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Abstract 
Stamping dies are used in the Sheet Metal Forming (SMF) process for manufacturing of car 
body parts. The lead time for design and manufacturing of a stamping die is long, and therefore 
costly. In the final step of the manufacturing process, manual rework is performed to reach a 
desired pressure distribution on the forming surfaces in order to achieve a robust process and 
an approved part within tolerance.   
 
The main purpose for this work is to study and further develop a Virtual Rework Method that 
alters the shape of the forming surfaces of a die to compensate for the displacements of a 
stamping press that occur during stamping.  
 
Measurements were performed to obtain the displacements that occur in the stamping press 
during stamping. These measurements were performed on a double action deep drawing press 
of the brand Danly, located at Volvo Cars Tool & Die department in Olofström, Sweden. The 
measurement yields information of how the stamping press is deflecting and deforming during 
operation. The measurements are recorded with a Digital Image Correlation (DIC) system that 
records the displacements of the press during stamping. 
 
The displacements obtained in the measurements are then used as constraints to inverse FE-
model a press table with topology optimization. This optimized press table is used in the Virtual 
Rework Method to be able to simulate both the deformations of the press and the internal 
deformations that occur in the die.  
 
Pre-simulations were performed before the measurements to ensure that the blank holder plate 
used in the measurements would withstand the applied blank holder force. These simulations 
also yield if the displacements were large enough for the ARAMIS DIC system to capture.  
 
The FE-model used in this work consisted of a die, blank holder, blank holder plate, outer ram 
and the optimized press table. The Virtual Rework Method was applied on the FE-model, where 
the result concludes that the altered shape of the deformed forming surfaces is almost identical 
to the shape of the nominal forming surfaces.  
 
However, an inversed modelled structure that represents the behavior of the outer ram is 
required to apply the Virtual Rework Method on the blank holder. This inversed modelled 
structure could be created from the displacements obtained in the measurements. To apply the 
Virtual Rework method on the punch, further measurements are required, where the position of 
the ARAMIS DIC system is altered, or an additional ARAMIS DIC system is used. 
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Sammanfattning  
Pressverktyg används i plåtformningsprocessen vid tillverkning av karossdelar. Ledtiden för 
konstruktion och tillverkning av ett pressverktyg är lång och därför kostsam. I det sista steget i 
tillverkningsprocessen utförs manuell bearbetning för att nå en önskad tryckfördelning på 
formningsytorna, vilket ger en robust process och en godkänd del inom toleranserna. 
 
Huvudsyftet med detta arbetet är att studera och vidareutveckla en virtuell fläckningsmetod 
som korrigerar formningsytorna på dynan för att kompensera för de förskjutningar som uppstår 
i en stämplingspress under stämpling.  
 
Mätningar har utfördes för att erhålla förskjutning som uppstår i en stämplingspress under 
stämpling. Dessa mätningar utfördes på en dubbelverkande djupdragningspress av märket 
Danly, som finns hos Volvo Cars Tool & Die avdelning i Olofström, Sverige. Mätningen gav 
information om hur pressen deformeras under stämpling. Mätningarna registreras med ett 
Digital Image Correlation (DIC) system som registrerar pressens förskjutningar under 
stämpling. 
 
Förskjutningarna som erhållits i mätningarna användes sedan som randvillkor för en 
inversmodell för topologioptimering av ett pressbord. Detta optimerade pressbord används 
sedan i den Virtuella fläckningsmetoden för att kunna simulera både pressens stelkroppsrörelse 
och de interna deformationer som uppstår i pressverktyget. 
 
En förstudie utfördes innan mätningarna för att säkerställa att den plåthållarplattan som 
användes i mätningarna skulle motstå den applicerade plåthållarkraften. Denna förstudie 
gjordes även för att säkerhetsställa att förskjutningarna som uppstår i plåthållarplattan var stora 
nog för att ARAMIS DIC systemet skulle registrera dem. 
 
FE-modellerna som användes i detta arbete bestod av en dyna, plåthållare, plåthållarplatta, yttre 
slid och det optimerade pressbordet. Den Virtuella fläckningsmetoden applicerades på FE-
modellen, där resultatet gav slutsatsen att den korrigerade formningsytan med applicerad 
belastning är nästintill identisk med formen på den nominella formningsytan. 
 
En inversmodellerad struktur som representerar beteendet hos den yttre sliden krävs emellertid 
för att tillämpa den Virtuella fläckningsmetoden på plåthållaren. Denna inversmodellerade 
struktur kunde erhållas från de förskjutning som erhölls i mätningarna. För att tillämpa den 
Virtuella fläckningsmetoden på stansen krävs ytterligare mätningar, där ARAMIS DIC 
systemets position ändras eller ett ytterligare ARAMIS DIC system används. 
 
Nyckelord: 
Virtuella fläckningsmetod, Inversmodulering, ARAMIS Digital Image Correlation 
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Nomenclature  

Notations 

Symbol Description 

E Elastic Modulus 

t Metric ton  

𝜌 Density 

𝜎# Yield strength   

N Force   

Acronyms 

CAD Computer Aided Design   

VCBC Volvo Cars Body Components 

FE-model Finite Element model 

HSM  High Speed Machinery  

DIC Digital Image Correlation 

SMF Sheet Metal Forming  

STEP  Geometry file 

.fem File containing FE-model from OptiStruct 

.res File containing results from a FE-simulation in OptiStruct 

ASCII Text files  

TCL Tool command language 
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1 Introduction 
In this chapter, an overview of this work is presented. A background of the technical problems 
that is the foundation of this work are explained. The object, delimitations and the thesis 
questions are also presented. 
 
 

1.1  Background 

Volvo Cars Body Components (VCBC) in Olofström, Sweden, manufacture sheet metal parts 
and stamping dies. The stamping dies used in the production are designed, and manufactured 
at the site in Olofström. These stamping dies are used in Sheet Metal Forming (SMF) with deep 
drawing stamping presses.  
 
The design and manufacturing process of a stamping die is time consuming and therefore also 
costly. Therefore, the use of numerical methods is constantly increasing. The manufacturing 
process of a stamping die at VCBC, starts with a casted structure with rough forming surfaces. 
The shape of the forming surfaces of the casted structure is then refined with High Speed 
Machining (HSM).  
 
In the final step of the manufacturing process, manual rework is performed by either adding 
material or removing material from the forming surfaces of the stamping die. The manual 
rework is performed to obtain a desired pressure distribution on the forming surfaces by 
compensating for the displacements of the stamping die and the stamping press during a press 
stroke. 
 

  
Figure 1.1. Stamping Press [left]. Displacements of a Stamping press [Right]   
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In order to visualize and adjust the pressure distribution, a method called spotting is used. This 
method involves blue paint that is painted on the blank before it is formed by the stamping die. 
The blue colour is used as an indicator to find the contact areas where the surfaces of the 
stamping die needs an adjustment, see Figure 1.2. An area with less paint or no paint at all 
indicates an area where the forming surfaces are in contact. An area with a lot of paint indicates 
an area with no contact between the forming surfaces.  
 

 
Figure 1.2. Spotting of real part [1]. 

The displacements that is causing the uneven pressure distribution in the stamping die are not 
considered in the CAD-model used for HSM-milling. These displacements are required in order 
to compensate the CAD-model. Reliable FE-models are required in order to determine the 
displacements of a stamping press and the stamping die.  
 
Therefore, methods for measurements of the displacements and elastic deformations of the 
stamping press needs to be developed. These displacements need to be determined from a 
stamping press used in production, or a try-out press with identical characteristics. If the 
displacements of a stamping press are known, manual rework can be reduced and supported 
with virtual rework.  

1.2 Objective 

The objective of this work is to develop a method that shortens the lead time for design and 
manufacturing of a stamping die. This method will show an approach on how to determine the 
displacements of a stamping press and compensating the shape of the forming surfaces in the 
stamping die.  

1.3 Delimitations  

The limitations for this work are the following: 
• A CAD-model of the entire stamping press will not be created.  
• Only determine the displacements when the stamping press is in its lowest position with 

a specific force. 
• Tests and measurements will not be performed on a stamping press used in production.  
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• Volvo Cars will create the inverse modelled press table based on the result obtained in 
the measurements.  

• The financial aspects of the determined method are not considered.  

1.4 Thesis questions  

• What are the possibilities to develop and verify the current Virtual Rework Methods to 
make them more robust and easier to handle? 

• Can the elastic press characteristics obtained from ARAMIS DIC measurements be 
implemented into a FE-model of the stamping dies? 

• Is it possible to automatize the Virtual Rework Method in HyperMesh? 
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2 Theoretical framework   
In this chapter, the theoretical framework of this work is presented. The process of Sheet Metal 
Forming is explained together with the fundamental parts of the two types of Deep Drawing 
Stamping Presses and the design and manufacturing process of stamping dies. This chapter 
also present the technical and numerical software used in this work together with previous 
research regarding the topics of this work. 
 
 

2.1 Sheet Metal Forming 

Sheet Metal Forming is categorized as a non-material removal process. It includes different 
techniques that are classified according to [2] with dependence on the main direction of applied 
stress.  

• Forming under compressive conditions 
• Forming under combined tensile and compressive conditions  
• Forming under tensile conditions  
• Forming by bending 
• Forming under shear conditions   

Each classification has different production processes. However, the classification of interest 
in this work is the deep drawing production process under compressive and tensile conditions. 
An example of the deep drawing process is presented in Figure 2.1.The blank holder prevents 
the drawn part from wrinkling when the punch and die forms the blank.  

 
Figure 2.1 Single-draw deep drawing with blank holder, punch, die and blank. 

2.2 Deep drawing process 

The deep drawing process is the most common manufacturing method for car body parts. Figure 
2.2 illustrates two types of deep drawing presses, a double-action press to the left and a single-
action press to the right. 
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Figure 2.2. Double-action deep drawing press (left). Single-action deep drawing press 

(right). 

During a press stroke in a double-action deep drawing press, the blank holder and the punch 
moves in the downwards direction towards the die. In a single-action deep drawing press the 
forming process is done in the reverse direction, i.e. the blank holder stands upon a hydraulic 
draw cushion and is placed in the lower part of the press facing upwards. During a press stroke 
the die moves in a downwards direction towards the punch and blank holder. The die forces the 
blank holder downwards and the counteracting force comes from the cushion. The components 
that are in contact with the sheet metal during a press stroke are the die, blank holder and the 
punch. These components are referred to as a stamping die.  

2.3 Stamping die design and manufacturing  

2.3.1 Stamping die design  

A design and manufacturing process of a new stamping die is initiated at the time Volvo Cars 
decides to design a new car. In the design phase, a CAD-model of the stamping die is created, 
where the shape of the forming surfaces is derived from the geometry of the car component.  
SMF-simulations are then performed on a rigid press table and using a rigid die where 
parameters are changed until wanted pressure distribution is obtained. 

2.3.2 Milling process  

The stamping die arrives at the Volvo Cars tool shop in Olofström as a casted structure with a 
rough shape of the forming surfaces. To obtain the desired forming surfaces of the stamping 
die, milling data based on the CAD-model is used. The stamping die undergoes number of 
milling steps where each step corrects the surfaces to obtain the desired forming surfaces.  

2.3.3 Manual rework phase and costs  

In the final part of the development and manufacturing process of a stamping die, manual 
rework is performed. The manual rework phase is very time consuming and therefore costly. 
This is due to numerus iterations of the manual rework, where the shape of the forming surfaces 



 
 
 
6 

is adjusted to obtain the correct pressure distribution. According to [3], approximately 30 
percent of the overall cost for a stamping die occurs in this stage of the die manufacturing. It is 
therefore of higher interest to shorten the manual rework phase of the manufacturing process. 
Figure 2.3 illustrates the workflow of manufacturing a stamping die.  
 

 
Figure 2.3. The workflow for manufacturing a die [4]. 

2.4 HyperWorks  

HyperMesh is a multi-disciplinary finite element pre-processor included in the HyperWorks 
suite from Altair. HyperMesh enables the user to create and adjust an FE-model profiled to 
multiple solvers from an imported CAD-file. The FE-models can be simulated with 
HyperWorks own solver, OptiStruct or be exported for another solver. HyperView is also 
included in the HyperWorks and is a post-processor and visualization environment used to 
visualize and analyse CAE results [5].  

2.5 ARAMIS  

ARAMIS is a 3D measurement system for Digital Image Correlation (DIC) from GOM used 
for 3D motions and displacements analysis. A highly advanced stereo camera system is used to 
determine 3D coordinates by using triangulation and reference point markers [6]. 

 
Figure 2.4 Aramis 3D camera system [6]. 

2.6 GOM Correlate  

GOM correlate software is used to analyse the 3D motions and displacements of time dependent 
3D components. The reference point markers are tracked over time where the 3D coordinates 
are determined in the images. These coordinates determined in each image determines the 
displacements over time [6].  
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2.7 MATLAB 

MATLAB is a numerical computing environment and fourth-generation program language. 
Engineers and scientists worldwide uses it to analyse and design complex systems. It allows 
the user to plot functions and measured data, manipulations of matrixes and implementations 
of algorithms [7]. 

2.8 AutoForm simulation software 

AutoForm is a FE-simulation software specialized on simulations of SMF and die making. The 
software is used worldwide by car manufactures and is used for designing dies in sheet metal 
forming process for manufacturing of car body parts [8]. 
 

 
Figure 2.5 AutoForm Die Designer [8]. 

2.9 Inventor Professional  

Autodesk Inventor is a CAD-program used for creating 3D digital prototypes for mechanical 
design, documentation and product simulations tools [9]. The CAD-files created in Autodesk 
Inventor contains the geometry of the prototypes. These CAD-files can then be exported from 
Autodesk Inventor, and be used to create FE-models in other software.  

2.10  Previous research 

Techniques for High Speed Machining (HMS) makes it possible to reach a high precision in 
the manufacturing of stamping dies. Nevertheless, the deformations of stamping press and 
stamping die are not taken to account, see [10]. Previous work has shown that even though the 
stamping press and stamping die are very sturdy, deformations occurs in them during operation, 
[11]. These deformations can be divided in to two categories. The first one is deflection of the 
press bed and outer ram. The second one is global deformations of the stamping die.  
 
According to [10] it is necessary to proceed to manual operations to modify the surfaces of the 
die in order to compensate for the deformations. The substantial deformations will according 
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to [11] occur in the press table and outer ram and in order of magnitude of several millimetres. 
Especially in large presses with large tonnage.   
 
One example of research of the elastic deformations of the stamping presses and dies is 
conducted by R A Lingbeek [12] which describe analysis and virtual rework of the die surfaces 
and structure. The ability to perform simulations to virtually deform a die is of high importance. 
The resulting geometry from the virtual deformation can then be included in the forming 
simulation. One example of die simulation is demonstrated in [13] where structural analysis of 
a stamping die together with subsequent morphing of tool surfaces were performed to improve 
a simulation of sheet metal forming. 
 
Dies and presses are normally considered to be rigid in SMF simulations. Previous research has 
shown that elastic deformations effects the performance of the SMF process negatively. Article 
[4] demonstrates a method with a high potential for reduced lead times for manufacturing of 
stamping dies by counteracting these negative effects. However, there is need of further 
investigations on how to implement a sufficient workflow and how to set parameters in the 
simulation software to best represent the deformations.  

Knut Großmann points out in his paper [3] that the manual die spotting is both time consuming 
and costly. He further introduces a method of determining the elastic deformations, and then 
compensating the surfaces shape according to the deformations. In the calculations where the 
elastic deformations are determined, boundary conditions are used to describe the behaviour of 
the press. He also points out that by using this method for few iterations, the deformed surfaces 
shape is the same as the nominal surfaces shape without a load.  

Inspiration for the adjusting the surfaces geometry in this work-study was from Knut 
Großmann, where the surfaces shape was altered in the opposite direction of the deformations.  
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3 Method 
In this chapter, the methods used for answering the objectives of this work are presented. It 
presents how literature studies together with measurements and simulations are performed to 
obtain the results presented in this work. 
   
 

 
Figure 3.1. Flow chart over the method 
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3.1 Literature studies    

A literature study was performed in the introduction phase of this work. Articles and literature 
of earlier work regarding altering of forming surfaces of a stamping die to compensate for the 
displacements were read. This to further study the thesis questions and to verify that the 
methods used in this work has not been developed by another part.   

3.2 Gathering measurement data  

The data used for this work were obtained by measuring the displacements and the blank holder 
forces of a stamping press during operation. The measurements were performed on a double 
action stamping press at the Tool & Die department at VCBC in Olofström.  
 
The motive of the measurements is to measure the displacements of a double action press during 
a press stroke. Previous research [11] has shown that the substantial deformations will occur in 
the press table and outer ram during operation with a stamping die. Four pillars were therefore 
used to mimic the impact of the stamping die, blank holder and punch.   
 
The data gathered from the measurements are then used to create a topology optimization FE-
model which objectives is to replicate the elastic behaviour of the press table. 

3.3 Pre-study FE-simulation 

To exclude any plastic deformations or failure on the press and to determine the optimal 
position of the pillars, a pre-study FE-simulation is done. Two pillar setups were chosen, giving 
in total seven Load Cases (LC), see Figure 3.3. A pre-study FE-simulation will also reveal if 
the displacements are large enough for the ARAMIS DIC system to capture.  
 
The Pre-study FE-model is created with the components shown in Figure 3.2. Figure The pre-
study FE-simulations are performed with two types of Setups for the connection between the 
blank holder plate and the outer ram. Setup 1 is created with rigid elements representing the 
bolts connecting the two components together. Setup 2 is created with no bolts and only friction 
between the two components.  
 
The material data used in the pre-study FE-model is presented in Table 3.1. 
 

Table 3.1. Material data of the components used in the pre-study 

Material data Steel 
Density 𝜌 = 7.8𝑒)*𝑘𝑔/𝑚𝑚/ 
Young's Modulus 𝐸 = 210	𝐺𝑃𝑎 

Poisson's Ratio 𝜗 = 0.35 
Yield strength  𝜎# = 250	𝑀𝑃𝑎 
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Figure 3.2. FE-model used in the pre-study. 

LC 1 

 

LC 2 

 

LC 3 

 
LC 4 

 

LC 5 

 

LC 6 

 
 LC 7 

 

 

Figure 3.3. Pillar positions for the seven load cases. 
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3.3.1 Pillars  

The pillars used in the pre-study simulations were created in Inventor Professional from 
drawings of the pillars used in the measurement, see Appendix C. The CAD-model of the 
pillars, created in Inventor Professional, are exported as a STEP file and then imported into 
HyperMesh. The positions of the pillars in Figure 3.3 were determined to analyse the behaviour 
of the stamping press during different load cases.  

3.3.2 Mesh  

The mesh of the pre-study FE-model was created with second order 3D tetra elements. The 
minimum element size was set to 7 mm and the maximum to 35 mm. Figure 3.4 shows the tetra 
mesh control used in HyperMesh. 
 

 
Figure 3.4. Tetra mesh controls used in HyperMesh for Pre-study simulation. 

3.3.3 Setup 

Abaqus is a powerful solver and is therefore chosen as solver and user profile in the pre-study 
FE-simulation setup. The translations and rotations of the outer ram is locked by selecting the 
nodes at the upper surface on the outer ram. The nodes are then placed in a set, where the 
translation and rotation is locked in all directions. This will generate a more manageable 
command1 text file and an easier setup in HyperMesh. Instead of one row for each locked node 
in the command file, one row is created for the set that represent the locked nodes. Figure 3.5 
illustrates each locked degree of freedom (dof). Number 1, 2 and 3 represents that the set 
translation is locked in all direction. Number 4, 5 and 6 represents that the set translation is 
locked for rotation in all direction.  
 

 
Figure 3.5. Degrees of freedom. 

                                                
1The Command.tcl file is a command history file that stores all commands done in your 
HyperMesh session, [5]. 
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Contact surfaces with friction constant of 0.15 are defined between outer ram and blank holder 
plate and between pillars and blank holder plate. This is done with the contact manager toolbar 
in HyperMesh. The contact surfaces for each component are divided into slave and master, see 
Figure 3.6.  
 

 
Figure 3.6. Contact Manager in HyperMesh 

In Setup 1, the outer ram and the blank holder plate were connected using eight rigid bolts, see 
Figure 3.2 These bolts are created with rigid elements connected between a node and the 
surfaces inside each bolthole, see Figure 3.7. To mimic the head and nut on a real bolt, rigid 
elements are attached to the nodes on the surfaces close to each end of the bolthole.  
    

 
Figure 3.7. Bolt with rigid elements. 

In Setup 2, the outer ram and the blank holder plate were connected by using Contact Surface 
with Friction. Two nodes are created in centre of two bolt holes at the side of the blank holder 
plate. The translation of one of the nodes is locked in x- and y-direction, and the translation of 
the other node is locked in x-direction. The nodes are then connected with rigid elements 
between the surfaces in respective holes, see Figure 3.8.  
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Figure 3.8. Locked node on blank holder plate in Setup 2. 

To apply the load, a node is created and placed at the centre of the bottom plate of each pillar. 
The nodes is then translated 400 mm in negative z-direction. The translation of the nodes are 
then locked in x- and y-direction and the rotation is locked in all direction. This allows the 
nodes to only move in z-direction, see Figure 3.9. Rigid elements are then attached between the 
nodes and the bottom surfaces for each pillar. The load is then divided and applied at each node 
for each pillar, see Figure 3.9. The pre-study simulation is performed with a total load of 200 t. 
 

  
 

Figure 3.9. Locked node on pillar (left). Load applied on each pillar (right). 

3.4 Measurements  

Measurements were performed on a double action stamping press of the brand Danly. The 
dimensions of the press table are 144x96 inches (3657.6 x 2438.4 mm). The maximum force of 
the inner ram is 1000 US tons (907.2 t) and 600 US tons (544.3 t) for the outer ram. 
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Figure 3.10. Danly press at the Die & Tool department at VCBC. 

The steel pillars were placed on the press table according to the positions determined in the pre-
analysis. Steel pillars were used instead a stamping die to enable the ARAMIS DIC system to 
record the displacements of the press table.  
 

 
Figure 3.11. Pillar position for LC 1 without the force transducers. 

Force transducers were placed on each pillar to measure the blank holder force during the 
measurements. To prevent damage on the steel pillars during operation, hardened steel plates 
were placed between the pillars and the force transducers, see Figure 3.12.  
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Figure 3.12. Reference points on the pillars, hardened steel plate and the force transducer. 

To obtain stable static measurements of the displacements and forces, the press was held in its 
lowest position. The blank holder force of the press was set by manually increasing or 
decreasing the stamping depth. A pre-run was performed before the measurement, to ensure 
that the correct blank holder force was obtained. The blank holder force applied on the pillars 
was recorded during the whole press stroke. A software called Catman Data Acquisition 
Software was used to collect the recorded data from the force transducers. The recorded force 
is then combined with the displacements obtained from the ARAMIS DIC system.  

3.4.1 ARAMIS DIC system setup 

A 3D Motion and Deformations GOM ARAMIS 5M system (DIC system) was used to measure 
the displacements of the stamping press. Two 3D cameras with 8 mm Schneider-lenses were 
used to record each press stroke. The distance between the cameras was 1220 mm. The 
frequency of the cameras was set to 15 Hz with a shutter speed of 35.818 ms. Calibration of the 
system was performed with a Calibration Cross CC10/1000. The focus distance for optimal 
measure distance was set to 2650 mm. The measure volume was set to 2800x2500x2500 mm 
(width x height x depth).    
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Figure 3.13. ARAMIS DIC system in front of the stamping press during calibration. 

 
Figure 3.14. Measurement setup with ARAMIS DIC system with additional light.  

To enable the ARAMIS DIC system to capture the displacements, reference points were 
strategically placed on the press table, the pillars, blank holder plate and the outer ram. Strong 
magnets with reference point were used on the press table and blank holder plate. The reference 
points were placed to enable both the cameras to capture all the reference points, see Figure 
3.15. 
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Figure 3.15. Reference point placed on the blank holder plate and outer ram.   

3.4.2 Pillar positions  

The first measurement was performed on LC 1, where the pillars were placed on the press table 
according to Figure 3.16. The next step was to perform LC 6 by removing the transducers on 
pillars 2 and 4. However, the employees that supervised the measurement were unsecure on the 
stability of LC 6 and 7. After the pillars are placed diagonally, the blank holder force is 
unbalanced and could therefore damage the equipment. Therefore, load case 6 and 7 were not 
performed.  
 

LC 1 

 

LC 3 

 

LC 4 

 

LC 5 

 
  

Figure 3.16. Load cases performed during measurement. Red circle indicates pillars without 
transducer.  

After measurements on LC 1 was completed, LC 3 was performed according to the positions 
determined in the pre-study analysis with the same blank holder force as in LC 1.  
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After discussing with the employees supervising the measurement, LC 4 and LC 5 was 
performed. This was done by removing the transducers on pillar 1 and 3 to obtain LC 4 and 
removing the transducers on pillar 2 and 4 to obtain LC 5.  
 
The loads applied on LC 1 and LC 3 was 25, 50, 100, 150 and 200 t.LC 4 and LC 5 were due 
to lack of time, only performed with a blank holder force of 100 and 160 t. LC 2 was not 
performed at all due to lack of time.  
 
To visually verify the movement of the stamping press, a micrometre was used. The micrometre 
was placed on the ram of the stamping press, and therefore only measured the displacements 
close to the edge of the press table. The data from the micrometre was therefore not recorded.  
 

 
Figure 3.17. Micrometre used to verify the movement of the press table. 

3.4.3 Inverse modelling  

The inverse modelled press table were created with topology optimization. The topology 
optimized press table simulates the behaviour of the press table of the stamping press during a 
press stroke. The displacements obtained from the measurements are used as constraints to 
inverse FE-model the press table. 
 
An FE-model was created in HyperMesh used for the topology optimization in OptiStruct, see 
Figure 3.18. The positions of the steel pillars are the same as in LC 1, LC 4 and LC 5. 
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Figure 3.18. FE-model used for topology optimization in OptiStruct [14]. 

After the blank holder force from the measurements is applied on the pillars, and the measured 
displacements are set as constraints, the optimization will minimize the volume of the blue 
design until the wanted structure is obtained. 
 
The inverse modelled press table was performed by Volvo Cars in Olofström. For deeper insight 
in the method of creating the inverse modelled press table, see [14]. 

3.5 FE-model  

3.5.1 Stamping die 

The die and the blank holder provided for this work is a double action stamping die for two 
inner front doors of a Volvo Cars model, see Figure 3.19. The material data for the die and the 
blank holder is shown in Table 3.2. 
 

Table 3.2. Material data for the die and the blank holder. 

Material data for nodular iron 
Density 𝜌 = 7.8𝑒)*𝑘𝑔/𝑚𝑚/ 

Young's Modulus 𝐸 = 176	𝐺𝑃𝑎 
Poisson's Ratio 𝜗 = 0.275 
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Figure 3.19. The die and the blank holder. 

3.5.2 Correcting surfaces geometry  

The CAD-model of the die and the blank holder that was provided for this work has been re-
designed multiple times to obtain the wanted forming surfaces. This re-design process has led 
to that some of the surfaces are not connected when the geometry is imported into HyperMesh. 
Therefore, some modifications of the geometry were required in order to create a 3D-mesh of 
the die and blank holder.  
 
The first step was to import the geometry as a CATIA-file into HyperMesh. The imported 
CATIA-file was then analysed to detect the incorrect surface geometries. If a surfaces was not 
connected to another surfaces, it would be marked as Free and the lines around it is highlighted 
in red, see Figure 3.20. These surfaces were adjusted by using the functions in the Quick Edit 
menu. The functions most frequently used were Toggle, Fillet and Delete Surfaces.  
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Figure 3.20. Unclosed surfaces geometry on the die highlighted with red lines and the Quick 

Edit tool bar. 

After the free surfaces were corrected, a 2D shell mesh is created. This mesh is then checked 
for free edges with the function Check 2D Mesh in the Tetra mesh toolbar, see Figure 3.21. 
This functions highlights the free edges of the elements in red, and the surfaces connected to 
that element is corrected. This procedure is repeated until a closed volume is obtained. When a 
closed volume is obtained, a 3D-mesh is created using the 2D shell mesh, see Figure 3.21. 
 

 
Figure 3.21. Tool bar where 2D-mesh is checked and from where the solid 3D-mesh is 

created. 

3.5.3 Mesh  

The 2D shell mesh created to fix the surface geometry was created by using a 2D auto mesh 
with edge deviation. The minimum element size was set to 10 mm and the maximum to 50 mm, 
see Figure 3.22. 
 

 
Figure 3.22. The control panel with the settings used to create the 2D-mesh. 
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A 2D shell mesh was also used to fix the surfaces geometry on the blank holder until a closed 
volume was obtained. The element size of the blank holder was set to the same size as the die.  

3.5.4 Assembly of the FE-model 

The FE-model was created with user profile set to OptiStruct. This solver was chosen to be able 
to load the result file into HyperMesh. After an FE-model of each component were obtained, 
the whole structure was assembled. The die was placed on the optimized press table. To connect 
the die with the optimized press table, Contact Surfaces with card image set to Tie were used. 
The Contact Surfaces were chosen by manually choosing the surfaces elements attached to the 
component. The Contact Surfaces where then placed in Groups where the card image was set 
to tie which defines a kinematic tied contact.  
 
To guide the blank holder in relation to the die, 4 wear plates were placed on the die and 4 wear 
plates on the blank holder, see Figure 3.23 and Figure 3.24. The wear plates were connected to 
the die and the blank holder with a Contacts surfaces with card image set to Tie.  A frictionless 
contact surfaces was then placed on the opposite side of the wear plate, that acted as a 
frictionless guide for the die and the blank holder plate.  
 

 
Figure 3.23. The placement of the wear plates on the die. 

  
Figure 3.24. The placement of the wear plates on the blank holder. 

Bolts with a pretension were used to connect the blank holder with the blank holder plate and 
the blank holder plate with the outer ram. The components are constructed with bolt holes, 
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where the bolts were placed. The bolts were created with a three Rod3 elements, where the 
pretension was placed in the middle Rod3 element. To connect the bolts to the component, rigid 
elements were used, see Figure 3.25. The pretension was set by adding a pretension of 250 kN 
according to [15] in the Pretension Manager.  
 

 
Figure 3.25. Bolt with pretension connecting the outer ram with the blank holder plate. 

 
 
 
 

 
Figure 3.26. Assembled FE-model with the all the components without the wear plates. 
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3.5.5 Boundary conditions  
The bottom plate that the optimized structure is integrated into represents the bedrock that the 
press stands on. Therefore, the translation and rotation of all nodes at the bottom surface of the 
bottom plate is locked for in all directions.  
 
Two FE-models were created to determine how the boundary condition should be handled on 
the upper surfaces of the outer ram to represent the movement of a real press. In the first FE-
model, the translation and rotation of all the nodes at the upper surface of the outer ram was 
locked in all directions. The second FE-model had rigid elements connected between the upper 
surfaces of the outer ram and a node, see Figure 3.27. The node was created in the centre of the 
outer ram, and then translated up 400 mm. The translation of this nodes was then locked in all 
direction, enabling the upper part of the press to rotate. This FE-model was created to determine 
if the rotations of the outer ram had an impact on the total displacements of the die.  
 

 
Figure 3.27. Assembled FE-model with rigid elements connecting the outer ram to a node. 

 

3.5.6 Map of the contact pressure  
To determine the contact pressure, a SMF-simulation was performed in AutoForm. This 
simulation was performed using the same components as used in the FE-model. The contact 
pressure of the die and the blank holder was then exported from AutoForm as a text files.  
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To import the contact pressure into HyperMesh, some modifications of the text files are 
required. Two text files were exported from AutoForm, one with the element numbers and node 
numbers that defines each element. The other text file included the node id, coordinates of the 
nodes and the pressure. These files were imported into MATLAB to extract the necessary data 
to export the pressure to HyperMesh. A new text file was created in MATLAB with the 
coordinates of the centre point of each element and a pressure for each centre point [7].   
 
To be able to map the contact press, a 2D-shell mesh from the solid 3D-mesh was created using 
the function Face. The contact pressure was then mapped on the forming surfaces of the 2D-
shell mesh by using a tcl script. The elements at the forming surfaces are manually selected, 
and the scripts maps the contact pressure on the elements. The contact pressure was mapped on 
the forming surfaces on both the die and the blank holder. 
 
After the contact pressure was applied on the forming surfaces, the direction of the pressure 
needed to be adjusted. This was done by reversing the normal of the elements in pressure 
surfaces.  

3.5.7 OptiStruct 

To be able to import the displacements into HyperMesh and apply the result onto the FE-
models, OptiStruct must be used. The simulations required a large amount of computational 
power. Therefore, the .fem files were exported from HyperMesh and uploaded to the Volvo 
servers in Gothenburg. 

3.6 Method for Virtual Rework 

In order to save computational time, a simple FE-model was created to determine a method that 
corrects the surfaces shapes to compensate for the deformations. The simple FE-model used to 
try out a method is shown in Figure 3.28. 

 
Figure 3.28. Simple FE-model used to determine a method that corrects the surfaces shape to 

compensate for the deformations. 

 
The methods evaluated on the simple FE-model were Morphing and Applying the result in 
opposite direction. The Morphing method alters the shape of the FE-model by translating the 
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position of the nodes to match a surface or a geometry. The Morphing method was applied by 
determining the displacements, and export the deformed shape from HyperView. The exported 
shape from HyperView is then imported into MATLAB, where the direction of the 
displacements are altered. The deformed shape with altered direction is then imported to 
HyperMesh, and this surface is used to Morph against. This method alters the selected node in 
the FE-model to adjust to the deformed surfaces shape.  
 
The method where the result is Applied on the FE-model is similar to the Morphing method. 
However, the displacements obtained are imported as a .res file into HyperMesh, and applied 
on the wanted surfaces. This method only alters the nodes at the selected elements, and therefore 
saves computation time, is convenient to use and affective.   

3.7 Virtual Rework Method  

The method chosen for the Virtual Rework method was to Apply the results. The Virtual 
Rework Method consists of the following steps. The first step is to run a FE-simulation in 
OptiStruct to determine the displacements. When the simulation is complete, the obtained .res 
and .fem file is opened in HyperView. 
 
To check if the deformed forming surfaces are close to the nominal forming surfaces, some 
reference nodes are selected. The coordinates of these nodes are also used to determine of the 
result converges. This is done by using the Measure function in HyperView. The selection of 
nodes is done with the settings displayed in Figure 3.29.  
 

 
Figure 3.29. The tool bar where the coordinates of the reference nodes are determined.  

Note that the selection of the reference nodes on the forming surfaces is done before applying 
the result. The selected nodes should show the coordinates in x, y and z direction with a numeric 
precision of at least five digits and should be selected where the displacements are assumed to 
be large. This precision needs to be selected, in order to determine when the result converges.   
 
After reference nodes have been selected, the displacements is applied on the components. This 
is done under the Contour menu where result type is set to displacements and Mag. To Apply 
the displacements on the whole model, Components under selection is used to select all the 
components.    
 
Before applying the displacements, the FE-model with no displacements applied should be 
opened in HyperMesh. After this FE-model is opened, the result file from the simulation 
containing the displacements is loaded in HyperMesh, see Figure 3.30. The result is then pre-
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chosen under Apply result in the Post panel, see Figure 3.31. It is very important that the mult 
factor is set to -1 to apply the displacements in inversed direction.  
 

 
Figure 3.30. Input of results in HyperMesh. 

To apply the result on the surfaces of the component, the elements of the selected surfaces of 
the component under elements.  After the result is applied on original model, the FE-model 
with the corrected surfaces is simulated once more. The new .fem file should be saved 
separately and not overwrite the previous .fem file.   
 

 
Figure 3.31. The tool bar where the displacements are applied on the.   

After the simulation is complete and a new .fem and a new.res file is obtained, the result is 
analysed in HyperView. The coordinates of the reference nodes are then determined with the 
Measure function, see Figure 3.29, and compared with the coordinates of the reference nodes 
from the nominal forming surfaces. If the reference nodes of the deformed forming surface do 
not match the coordinates of the reference nodes at the nominal forming surface, further 
iterations are required until the coordinates match.   
 
To determine if the result converges, the coordinates of the deformed forming surface are 
compared with the coordinates of the deformed forming surface from the previous iterations. If 
the coordinates match, the simulation has converged.  

3.8 Implementation in HyperMesh 

A shortcut in HyperMesh Utility menu is created to analyse the possibilities to simplify each 
step of the method for Virtual Rework in HyperMesh. This is done by creating a new text file 
called userpage.mac. The location for the userpage.mac file is in the working directory in My 
documents folder. When HyperMesh is launched it automatically looks for the userpage.mac 
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file. The userpage.mac controls the display and available options on the User page menu in 
HyperMesh.  
 
In order to invoke a script file from the User page, a button is defined inside the userpage.mac 
file. This is done by using HyperMesh command *createbutton, which define the button 
and its characteristics. Figure 3.32 displays the syntax for the create button command. The 
following text is added in the userpage.mac file to create the User page button in HyperMesh.  
 
 
*createbutton(5, "Virtual Rework Method", -1, 0, 10, CYAN, " Apply 
result ", "EvalTcl", "Apply result.tcl") 
 

 
Figure 3.32. Syntax for the create button command in HyperMesh. 

The Virtual Rework button is design to run and interpret a script that is located in a .TCL file 
located in the same directory as the userpage.mac file. In this case, the TCL file is named 
Apply result.tcl.  
 
The script added in the Apply result.tcl file is created by using the command file in 
HyperMesh. The command file is a standard ASCII [13] file that HyperMesh can read or 
write [14]. During each modelling or post-processing, HyperMesh generates a command file 
that saves all commands done in that session.  
 
The simple FE-model used earlier in the work is used for generate a command.tcl file. By 
running simulation of the simple FE-model, a .res result file is created. The result is then 
loaded in to HyperMesh. The procedure for apply the result in inversed direction is then 
performed which generates the following script in the command file: 
 
*applyresults elements 1 -1 "total disp" 
 

The script is copied and placed in the Apply result.tcl file. This script doesn’t work unless a 
command for choosing elements has been added. This is done by adding the following script: 
 
*createmarkpanel elems 1 "Select elements for Apply Result:"  
set elem_list [hm_getmark elems 1] 
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4 Result 
In this chapter, the result obtained in the pre-study analysis and the measurements are 
presented. Also, the obtained result from the Virtual Rework Method is presented. 
 
  

4.1 Pre-study analysis  

One of the objectives with the pre-study simulation was to determine a load that gives 
displacements large enough for the ARAMIS DIC system to record. Therefore, the LC with the 
smallest displacements are of interest. The smallest displacements obtained in the pre-study 
simulation occurs in LC 2 (0.152) and in LC 3 (0.162), see Table 4.1. It was concluded that the 
magnitude of the displacements from the pre-study simulations are within the field of the 
requirements for the ARAMIS DIC system. It is observed in the result obtained in the pre-study 
analysis that the largest displacements regardless setup, occurs in LC 7, see Table 4.1. 
 

Table 4.1. The maximal displacements obtained in the pre-study. 

LC Maximal displacements [mm] 
Setup1 

Maximal displacements [mm] 
Setup2 

1 0.200 0.300 
2 0.152 0.288 
3 0.162 0.281 
4 0.314 0.413 
5 0.312 0.474 
6 0.312 0.425 
7 0.355 0.466 

 
Figure 4.1 shows that the largest displacements of LC 1 appear at the short side of the blank 
holder plate between the pillars.  

 
Figure 4.1. LC 1 with 200 t. The displacements are magnified 500 times.  
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Figure 4.2 present the difference in displacements of Setup 1 and Setup 2 for LC 1. In the result 
for Setup 1 it is clear how the rigid bolts effect the structure of the blank holder plate. In the 
result for Setup 2 the displacements are more evenly distributed along the inner edge of the 
blank holder plate.      
 

  
Figure 4.2.Overview of the displacements in LC 1 with 200 t in Setup 1 (left). Overview of the 

displacements in LC 1 with 200 t in Setup 2 (right). 

In order to further study the differences between Setup 1 and 2, the displacements are magnified 
500 times, see Figure 4.3. In Setup 1, the rigid bolts hold the blank holder plate and outer ram 
tight together. In Setup 2, a gap between blank holder plate and outer ram occurs. Therefore, 
Setup1 is chosen as a more realistic representation for a real measurement and is therefore 
represented in the result. The result for Setup 1 can be seen in Figure 4.4 to Figure 4.10 and the 
result from Setup 2 can be seen in Appendix A. 
 

 
 

 

 
 

 

 

Figure 4.3 LC 1 with 200 t magnified 500 times with Setup 1 (upper). LC 1 with 200 t 
magnified 500 times with Setup 2 (lower). 
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The stresses in the blank holder plate obtained in the pre-study simulations are smaller than the 
yield limit of the blank holder plate, see Fel! Det går inrte att hitta någon referenskälla.. 
Therefore, the risk of plastic deformations of the blank holder plate is small, see Table 4.2. 
 

Table 4.2. The maximum stress obtained in the blank holder plate in the pre-analysis 

 
LC 

Max Von Mises [MPa] 
Setup 1 

Max Von Mises [MPa] 
Setup 2 

1 80 80 
2 88 114 
3 97 78 
4 61 68 
5 177 125 
6 142 153 
7 149 136 

. 

 

 

 

 
 

Figure 4.4. LC 1 with a blank holder force of 200 t with Setup 1. 
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Figure 4.5. LC 2 with a blank holder force of 200 t with Setup 1. 

 

 

 

 
 

Figure 4.6. LC 3 with a blank holder force of 200 t with Setup 1. 

 

 

 
 

Figure 4.7. LC 4 with a blank holder force of 200 t with Setup 1. 
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Figure 4.8. LC 5 with a blank holder force of 200 t with Setup 1. 

 

 

 
 

Figure 4.9. LC 6 with a blank holder force of 200 t with Setup 1. 

 

 

 
 

Figure 4.10. LC 7 with a blank holder force of 200 t with Setup 1. 
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Table 4.3 shows the chosen x- and y-coordinates for each pillar position for each LC. The 
coordinates displayed in the table for each LC are the distance between a pillar and its closest 
outer side, see Figure 4.11 and Figure 4.12. This pillar display will simplify the work of 
measuring up each pillar positions on the press table when the setup for the measurements is 
made.    
 

Table 4.3. The position of the pillars. The NA means that the pillar is not applicable in that 
load case. 

LC Pillar 1 [mm] Pillar 2 [mm] Pillar 3 [mm] Pillar 4 [mm] 
 x y x y x y x y 
1 540 504 540 504 540 504 540 504 
2 1000 350 1000 350 1000 350 1000 350 
3 1830 323 350 1220 1830 323 350 1220 
4 NA NA 350 1220 NA NA 350 1220 
5 1830 323 NA NA 1830 323 NA NA 
6 NA NA 540 504 NA NA 540 504 
7 540 504 NA NA 540 504 NA NA 

 

 
Figure 4.11. Pillar positions for LC 1, LC 2, LC 6 and LC 7. 

 

 
Figure 4.12. Pillar positions for LC 3, LC 4 and LC 5. 
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4.2 Measurements 

The ARAMIS DIC system used to measure the displacements of the stamping press records the 
result using several picture frames. Each picture frame captures the position of each reference 
point. The reference frame for the measurement is set to be at the precise moment when the 
blank holder plate came in contact with the force transducer on each pillar, see Figure 4.13.  A 
more accurate reference stage could be obtained if the time step of the displacement and the 
blank holder force would be pared. 
 

1.933 s 
Second stage before 

reference point 

2,000 s 
Last stage before reference 

point 

2,067 s 
Reference stage 

When the blank holder plate 
came in contact with the 

force transducers  

   
Figure 4.13. The time step when the blank holder plate hits the force transducers. 

The displacements obtained from the ARAMIS DIC system is measured throughout the whole 
press stroke. The press is held in its lowest position to obtain a static blank holder force.  Figure 
4.14 shows the displacements of each reference point on the blank holder plate in LC 1 with a 
load of 200 t. It is noticed that the vectors at the inner radius of the blank holder are smaller 
than the vectors at the outer radius.  
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Figure 4.14. Displacements from LC 1 with 200 t obtained from the ARAMIS DIC system on 

the blank holder plate.  

The vectors in Figure 4.14 represents the direction and the magnitude of the movement of each 
reference points. These movements represent both the rigid body motions and the internal 
elastic deformations. The diagram in Figure 4.15 displays the recorded displacements in z-
direction over time of each reference point on the blank holder plate in LC 1 with a load of 200 
t. Each line represents the length of each vector in Figure 4.14. 
 

 
Figure 4.15.Displacements from LC 1 with a blank holder force of 200 t. 
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Figure 4.16 shows the displacements of each reference point on the press table in LC 1 with a 
blank holder force of 200 t. Note that the colour grades is different from Figure 4.14. 

 
Figure 4.16. Displacements from LC 1 with 200 t obtained from the ARAMIS DIC system on 

the press table. 

The diagrams displayed in Figure 4.17 shows the recorded displacements of each reference 
point on the press table in LC 1 with a load of 200 t over time.  Each line represents the length 
of each vector in Figure 4.16. 
 

 
Figure 4.17. Displacements from LC 1 with a stamping force of 200 t. 
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Figure 4.18 shows the recorded displacements of each reference point on the blank holder plate 
in LC 3 with a load of 200 t.  
 

 
Figure 4.18. Displacements from LC 3 with 200 t obtained from the ARAMIS DIC system on 

the blank holder plate. 

The diagrams displayed in Figure 4.19 shows the recorded displacements over time of each 
reference point on the blank holder plate in LC 3 with a load of 200 t.  Each line represents the 
length of each vector in Figure 4.18. The large peak at 8 s is due to errors in the measurement.  
 

 
Figure 4.19. Displacements of LC 3 with a blank holder force of 200 t. 
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Figure 4.19 shows the recorded displacements of each reference point of the press table in LC 
3 with a load of 200 t. Note that the colour grades is different  from Figure 4.18. 

 
Figure 4.20. Displacements from LC 3 with 200 t obtained from the ARAMIS DIC system on 

the press table. 

The diagrams displayed in Figure 4.21 shows the recorded displacements over time of each 
reference point on the press table in LC 3 with a load of 200 t. Each line represents the length 
of each vector in Figure 4.20. 
  

 
Figure 4.21. Displacements from LC 5 with a blank holder force of 160. 
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Figure 4.22 shows the recorded displacements of each reference point on the blank holder plate 
in LC 4 with a load at 160 t.  

 
Figure 4.22. Displacements from LC 4 with 160 t obtained from the ARAMIS DIC system on 

the blank holder plate. 

The diagrams displayed in Figure 4.23 shows the recorded displacements over time of each 
reference point on the blank holder plate in LC 4 with a load of 160 t. Each line represents the 
length of each vector in Figure 4.22. 
 

 
Figure 4.23. Displacements from LC 4 with a blank holder force of 160 t.  
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Figure 4.24 shows the recorded displacements of each reference point on the press table in LC 
4 with a load of 160 t. Note that the colour grades is different from Figure 4.22. 

 
Figure 4.24. Displacements from LC 4 with 160 t obtained from the ARAMIS DIC system on 

the press table. 

The diagrams displayed in Figure 4.25 shows the recorder displacements over time of each 
reference point on the press table in LC 4 with a load of 160 t. Each line represents the length 
of each vector in Figure 4.24. 
 

 
Figure 4.25. Displacements over time from LC 4 with a blank holder force of 160 t. 
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Figure 4.26 shows the recorded displacements of each reference point on the blank holder plate 
in LC 5 with a load of 160 t.  
 

 
Figure 4.26. Displacements from LC 5 with 160 t obtained from the ARAMIS DIC system on 

the blank holder plate. 

The diagrams displayed in Figure 4.27 shows the recorder displacements over time of each 
reference point on the blank holder plate in LC 5 with a load of 160 t. Each line represents the 
length of each vector in Figure 4.26. 
  

 
Figure 4.27. Displacements from LC 5 with a blank holder force of 160 t. 
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Figure 4.28 shows the recorded displacements of each reference point on the press table in LC 
5. Note that the colour grades are different from Figure 4.26 

 
Figure 4.28. Displacements from LC 5 with 160 t obtained from the ARAMIS DIC system on 

the blank holder plate. 

The diagrams displayed in Figure 4.29 shows the recorded displacements over time of each 
reference point on the press table in LC 5 with a load of 160 t. Each line represents the length 
of each vector in Figure 4.28. 
 

 
Figure 4.29. Displacements from LC 5 with a blank holder force of 160 t. 
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4.3 Blank holder force  

The applied blank holder force was determined by recording the force applied on the pillars. 
Each line in Figure 4.30 represents the applied force on each pillar. The blue line shows the 
total applied blank holder force during the whole press stroke.  
 

 
Figure 4.30. Blank holder force for LC 1 with 200 t. 

 
Figure 4.30 shows the blank holder force during a whole press stroke in LC 1 with 200 tons. 
After the outer ram reaches its lowest position, the maximum blank holder force is obtained. 
The first peak is when the blank holder comes in contact with the force transducers. The 
following peaks at the beginning of the press stroke are due to the inner ram is moving down. 
The peaks at the end of the press stroke are due to the inner ram is mowing up. When the inner 
ram has reached its final position, the blank holder force is stable until the outer ram starts 
moving up. Therefore, only data from the static load when the blank holder force is stable is 
used for further analysis. Also, comparing the displacements and the blank holder force, it was 
noticed that they followed each other.  
 
Figure 4.31 presents the blank holder force on each pillar when a total blank holder force of 
200 t were applied in LC 3. Figure 4.32 and Figure 4.33 presents the blank holder force on each 
pillar when a total blank holder force of 160 t in LC 4 and LC 5. The total blank holder force 
performed in LC 4 and LC 5 were lower due to that only two pillars were used. However, the 
blank holder force on the two pillars were larger than on the pillars in LC 1 and LC 3. The 
measurements with the blank holder force set to 25, 50, 100 and 150 t can be seen in appendix 
B. 
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Figure 4.31. Blank holder force for LC 3 with 200 t. 

 

 
Figure 4.32. Blank holder force for LC 4 with 160 t. 
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Figure 4.33. Blank holder force for LC 5 with 160 t.  
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4.4 Inverse modelled press table  

 
Figure 4.34. Interpolated and extrapolated data from the measurements of LC 1 and LC 3 (left). 

Behaviour of the optimized press table from a simulation (right).  

 
Figure 4.35. interpolated and extrapolated data from the measurements of LC 4 (left). Behaviour of 

the optimized press table from a simulation (right). 

 
Figure 4.36. interpolated and extrapolated data from the measurements of LC 5 (left). Behaviour of 

the optimized press table from a simulation (right).    

Figure 4.34 to Figure 4.36 shows the displacements of the press table after the data obtained in 
the measurement were interpolated and extrapolated over the whole table. Figure 4.34 to Figure 
4.36 also show how the optimized press table behaves during simulation.  
 
Figure 4.37 shows the inverse modelled press table that was performed by Volvo cars in 
Olofström. For deeper insight in the method of creating the inverse modelled press table, see 
[14]. The FE-model represents the behaviour of the press table. The blue structure is obtained 
from a topology optimization. When the die is placed on the table and loads is applied, this 
optimized table should behave as the press table in the measurement.  
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Figure 4.37. The inverse modelled press table with topology optimization. 
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4.5 The FE-model with a rigid table  

To illustrate the difference between simulating the whole press on the optimized press table and 
a rigid press table, a simulation was performed with the whole FE-model on a rigid table. This 
shows that when performing a simulation on the rigid table, only the internal deformations on 
is obtained, see Figure 4.38. 
 
Therefore, to determine the rigid body movement, an optimized press table that represents the 
behaviour of the press is needed. Note that the colour grade is different from Figure 4.40. 
 

  
Figure 4.38. Displacements of the FE-model with the rigid press table where the translation 

of the nods connected by rigid elements to the outer ram locked in all directions. 

 

4.6 The FE-model with optimized press table 

The inverse modelled press table obtained from the measurement has similar structural 
behaviour as the press table of the stamping press used in the measurement. However, an 
optimized FE-model representing the behaviour of the upper parts of the press is not obtained. 
Therefore, two models were created with two different boundary conditions on the outer ram.  
In one FE-model, the translations and rotations of the nodes at the top surface are locked in all 
directions. In the other FE-model, rigid elements were connected from the upper surfaces of the 
ram to a node with translations locked in all directions, see Figure 4.39. 
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Figure 4.39. Displacements of the FE-model with the optimized press table where the 
translation and rotation of the top surfaces of the outer ram is locked in all directions. 

Figure 4.39 shows how the FE-model behaves when locking all nodes for translations and 
rotations in all direction on the top surfaces of the outer ram. Locking the outer ram this way 
makes the blank holder, blank holder plate and the outer ram move independent from the die. 
This results in an incorrect representation of the real die.  
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Figure 4.40. Displacements of the FE-model with the optimized press table where the 

translation of the node connected by rigid elements to the outer ram locked in all directions. 

Figure 4.40 shows how the FE-model behaves when locking the translations of one node in all 
directions with rigid elements connected to the top surfaces of the outer ram. Locking the outer 
ram this way makes the blank holder, blank holder plate and the outer ram move dependent on 
the die. This results in a more realistic representation of the real die. Therefore, this way of 
locking the outer ram is chosen when the method of virtual rework is used. Note that the colour 
grade is different from Figure 4.39. 
 
However, the movement of the press in reality is not represented by either of the two models. 
To get a more correct representation the real movement of the press, a topology optimization 
on the outer ram should be created.  
 
Figure 4.41 presents the displacements magnified 500 times. This shows that the die tilts during 
operation when the optimized press table is used.  
 



 
 
 

53 

 
Figure 4.41. Displacements of the die magnified 500 times of the FE-model where the 

optimized press table is used. 
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4.7 Virtual Rework Method 

The goal with the Virtual Rework Method is to obtain deformed forming surfaces with load 
applied that matches the nominal forming surfaces shape without applied loads. These corrected 
forming surfaces are obtained by determining the displacements of the press, and then apply 
them on the nominal forming surfaces. The workflow of the method can be seen in the flow 
chart below.  
 

 
Figure 4.42 The workflow of the Virtual Rework Method 

The method for virtual rework is applied on the FE-model with the optimized press table where 
the outer ram was connected to a node with rigid elements. To determine if the corrected 
forming surfaces on the die has converged to the correct forming surfaces, some reference nodes 
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are selected, see Figure 4.43. The coordinates of the reference nodes can be seen in Table 4.4. 
These nodes are selected in areas where the displacements are assumed to be large. 
 

 
Figure 4.43. Reference nodes on the forming surfaces on the die. 

 
Table 4.4. The coordinates of the reference nodes at the nominal forming surfaces. 

Node  x y z 
1981618 -715,63000 655,39728 688,32709 
2002952 -606,31799 1439,66394 697,90302 
1908970 -452,85199 1829,60095 693,51221 
2006091 -634,81500 2252,39502 687,97852 
1972887 -708,67700 2996,54907 689,15912 

1740695 -1863,75000 3049,73901 683,05841 
1934147 -1769,34998 1824,59595 698,41040 
2020475 -1178,71997 1834,60400 596,21338 
1913617 -1892,59998 657,61499 688,58148 

 
After the reference nodes have been selected, the first FE-simulation is performed. The 
displacements obtained from the first simulation is then applied on the nominal forming 
surfaces, see Figure 4.44.  
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Figure 4.44. Displacements of the die after the first iteration. 

The coordinates of the reference node on the deformed forming surfaces and the difference 
between the coordinates of the reference nodes on nominal forming surfaces and the coordinates 
of the reference nodes at the deformed forming surfaces can be seen in Table 4.5.  
 

Table 4.5. The coordinates of the reference nodes at the deformed forming surfaces and the 
difference to the nominal forming surfaces after the first iteration. 

 Coordinated	of	the	reference	nodes	at	the	
deformed	forming	surfaces	

Difference	between	nominal	and	
deformed	nodes	[mm]	

Node x	 y	 z	 x	 y	 z	
1981618	 -717,77557	 654,27588	 686,47705	 2,14557	 1,12140	 1,85004	
2002952	 -608,46832	 1438,48120	 696,18384	 2,15033	 1,18274	 1,71918	
1908970	 -455,02548	 1828,40002	 691,88904	 2,17349	 1,20093	 1,62317	
2006091	 -636,97412	 2251,18481	 686,53717	 2,15912	 1,21021	 1,44135	
1972887	 -710,82959	 2995,30713	 688,06598	 2,15259	 1,24194	 1,09314	
1740695	 -1865,87878	 3048,58813	 682,26324	 2,12878	 1,15088	 0,79517	
1934147	 -1771,46472	 1823,48364	 697,23114	 2,11474	 1,11231	 1,17926	
2020475	 -1180,89439	 1833,47998	 594,78912	 2,17442	 1,12402	 1,42426	
1913617	 -1894,74072	 687,23804	 687,23804	 2,14074	 1,34344	 1,34344	
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Figure 4.45. Difference between the nominal forming surface and the deformed forming 

surfaces.  

Figure 4.45 shows the difference between the nominal forming surfaces and the deformed 
forming surfaces after the first iteration. The colour difference shows distance between the 
nominal and the deformed forming surfaces.  
 
After the displacements are obtained from the first FE-simulation, the result is applied in 
opposite direction on the nominal surface. Figure 4.46 shows the difference between the 
nominal forming surfaces and the nominal forming surfaces with the result. Note that the colour 
grade is inversed from Figure 4.45. This shows that the displacements are applied in the 
opposite direction.  
 

 
Figure 4.46. Difference between the nominal forming surfaces and the nominal forming 

surfaces with the result applied. 
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After the displacements is applied on the nominal surfaces, the second FE-simulation is 
performed. The displacements obtained from the second iteration are visualized in Figure 4.47.  
 

 

Figure 4.47. Displacements of the die after the second iteration. 
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Table 4.6 shows the coordinates of the reference nodes on the deformed forming surfaces 
after the second FE-simulation. The difference between the coordinates of the reference nodes 
at nominal forming surfaces and the coordinates of the reference nodes at the deformed 
forming surfaces are shown in   
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Table 4.6. 
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Table 4.6. The coordinates of the reference nodes at the deformed forming surfaces and the 
difference to the nominal forming surfaces after the second iteration. 

 Coordinated	of	the	reference	nodes	at	the	
deformed	forming	surfaces	

Difference	between	nominal	and	
deformed	nodes	

Node x	 y	 z	 x	 y	 z	
1981618	 -715,62146	 655,39398	 688,32556	 -0,00854	 0,00330	 0,00153	
2002952	 -606,31036	 1439,66138	 697,90143	 -0,00763	 0,00256	 0,00159	
1908970	 -452,84460	 1829,59839	 693,51019	 -0,00739	 0,00256	 0,00202	
2006091	 -634,80731	 2252,39233	 687,97650	 -0,00769	 0,00269	 0,00202	
1972887	 -708,66949	 2996,54964	 689,15717	 -0,00751	 -0,00057	 0,00195	
1740695	 -1863,74182	 3049,73560	 683,06030	 -0,00818	 0,00341	 -0,00189	
1934147	 -1769,34741	 1824,59180	 698,41180	 -0,00257	 0,00415	 -0,0014	
2020475	 -1178,71716	 1834,60071	 596,21338	 -0,00281	 0,00329	 0	
1913617	 -1892,59277	 657,61066	 688,58313	 -0,00721	 0,00433	 -0,00165	

 
Figure 4.48 shows the difference between the nominal forming surfaces and the deformed 
forming surfaces after the second FE-simulation. Note that the colour grade is different form 
Figure 4.45. The deformed forming surfaces are not close enough to the nominal forming 
surfaces, and therefore a third FE-simulation is performed.  
 

 
Figure 4.48. Difference between compensated and nominal forming surfaces after the second 

iteration. 

The displacements on the die obtained from the third FE-simulation is shown in Figure 4.49. 
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Figure 4.49. Displacements of the die after the third iteration. 

Figure 4.50 shows the difference between the nominal forming surfaces and the deformed 
forming surfaces after the third iteration. Its noticed that the nominal surfaces geometry and the 
deformed surfaces are close. This can also be seen in Table 4.7. Note that the colour grade is 
different than in Figure 4.45. 
 

 
Figure 4.50.  Difference between nominal forming surfaces and the deformed forming 

surfaces after the third iteration. 



 
 
 

63 

Table 4.7. The coordinates of the reference nodes at the deformed forming surfaces and the 
difference to the nominal forming surfaces after the third iteration. 

	 Coordinated	of	the	reference	nodes	at	the	
deformed	forming	surfaces	

Difference	between	nominal	and	
deformed	nodes	

Node	 x	 y	 z	 x	 y	 z	

1981618	 -715,63037	 655,39728	 688,32715	 0,00037	 0	 -0,00012	
2002952	 -606,31836	 1439,66431	 697,90302	 0,00037	 -0,00037	 0	
1908970	 -452,85159	 1829,60144	 693,51227	 -0,00040	 -0,00049	 -6E-05	
2006091	 -634,81525	 2252,39526	 687,97852	 0,00025	 -0,00024	 0	
1972887	 -708,67743	 2996,54932	 689,15906	 0,00043	 -0,00025	 0	
1740695	 -1863,75183	 3049,73877	 683,05841	 0,00183	 0,00024	 0	
1934147	 -1769,34741	 1824,59583	 698,41034	 -0,00257	 0,00012	 0	
2020475	 -1178,71716	 1834,60364	 596,21338	 -0,00281	 0,00036	 0	
1913617	 -1892,60278	 657,61493	 688,58154	 0,00280	 6E-05	 -0,00012	

 
Table 4.7 shows that the coordinates of the selected nodes are close in x and y direction and 
almost identical in the z direction.  
 
One final FE-simulation was performed to determine if the deformed forming surfaces would 
get closer to the nominal forming surfaces, and to determine if the simulations converges. The 
displacements on the die obtained from the fourth simulation is shown in Figure 4.51. Table 
4.7 and Table 4.8 shows that the third and fourth simulation gave almost the same result.  
  

 
Figure 4.51. Displacements of the die after the fourth iteration. 
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Table 4.8. The coordinates of the reference nodes at the deformed forming surfaces and the 
difference to the nominal after the fourth iteration. 

	 Coordinated	of	the	reference	nodes	at	the	
deformed	forming	surfaces	

Difference	between	nominal	and	
deformed	nodes	

Node	 x	 y	 z	 x	 y	 z	
1981618	 -715,63037	 655,39728	 688,32703	 0,00037	 0	 6E-05	
2002952	 -606,31836	 1439,66431	 697,90302	 0,00037	 -0,00037	 0	
1908970	 -452,85159	 1829,60144	 693,51221	 -0,0004	 -0,00049	 0	
2006091	 -634,81525	 2252,39526	 68797852	 0,00025	 -0,00024	 0	
1972887	 -708,67743	 2996,54932	 68915906	 0,00043	 -0,00025	 0	

1740695	 -1863,75183	 3049,73877	 683,05841	 0,00183	 0,00024	 0	
1934147	 -1769,34741	 1824,59583	 698,41034	 -0,00257	 0,00012	 6E-05	
2020475	 -1178,71716	 1834,60364	 596,21338	 -0,00281	 0,00036	 0	
1913617	 -1892,60278	 657,61499	 688,58142	 0,0028	 0	 6E-05	

 
Figure 4.52. Difference between the nominal forming surfaces and the nominal surfaces with 

the result from the fourth iteration applied. 

 

4.8 Virtual Rework Method on a rigid press table  

The Virtual Rework Method was also applied on FE-model where the optimized table had been 
substituted with a rigid press table. The procedure of applying the Virtual Rework Method on 
the FE-model with the rigid tale is the same as when applying the method on the FE-model with 
the optimized press table.  The method was performed on this FE-model to illustrate the Virtual 
Rework Method can be applied on multiple FE-models.   
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The same reference nodes were selected as when the Virtual Rework Method was applied on 
the FE-model with the optimized structure, see Fel! Det går inrte att hitta någon 
referenskälla. The first simulation shows that only local elastic displacements are obtained by 
using a rigid table, Figure 4.53. 
 

 
Figure 4.53. Displacements of the die after the first iteration on the rigid table. 

Table 4.9 shows coordinates of the reference nodes at the deformed forming surfaces after the 
first iteration. The difference between the coordinates of the reference nodes at nominal forming 
surfaces and the coordinates of the reference nodes at the deformed forming surfaces are shown 
in Table 4.9.  The difference in displacements is considerably smaller than the difference from 
the first simulation of the FE-model with the optimized structure. This is due to that the 
optimized press table generates larger displacements. Note that the colour grade is different 
from Figure 4.44. 
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Table 4.9 The coordinates of the reference nodes at the deformed forming surfaces and the 
difference to the nominal forming surfaces after the first iteration. 

	 Coordinated	of	the	reference	nodes	at	the	
deformed	forming	surfaces		

Difference	between	nominal	and	
deformed	nodes	

Node	 x	 y	 z	 x	 y	 z	
1981618	 -715,62524	 655,40289	 688,29407	 -0,00476	 -0,00561	 0,03302	
2002952	 -606,29810	 1439,65747	 697,84888	 -0,01989	 0,00647	 0,05414	
1908970	 -452,84332	 1829,60120	 693,47009	 -0,00867	 -0,00025	 0,04212	
2006091	 -634,79382	 2252,40088	 687,92993	 -0,02118	 -0,00586	 0,04859	
1972887	 -708,67200	 2996,54419	 689,12543	 -0,00500	 0,00488	 0,03369	

1740695	 -1863,75549	 3049,73291	 683,03351	 0,00549	 0,00610	 0,02490	
1934147	 -1769,36401	 1824,59483	 698,38489	 0,01403	 0,00112	 0,02551	
2020475	 -1178,72290	 1834,60400	 596,18412	 0,00293	 0	 0,02926	
1913617	 -1892,60620	 657,62000	 688,55109	 0,00622	 -0,00501	 0,03039	

 
Table 4.10 shows the coordinates of the reference nodes at the deformed forming surfaces after 
the second iteration. The difference between the coordinates of the reference nodes at nominal 
forming surfaces and the coordinates of the reference nodes at the deformed forming surfaces 
are shown in Table 4.10. 
 

Table 4.10 The coordinates of the reference nodes at the deformed forming surfaces and the 
difference to the nominal forming surfaces after the second iteration. 

	 Coordinated	of	the	reference	nodes	at	the	
deformed	forming	surfaces		

Difference	between	nominal	and	
deformed	nodes	

Node	 x	 y	 z	 x	 y	 z	
1981618	 -715,63025	 655,39734	 688,32709	 0,00025	 -6E-05	 0	
2002952	 -606,31818	 1439,66357	 697,90295	 0,00019	 0,00037	 7E-05	
1908970	 -452,85233	 1829,60120	 693,51221	 0,00034	 -0,00025	 0	
2006091	 -634,81482	 2252,39478	 687,97852	 -0,00018	 0,00024	 0	
1972887	 -708,67700	 2996,54907	 689,15912	 0	 0	 0	

1740695	 -1863,74548	 3049,73901	 683,05841	 -0,00452	 0	 0	
1934147	 -1769,35400	 1824,59583	 698,41040	 0,00402	 0,00012	 0	
2020475	 -1178,72290	 1834,60400	 596,21332	 0,00293	 0	 6E-05	
1913617	 -1892,59619	 657,61499	 688,58148	 -0,00379	 0	 0	

 
Table 4.11 shows the coordinates of the reference nodes at the deformed surfaces shape after 
the third iteration. The difference between the coordinates of the reference nodes at nominal 
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forming surfaces and the coordinates of the reference nodes at the deformed forming surfaces 
are shown in Table 4.11. Its noticed that the same result is obtained in the second and third 
iteration. This concludes that only two iterations are needed to obtain a compensated forming 
surfaces.  

 
Table 4.11 The coordinates of the reference nodes at the deformed forming surfaces and the 

difference to the nominal after the third iteration. 

	 Coordinated	of	the	reference	nodes	at	the	
deformed	forming	surfaces		

Difference	between	nominal	and	
deformed	nodes	

Node	 x	 y	 z	 x	 y	 z	
1981618	 -715,63025	 655,39734	 688,32709	 0,00025	 -6E-05	 0	
2002952	 -606,31818	 1439,66357	 697,90295	 0,00019	 0,00037	 7E-05	
1908970	 -452,85233	 1829,60120	 693,51221	 0,00034	 -0,00025	 0	
2006091	 -634,81482	 2252,39478	 687,97852	 -0,00018	 0,00024	 0	
1972887	 -708,67700	 2996,54907	 689,15912	 0	 0	 0	

1740695	 -1863,74548	 3049,73901	 683,05841	 -0,00452	 0	 0	
1934147	 -1769,35400	 1824,59583	 698,41040	 0,00402	 0,00012	 0	
2020475	 -1178,72290	 1834,60400	 596,21332	 0,00293	 0	 6E-05	
1913617	 -1892,59619	 657,61499	 688,58148	 -0,00379	 0	 0	
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4.9 Implementation in HyperMesh 

The shortcut created in the Utility menu in HyperMesh enables the user to easily apply the 
result obtained in a FE-simulation. Figure 4.54 illustrates how the buttons will be presented in 
the utility menu in HyperMesh . 
 

 
Figure 4.54. The shortcut in the utility menu in HyperMesh. 

The simple FE-model displayed in Figure 4.55 is used for demonstrating the Virtual Rework 
Method with the shortcut. The steps for using the Virtual Rework Method with the shortcut on 
an FE-model are as follows. 

 
Figure 4.55. Start/original FE-model. 

1. Run the FE-simulation to generate a .res result file 
2. Analyse the result in HyperView and select reference nodes before applying the 

deformations on the model. 
3. Load or import the start/original FE-model in to HyperMesh 
4. Load the .res result file in to HyperMesh 

 Elements on which the results are to be applied on, can be placed in a Collector before pressing 
the Virtual Rework button. This to simplify the selection of elements in step 5a.   

5. Press the Virtual Rework button 
a. Select elements for apply result and then proceed, Figure 4.56. 

 
Figure 4.56. Selection of elements. 
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Figure 4.57. FE-model with selected elements (left). FE-model with altered geometry (right). 

6. Run the simulation with the corrected geometry. 
7. Analyse the result in HyperView 

These steps are performed until desired result is obtained.   
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5 Discussion 
In this chapter, the result obtained in Pre-study analysis, measurements, inverse modelled press 
table, the FE-modelling and the Virtual Rework method are discussed. 
 
 

5.1 Pre–analysis 

The pre-study analysis shows that a load of 200 t generates displacements large enough for the 
ARAMIS DIC system to record. Lower blank holder forces of 25, 50, 100 and 150 t could 
therefore be used during the measurements to record the deflecting and deforming behaviour 
of the stamping press. However, the result obtained in the measurements with a load of 200 t 
generated more suitable recording of the behaviour of the stamping press and a blank holder 
force lower than 25 t is therefore unnecessary. 
 
The stresses obtained in the pre-study FE-simulation is small in both Setup 1 and 2. The risk of 
plastic deformation of the blank holder plate occur is therefore small. The displacements 
obtained in the pre-study analysis are only displacements of the blank holder plate and gives no 
information about the impact the behaviour of the press table might have on the blank holder 
plate.  
 
The connection between the blank holder plate and the outer ram in Setup 1 was obtained with 
rigid bolts. This connection was chosen to save time, and that the difference between using rigid 
bolts and pretension bolts were thought to be small.  

5.2 Stamping Press Measurements  

5.2.1 Measure the displacements with DIC system  

The measurements performed with the ARAMIS DIC system gave a good display on the 
displacements. It was noticed that the vectors located at the inner radius of the blank holder 
plate are shorter than the vectors located at the outer radius of the blank holder plate, see Figure 
5.1. This difference occurs due to the elastic deformations of the blank holder plate that causes 
the reference points located at the inner radius to move upwards. This shows that the blank 
holder plate behaves as expected from the pre-analysis. The result obtained with the ARAMIS 
DIC system also gave a good display on how the press bed is deflecting. It can also be seen 
how the deflecting behaviour of the press bed effects the blank holder plate.  
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Figure 5.1. Illustration of the measured displacements of the blank holder plate in LC 1 with 

a blank holder force of 200 t. 

 

 
Figure 5.2. Displacement and elastic of LC 1 with 200 t obtained in the pre-study analysis. 

The data obtained in the measurement used as constraints to construct the topology optimized 
press table, were interpolated and extrapolated to obtain the displacements of the whole tale. If 
more reference points were used on the press table, the extrapolated and interpolated press table 
would be more correct. This would result in constraints with more accurate representation of 
the behaviour of the press table.  
 
The displacements could be measured on any double action press by using the method presented 
in this work. However, some alterations need to be done in order perform the measurements on 
a single acting press where the hydraulic cushion have a considerable effect on the movement 
of the blank holder. 
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If the displacements will be measured on a stamping press used in production, the whole 
production line needs to be shut down in order to setup the measurement system. Shutting down 
a production line can be costly, and therefore problematic. However, the measurements could 
be performed on a stamping press in the tool and die department with identical characteristics 
as the stamping press used in production.  

5.2.2 Validation of the displacements   

Even though the ARAMIS DIC system should give a reliable result, some validation should be 
done. When employees at the Tool and Die department are calibrating the press, they use a rod 
micrometre to determine the distance from the blank holder plate and the press table. During 
the measurements, a rod micrometre was tried out, but the method had to large tolerance to be 
a sufficient validation to the result obtained from the ARAMIS DIC system. The rod 
micrometre was therefore not used to validate the result from the ARAMIS DIC system.  
 
A micrometre mounted on the press frame was instead used to verify that a deflection of the 
press table occurs. By mounting the micrometre at the corners of the press table during a press 
stroke, the micrometre gave an indication on that the press table was deflecting. The micrometre 
was used to verify that the press table was deflecting, and not used to obtain any data. 
  
A more accurate way of validating the displacements is to place a laser measurement system 
on the press table that verifies the movement. This system would reveal if the blank holder plate 
and press table are moving as the ARAMIS DIC system is showing.  

5.2.3 Force and displacements measurements on the same time line  

To determine the displacements using GOM correlate, a reference frame is selected. This 
reference frame is chosen manually by determining in which picture frame the blank holder 
touches the force transducers. This method is uncertain, and could be improved if the time step 
could be paired with the displacement and the blank holder force.  
 
If a connection had been obtained between the equipment of the ARAMIS DIC system and the 
Catman system, the same time step could be used. By using the same time step, the reference 
frame chosen in COM Correlate could be selected when the blank holder force starts instead of 
visually determine the step frame. However, the method on manually selecting the reference 
frame is sufficient enough considering the small time step.  

5.2.4 Measurement noise 

Some noise can be found in the measurement obtained with the ARAMIS DIC system. This 
noise was probably due to vibration caused by the activity around the stamping press. However, 
the noise had a small or no impact on the data used in topology optimized table.  
 
In the beginning and the end of the press stroke, peaks are found in both the measured 
displacements and the recorded blank holder force. However, in measured displacements of LC 
3, a larger peak occurs in the end of the press stroke, see Figure 4.19. Since no large peak is 
recorded in the blank holder force in LC 3, the peak was probably due to interferences caused 
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by the inner drawing slide going up. Since the interest lies in the displacements in the static area 
before the peak, the peak had small impact on the results used for the optimized table, and 
therefore no further analysis will be performed. 

5.2.5 Blank holder force  

The blank holder forces used in the measurements ranged from 25 to 200 t. The idea was to see 
how the displacements would alter with different blank holder forces. When the measured blank 
holder forces were compared with the displacements obtained from the measurements, it was 
noticed that they followed each other, see Section Fel! Det går inrte att hitta någon 
referenskälla..  

5.2.6 Inverse modelled press table  
In order to use Virtual Rework Method to reduce and support manual rework, the elastic 
behaviour of stamping dies and stamping presses must be represented in a reliable way. Inverse 
modelling and topology optimisation of the press table shows a reliable strategy for creating 
FE-models of the stamping press. The topology optimised press table used in the FE-
simulations in this work reveal the total displacements of the die. 
 

5.3 The FE-model 

5.3.1 Problem with creating a 3D –mesh  

When the time plan for the whole work was made, it was assumed that the CAD-models that 
were provided would be with correct surfaces geometry. This was not the case. The provided 
CAD-model of the die had been redesigned multiple times. Therefore, some of the surfaces in 
the FE-model were free and some were even missing, and a solid 3D mesh could not be created.  
 
Some modifications could be done by the die designer directly in CATIA. However, the 
majority of the free and missing surfaces were fixed in HyperMesh. The CATIA-file was 
imported, and then the surfaces were corrected by visually inspecting the surfaces, and look for 
free edges that was marked red. This step was the most time consuming, due to the uncertainty 
regarding how some surfaces should be fixed. When a 2D-shell mesh could be obtained, some 
tools in HyperMesh could be used to fix the surfaces more easily.   
 
Fixing the surfaces geometry on die was the most time consuming obstacle in this work. It took 
several weeks from the time the CAD-model of the die was received, until a solid 3D-mesh was 
created. Similar problems occurred when the 3D-mesh of the blank holder was created. 
However, there were fewer free and missing surfaces and was therefore not as time consuming.  

5.3.2 Wear plates 
The wear plates on the die and the blank holder are used to align the movement of the die, blank 
holder and blank holder plate. The optimized press table that the die is put on, makes the die 
tilt in one direction when stamping pressure is applied. To transfer the tilting movement of the 
die to the blank holder, a frictionless contact on the wear plates are used.  
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5.3.3 Contact surfaces 
The card image for the connection between the die and the press table was chosen to tie. This 
card images lock the nodes at the contact surfaces together. This card images were set to save 
computer time, compared to other card images. This card image was also used to be sure the 
die followed the movement of the press table when the optimized press table made it tilt.  

5.3.4 Pretension bolts 
To create an FE-model where the behaviour is as close to the movement of the real press, 1D 
pretension bolts were used in FE-model with the optimized press table. These pretension bolts 
used in the FE-model have the same dimension and pretension as is used on the real press. 
When the result from the simulations with the pretension bolts were analysed, it was noticed 
that the tension was high at the edge of the bolt hole. However, this high tension had no impact 
on the virtual rework method, and was therefore not further examined.  

5.3.5 Mapping of Contact Pressures 
The blank holder force applied on the die and blank holder were obtained from a simulation in 
AutoForm. This simulation was performed on the original CAD-model of the die and blank 
holder. This blank holder force is used in all the simulation when virtual rework method is 
applied. When the displacements from the first simulation have been applied on the nominal 
forming surfaces, the blank holder force will be altered. Therefore, to get a more correct 
distribution of the blank holder force, a simulation should be performed in AutoForm with the 
new forming surfaces in each iteration. If new blank holder force would be determined in each 
iteration, additional iteration may be required to obtain a correct pressure distribution.  
However, the difference in the final result should be similar when using the same blank holder 
force and a new blank holder force.  

5.3.6 Lock the outer ram  
Two models were created where the boundary condition on the outer ram was altered to 
determine how the behaviour of the real press could be represented.  
 
The first FE-model with the translations and rotations on the upper surfaces of the outer ram 
locked in all direction resulted in smaller displacements of press. This was due to that the 
movement of the blank holder and the blank holder plate was restricted by the locked outer ram.  
This results in that the displacements of the blank holder, blank holder plate and the outer ram 
were not similar to the displacements of the die, see Figure 4.39. This seem like an incorrect 
behaviour of the press, considering that the wear plates act as guide for the die and the blank 
holder and should therefore have similar behaviour.  
 
The other FE-model where the translation in one node that was connected to the outer ram with 
rigid elements was locked in all directions gave a more realistic behaviour of the press. This 
was due to that the blank holder, plank holder plate and the outer ram could follow the 
movement of the die better, see Figure 4.40.  
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After comparing the tilting behaviour of the press in Figure 4.40 with the tiling behaviour of 
the press seen in the measurement, its noticed that the behaviour is similar. This concludes that 
the FE-model with the node locked for translation only presented a more realistic behaviour of 
the real die.  
 
However, to create an FE-model that represents the correct behaviour of the press, the outer 
ram needs to be characterized. This can be obtained with topology optimization to create an 
optimized structure that represents the behaviour of the outer ram.  

5.4 Choose of method  

In previous research, it is determined that the displacements can be compensated. However, the 
methods used in previous research involve numerical solutions to compensate only the nodes 
at the forming surfaces. In this work, a method where displacements are applied directly on the 
forming surfaces, and compensating more than just the nodes at the forming surfaces.  
 
Therefore, a simple FE-model was created to experiment with different approaches. The 
approaches tested on the simple FE-model were Morphing and Apply results. The Morphing 
turned out to be more time consuming when performing the function, and it required more 
computation time.  The Apply result command used to alter the shape of the forming surfaces 
was more practical and required less computational time. Therefore, Apply result was chosen 
for the Virtual Rework method.  

5.5 The Virtual Rework method  

The result obtained from the FE-model with the optimized press table, and the FE-model with 
the rigid table presented two different deformations. In the FE-model with the rigid press table, 
only internal deformations were obtained. In the FE-model with the optimized press table, 
internal deformations and a rigid body motions were obtained. The internal deformations 
obtained from the FE-model with the optimized press table are not the same as the internal 
deformations obtained from the FE-model with the rigid press table, due to the rigid body 
motions. When the Virtual Rework Method is applied on the FE-model with the optimized press 
table, both the internal deformations and the rigid body motions are used. However, the 
movement of the whole press has an impact on which type of deformations should be used. 
Therefore, a further analyse regarding which deformations needs to be done when an FE-model 
that represents the whole press.   
 
The objective of the Virtual Rework Method is to obtain a forming surfaces that has the same 
shape with load applied as the nominal forming surfaces without load applied. Therefore, 
coordinates of reference nodes on the nominal surfaces are used to validate the compensated 
forming surfaces. These coordinates are also used to determine how many iterations are needed. 
This way of validation was chosen because it gave a precise validation of the wanted forming 
surfaces. 
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The validation of the result obtained from the Virtual Rework Method with the reference nodes 
revealed that the compensated forming surfaces with loads applied were very close to the 
nominal forming surfaces, see Figure 4.50.The difference was quite similar in x and y direction 
and almost identical in the z-direction. The reason the difference is smaller in the z-direction is 
probably due to that the majority of the blank holder force is applied in the z-direction. It was 
also noticed that only three iterations were required to obtain the wanted forming surfaces when 
the optimized press table was used. However, when the method was applied on the on the FE-
model with the rigid press table, only two iterations were required to obtain the wanted forming 
surfaces. This shows that when the Virtual Rework Method is applied on models with smaller 
deformations, fewer iterations are required to correct the shape of the forming surfaces.  
 
The arbitrary spots of blue, yellow and red in Figure 4.50 indicates that the largest difference 
occur due to minor errors when the displacements are applied. These arbitrary spots are found 
in the same problem areas where the surfaces of the CAD-model were corrected to obtained a 
closed volume of the die. This shows that the correction done on the surfaces may have altered 
the nominal surfaces shape. Therefore, a CAD-model with correct surfaces is important to 
obtain reliable results from the Virtual Rework Method.  
 
After the Virtual Rework Method were tested on the simple FE-model with large displacements, 
it was noticed that some elements failed. These elements failed due to that it is only the nodes 
at the surfaces that is adjusted when the result is applied. Therefore, some elements connected 
to the adjusted nodes fail. However, this occur only when the displacements are large relative 
to the element size and when only the elements at the surfaces are selected. If elements beneath 
the surface are selected as well, this wound occur.  
 
When the Virtual Rework Method is applied on the FE-model with the optimized press table, 
the large displacements did not affect the quality of the elements. However, if the displacements 
would be larger, or the elements smaller, then the element could fail.  
 
If the elements would fail when the result is applied, Morphing could be used instead. When 
Morphing is used, every node in the 3D-mesh is adjusted instead of just the surface nodes. This 
method requires more computation power, and demands therefore more computational time. 
However, the morphing method doesn’t ensure that the elements would not fil. If the elements 
fail when using both the morphing and apply result methods, a new solid 3D-mesh is required.  
 
If a Virtual Rework Method that provides a correct shape of the forming surfaces is obtained, 
then the manual rework phase can be minimized, see Figure 2.3. By minimizing the manual 
rework phase, the workflow of manufacturing a die could be as presented in Figure 5.3. This 
flow chart shows that the final shape of the forming surfaces is obtained in the Virtual step, and 
not in the physical step.  
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Figure 5.3. Workflow of manufacturing a die using the virtual rework method [4].  
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6 Conclusion  
The result obtained in the pre-analysis shows that the deformations are large enough for the 
ARAMIS DIC system to record the movement of the stamping press. Also, the maximal stresses 
obtained in the pre-analysis show that the measurement can be performed without damaging 
the blank holder plate.  
 
The result obtained in the measurement confirms that the displacements of a double action 
stamping press can be determined by using the ARAMIS DIC system. These results can then 
be used as constraints together with the recorded blank holder force to create the topology 
optimized press table.  
 
To be able to use the Virtual Rework Method, a CAD-model with the correct surfaces geometry 
is required. Without a suitable CAD-model, a suitable FE-model of the die can’t be created.  
 
The results from the FE-simulations of the FE-model with the optimized press table and the 
FE-model with the rigid press table, see Fel! Det går inrte att hitta någon referenskälla. and 
Figure 4.40, reviles that both rigid body motions and internal deformations of the die are 
obtained. The results obtained when the Virtual Rework Method were applied on the FE-model 
with the optimized press table shows that the method can compensate for both internal 
deformations, and rigid body motions.  
 
Figure 4.51shows that the shape of the forming surfaces obtained from applying the Virtual 
Rework Method on the FE-model with the optimized press table is almost identical to the shape 
of the nominal forming surfaces. Table 4.7 confirms that the coordinates of the reference nodes 
at the compensated forming surface with loads applied are very close to the coordinates of the 
reference nodes at the nominal forming surfaces after three iterations.   
 
Table 4.10 shows coordinates of the forming surfaces of the die when the Virtual Rework 
Method is applied on the FE-model with the rigid press table are close to the coordinates of the 
reference nodes at the nominal forming surfaces after two iterations.  
 
The conclusion can therefore be drawn, that the Virtual Rework Method can alter the forming 
surfaces to compensate for the rigid body motions and the internal deformations that occurs 
from the topology optimized press table and the internal deformations from the rigid press table.  
The Virtual Rework Method created in this work is a robust and easy to use method. It shows 
grate potentials for shortening the lead time for design and manufacturing of a stamping die.  
 
To obtain more correct displacements of the stamping press, the influence of the outer ram 
should be considered. Therefore, a topology optimization that characterizes the behaviour of 
the outer ram is required. This topology optimized outer ram will make it possible to perform 
the Virtual Rework Method on both the die and the blank holder.  
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7 Future work  
To be able to use the Virtual Rework method with small tolerances, a CAD-model of the 
components with the correct surfaces geometry is important. Therefore, guidelines should be 
determined for the part designers and used when the components are redesigned. These 
guidelines should enable the part designers to redesign the components, and still be within the 
tolerances so that the surfaces of the CAD-model are connected and an FE-model can be 
created.  
 
Next step in this research is to create a topology optimized structure that characterizes the 
behaviour of the outer ram. The optimized outer ram, together with the topology optimized 
press table will represent the behaviour of both the press table and the outer ram. The Virtual 
Rework Method can then be applied on both the die and the blank holder. The optimized outer 
ram will also improve the result from when the Virtual Rework Method is applied on the die in 
this work. The topology optimized structure of the outer ram could be created from the 
measurement of the blank holder plate and the outer ram obtained in this thesis.  
 
To obtain the wanted shape of the forming surfaces from the Virtual Rework Method, the 
applied displacements needs to be analysed. In this work, the total displacements are applied in 
the Virtual Rework Method.  
 
However, the Virtual Rework Method should be performed with the internal deformations only, 
or the rigid body movement only. These results should then be compared with the result 
obtained in this work where total displacements are applied in the Virtual Rework Method. This 
comparison should reveal if the rigid body movement, internal displacement or both the should 
be used in the Virtual Rework Method. 
 
Additional measurements are required to inverse modelled outer ram with topology 
optimization. These measurements should determine the displacements of the inner ram. 
Therefore, more load cases are required where pillars are place beneath the inner ram. The 
position of the ARAMIS DIC system needs to be altered, or an additional ARAMIS DIC system 
may be required to determine the displacements of the inner ram. Also, the Catman system 
should be connected to ARAMIS DIC system to be able to measure the displacements with the 
same time step as the blank holder force.   
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9 Appendix A 
9.1 Pre-study-FE-simulation  

 

 

 

 

Figure 9.1, LC 1 with a blank holder force of 200 t with Setup 2. 

 

 

 

Figure 9.2. LC 2 with a blank holder force of 200 t with Setup 2. 
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Figure 9.3. LC 3 with a blank holder force of 200 t with Setup 2.  

 

 

 

Figure 9.4. LC 4 with a blank holder force of 200 t with Setup 2. 

 

 

 

Figure 9.5. LC 5 with a blank holder force of 200 t with Setup 2. 
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Figure 9.6. LC 6 with a blank holder force of 200 t with Setup 2. 

 

 

 

Figure 9.7. LC 1 with a blank holder force of 200 t with Setup 2. 
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10 Appendix B 
10.1 Blank holder force from the measurements  

 
Figure 10.1. Blank holder force for LC 1 with 25 t. 

 

 
Figure 10.2. Blank holder force for LC 1 with 50 t. 
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Figure 10.3. Blank holder force for LC 1 with 100 t 

 

 
Figure 10.4. Blank holder force for LC 1 with 150 t. 
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Figure 10.5. Blank holder force for LC 3 with 25 t 

 
Figure 10.6. Blank holder force for LC 3 with 50 t. 
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Figure 10.7. Blank holder force for LC 3 with 100 t. 

 

 
Figure 10.8. Blank holder force for LC 3 with 150 t. 

0
20
40
60
80

100
120
140

0 2 4 6 8 10 12

St
am

pi
ng
	Fo

rc
e	
[t
]

Time	[s]

LC	3	with	100	t

Pillar	1 Pillar	2 Pillar	3 Pillar	4 Total

0

50

100

150

200

0 2 4 6 8 10 12

St
am

pi
ng
	Fo

rc
e	
[t
]

Time	[s]

LC	3	with	150	t

Pillar	1 Pillar	2 Pillar	3 Pillar	4 Total



 
 
 

88 

 
Figure 10.9. Blank holder force for LC 4 with 100 t. 

 

 
Figure 10.10. Blank holder force for LC 5 with 100 t. 
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11  Appendix C 

 
Figure 11.1. Drawing of the steel pillars used in the pre-analysis and the measurement. 
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Syntax for creating button in Utility menu HyperMesh: 
*createbutton(page, name, row, column, width, COLOR, helpString, macroName 
[ , arg1 … ]) 

 
Figure 11.2. Syntax for creating button in HyperMesh.  
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