.97 16.13 117.50 

0.299 0.116 0.461 202722 954 50.97 34.56 15.02 108.90 

0.303 0.100 0.450 204227 947 50.86 33.82 15.28 113.61 

0.300 0.156 0.468 208900 1002 50.96 34.78 16.10 119.21 

0.303 0.152 0.487 205184 934 50.85 35.25 15.39 117.58 

0.295 0.106 0.483 203221 1035 51.07 35.90 15.72 111.15 

0.301 0.086 0.478 201695 975 50.92 35.24 15.37 111.17 

0.303 0.129 0.473 205376 967 50.87 34.80 15.70 117.89 

0.297 0.149 0.466 204726 915 51.04 34.76 14.29 103.85 

0.300 0.159 0.475 201401 909 50.97 34.99 14.60 108.13 

0.297 0.089 0.494 205793 939 51.04 35.96 14.40 102.18 

0.299 0.113 0.495 200802 1022 51.00 36.15 15.99 115.08 

0.300 0.122 0.481 208058 1032 50.97 35.46 16.34 118.77 

0.301 0.137 0.492 200015 985 50.92 35.79 15.83 117.21 

0.296 0.142 0.486 207328 995 51.08 35.81 15.37 110.77 

0.302 0.127 0.455 208639 927 50.91 33.99 14.96 111.32 

0.298 0.144 0.476 202826 964 51.01 35.27 15.17 110.43 

0.297 0.103 0.469 206208 1006 51.04 35.11 15.49 110.39 

0.298 0.120 0.454 207107 950 51.01 34.29 14.80 106.73 

0.296 0.094 0.458 200641 1049 51.04 34.89 15.96 112.49 

0.305 0.091 0.462 206518 904 50.79 34.08 14.77 111.38 
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E Models for scenario simulations 

 
Modeling of input values 

The input distribution for the thickness and yield stress is modeled by the 

following equation 

 

𝑣𝑎𝑙𝑢𝑒 = 𝜙(𝜇, 𝜎2) ∙ √(1 − 𝑐𝑜𝑟𝑟2) ∙ (𝜎2) + 𝑐𝑜𝑟𝑟 ∙ (𝑣𝑎𝑙𝑢𝑒∝−1 − 𝜇) + 𝜇 (8-9) 

 

The first part of the equation calculates the change in the input due to 

white noise. 𝜙(𝜇, 𝜎2) represents a white noise around the mean 𝜇 = 0 

with a variance 𝜎2 = 1. 𝜎2 , in equation (8-9), is the variance of the input 

(for example thickness). 

 

The second part of the equation correlates the new value with the old 

one. The 𝑐𝑜𝑟𝑟 value weights the change in the input. A correlation value 

close to one means, that the fluctuation follows a trend given by the last 

fluctuation. A value close zero or zero represent white noise. The pa-

rameters of the correlated fluctuation for the thickness and yield stress 

are shown in Table 8-2. 

 
Table 8-2: Parameters for the fluctuating input (thickness and yield 
stress) 
 
 

 𝜙(𝜇, 𝜎2) 𝜎 𝑐𝑜𝑟𝑟 𝜇 

Thickness 𝜇 = 0; 𝜎2 = 1 0.0005 0.75 0.3 

Yield stress 𝜇 = 0; 𝜎2 = 1 3 0.8 346 

 
 

Model of the process 

To predict the process behavior, models for the second bending angle 

and for one characteristic point from the force curve are used, which are 

shown in Table 8-3. The inputs are normalized to values from -1 to 1 in 

the calculation procedure (min/max values for thickness 

0.295mm/0.305mm and for yield stress 311MPa/380MPa). 
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Table 8-3: Linear model coefficients for the bent angle and bending force 
 
 

Variable Coeff. 2nd angle α   Force 

- 𝑏0 33.3 47 

Bending gap 𝑏1 1.17 - 

Thickness 𝑏2 -0.34 3.83 

Yield stress 𝑏3 0.064 0.42 
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F Further test results 
 

 
 

  
 
Figure 8-5: Results using “Approach 2.2” incl. histogram / without forging 
module / uncontrolled (left) and controlled (right) 
 
 

a) b) 

 

  
 
Figure 8-6: Test results with 12 rate per minutes a) dependency be-
tween max. deep drawing force and final bent angle b) dependency be-
tween max. bending force and final bent angle 
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