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1 Introduction 

1.1 Motivation

Manufacturing processes are mainly used to machine, form or treat material into 
shapes that allow the creation of products with specific properties that fulfil 
certain functions. This use for manufacturing seems to have its antecedents in the 
ancient years, with an example being Homer’s lively description of the 
fabrication of Achilles’ shield in the rhapsody ´, verses 473–482 (HOMER 800
BC). As the ancient Greek God of fire, Hephaestus was able to use his exclusive 
skills in the fabrication of Achilles’ shield. The description of the shield (firm 
and robust, consisting of five metal layers made out of copper, tin, gold and 
silver) serves to highlight that innovating techniques such as the application of a 
combination of different metals in an integral construction in order to achieve the 
required material strength were already in use in the ancient years. 

Following the numerous historical examples on ways to produce high quality 
light-weight frame structures in the automotive industry, even more demanding 
manufacturing processes have been adopted in the production lines in recent 
years. This attempt, along with the application of novel materials and 
construction methods, has increased the complexity of the entire manufacturing 
process chain and has contributed to reduce production costs. In order to achieve 
an optimised overall production chain, time-consuming adjustments of processes 
and products have to be done. In many cases, such efforts are based not on 
systematic methodologies, but on the know-how and expertise of technical 
personnel and, as such, are often not reproducible and documented. For this 
reason the demand for applying computer-aided methods to study the influences 
and effects of manufacturing tasks on machined structures has increased. 
Modelling methods may allow the process and structure engineers to investigate 
the processes, the product and the apparatus design in the earlier stages of 
product development, and may aid the search for ideal solutions. This aspect 
should be applied comprehensively in the whole production process chain in 
order to provide an optimised overall conception. Hence, computer-aided models 
and methods are needed to describe manufacturing processes and their 
interaction with the treated structure. Individual processes should be finally 
integrated into a sole virtual process system by means of a general computational 
method. 
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Engineers (= old French engin “skill, cleverness”, Latin ingenium “inborn 
qualities, talent”) have been challenged throughout the centuries to continuously 
develop new techniques (= Greek tekhne “art, skill, craft, method, system”) and 
machines (= Greek makhana “device, means”). And indeed this continuous 
technological progress is justified in the past years by the development of new 
materials and especially of high strength steels (SHIMITZU et al. 2004, KEEHAN et 
al. 2005, GARCIA-MATEO & CABALLERO 2005), along with innovative 
manufacturing and joining technologies, i.e. the hot forming (ÅKERSTRÖM 2006), 
the hybrid bifocal laser beam welding (TRAUTMANN et al. 2004) and the joining 
by electromagnetic tube compression (MARRÉ et al. 2004). Such innovations may 
lead to the production of accurate, high-quality products, reduce production 
costs, save energy due to light-weight structures, and assure the safety of end-
users.

In order to describe complex manufacturing processes and their influence on the 
material, different models (= Latin modulus “measure, standard” or modus

“manner, measure”) have been developed. Such models, i.e. mathematical 
relations, facilitate our understanding of the various observed physical 
phenomena, aid us in optimising the various procedures, as well as help us to 
experiment with the influence factors. As such, modelling is a fundamental 
element for the development of processes and products (LINDEMANN 2007). It is 
only with use of theses modelling methods that the complexities of modern 
production processes, including the design and construction of products and the 
product life cycle in general, can be handled (STEGER 1998). In the search for an 
optimised solution, time-consuming and cost intensive trial-and-error methods 
can be avoided by the application of suitable models (BAIER et al. 2004). Besides 
that, holistic models for describing the manufacturing chain of light-weight 
structures are applied during the process and during the product development 
(ZAEH et al. 2004b). Moreover, simulation methods may also be applied for 
supporting the design of mechatronic systems (REINHART et al. 2004). 

As Figure 1-1 illustrates, in order to apply different numerical methods 
effectively, the relationships between these methods and experimental 
investigations should be clearly identified and defined. Hereby, based on the 
physical phenomena of processes and products, a mathematical abstract concept, 
i.e. model, is deduced. The abstraction level and, thus, the complexity of the 
model represents its completeness, its ambiguity, its application range and, most 
important, its validity for describing physical phenomena. Furthermore, the 
stability of procedures for solving numerical models is dependent upon the type 



1.1  Motivation 

3

of programmed algorithms, their performance and robustness, and their 
efficiency concerning the result accuracy and the required computation time. 
Based on this premise, the model and the computer analysis are defined and can 
be applied in order to describe the physical effects of idealised experiments or of 
prototype tests. 

physical phenomena of

processes and products

idealised

experiments

proto-type

tests

abstract

mathematical

concepts

representation

completeness
 ambiguity
 validity
 application area

procedure

robustness
 performance
 efficiency

models

computer analysis

simulation

Figure 1-1: Relationship between the physical phenomena of processes and 

products, mathematical abstractions, computer analysis and 

experiments according to GOLDAK & AKHLAGHI (2005) 

Experiments generally tend to fall into two broad categories. On the one hand, 
some are based on clearly understood theories, where a strong attempt has been 
made to exclude extraneous influencing factors. Relatively simple measurements 
of the Young’s modulus or the thermal conductivity of a particular alloy 
represent this category. On the other hand, when experiments deal with complex 
phenomena that do not have a clearly understood theory, i.e. laser beam welding, 
a strong attempt is made to include any factor that may be relevant. Considering 
the capillar formation during the laser beam welding process is an example of 
this second category (AALDERINK et al. 2006). The above statements show that 
the abstraction or complexity level of models should be specially analysed in 
order to provide a suitable, efficient and reliable representation of the physical 
phenomena during manufacturing processes. Depending on the problem 
requirements, unnecessary effort can be avoided and only the essential effects are 
considered. 
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In recent years, not only models of individual manufacturing processes have 
become increasingly important, but also methods that consider holistic virtual 
manufacturing chains. Such methods, based on numerical models, accompany 
part of the product life cycle. Manufacturing processes change the geometrical, 
thermal and mechanical properties of material. They form it into a specific shape 
or machine it into a final form, or even improve the mechanical properties of the 
parts. In a final step joining techniques are applied to join component parts with 
each other providing semi-finished products or assemblies. 

During manufacturing it is essential to achieve product accuracy and to follow 
and specify structural properties by way of computational methods. Furthermore, 
manufacturing processes and production systems can be pre-designed and 
optimised prior to prototype production for the needs of the production lines with 
the support of virtual simulative manufacturing chains (ÅSTRÖM 2004). This can 
improve the quality of the final product, save time and costs by avoiding trial-
and-error during the process and plant design, achieve useful information about 
the behaviour of material during manufacturing, and supply valuable information 
on the interaction of process and structure. 

Numerical solutions of manufacturing process chains strongly focus in 
supporting the production of frame structures in the vehicle industry. Frame 
structures play a central role in all means of transportation, dominating the total 
mass in automobiles, trains, aeroplanes and even space ships. In the case of 
automobiles, the frame structure mass constitutes about 30% of the total mass. In 
the case of the automotive industry, the mass-production, the high-quality 
standards and the need for mass minimisation all increase the necessity to 
enhance the virtual manufacturing methods in the production of frame structures. 

Numerical methods may further improve the quality of parts and assemblies in 
relation to their geometrical and structural properties. In addition to geometrical 
accuracy of frame assemblies, crash requirements must also be fulfilled. 
Enhanced simulation methods may help to improve crash properties by 
considering the structural characteristics during manufacturing. Moreover, crash 
simulations reduce costs by proving the crash stability of vehicle structures prior 
to crash tests (CAFOLLA et al. 2003). Besides the constructive characteristics and 
material definition during the product development phase, manufacturing 
processes influence the strength of material and the stability of the structure, 
especially due to heat treatment. Such effects can, on the one hand, improve 
structural properties (due to the increase of the yield stress in case of heat 
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forming) and, on the other hand worsen them (due to residual stresses after 
welding). Such material properties may be also predicted in advance by means of 
simulation methods (ERIKSSON et al. 2002). 

The main fields of manufacturing processes in general, and in the vehicle frame 
structure production in particular, are forming, metal cutting and joining of metal 
alloys and composites (DIN 8580:2003, ZAEH et al. 2004b). Various forming 
processes may be applied depending on the construction, operational demands, 
and on production costs. Forming processes like deep drawing, extrusion 
moulding with reinforcing material, and hot or tube forming, influence the 
material and structural properties of metal parts. Material hardening and thinning 
due to the plastification procedure, and residual stresses in the structure after 
unloading (‘spring-back’), occur during the forming process of thin sheets. 
Moreover, in the case of hot forming of steel alloys, phase transformation takes 
place. All these effects have a significant influence on the structural behaviour of 
parts during the succeeding metal cutting and joining processes. 

Material removal, process forces and heat input due to friction effects on the 
treated metal surface during metal cutting processes generate a new state of 
surface stresses and, thus, a new structural equilibrium follows, which may 
significantly influence the structure geometry (ÖZEL & ZEREN 2005). Joining 
technologies widely used in frame production are laser beam welding, resistance 
spot welding, MIG (metal inert gas) or MAG (metal active gas) welding, and the 
fairly new joining process of friction stir welding (FSW). Such welding 
processes are very efficient and cost-effective and show an excellent quality of 
the joints (XU et al. 2003, STEIGER et al. 2003). A disadvantage of these joining 
techniques, however, is the appearance of welding distortion and residual stresses 
in the structure due to heat and mechanical load effects, leading to a dimensional 
inaccuracy of the assembled components. 

1.2 Scope and objectives of this thesis 

The main objective of this work is to introduce a method of chaining the 
numerical analysis of the structural effect on frame components during 
successive manufacturing processes. The change of thermal, metallurgical and 
mechanical properties in a structure during manufacturing is thoroughly 
researched and analysed by applying theoretical reduced or advanced models 
depending on the difficulty of problem.  
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2 Fundamentals

2.1 General 

This chapter presents an overview of the manufacturing processes involved in the 
process chain of frame structures of automobiles. This aids in the understanding 
of the physical phenomena, which occur during the production process of frame 
structures, and the identification of the influences of manufacturing processes on 
the treated structures. Special focus is given to the structural effects during and 
immediately after manufacturing processes. Furthermore, basic models are 
introduced, enabling the description of the structural effects in manufactured 
components. As outlined in Chapter 1, the preliminary forming processes 
considered are: 

deep drawing and 

hot forming of sheet metal components; and 

extrusion moulding of composite profiles. 

In the area of metal cutting, the following processes are discussed: 

trimming by shearing and 

trimming by laser beam cutting in case of sheet metals; and 

milling and 

drilling in case of composite profiles. 

Lastly, concerning joining techniques the following processes are presented in 
detail:

laser beam welding; 

resistance spot welding; and 

friction stir welding (FSW). 

Particular emphasis is placed on the physical laws and established material 
models describing the structural effects that are important for the model 
generation and the numerical solution of the system of equations (BATHE 1990). 
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Moreover, the fundamentals of numerical methods, which aid to describe the 
mathematical coherences of the phenomena occurring during manufacturing 
processes, are presented. 

2.2 Manufacturing processes 

2.2.1 Forming

2.2.1.1 General

Forming, also known as plastic deformation, describes the change of a given 
blank shape or a workpiece into a pre-determined form or a finished part (DIN
8580:2003). The grains are displaced in such a way that material cohesion and 
mass remain preserved. The forming processes are classified into the following 
groups according to the load, i.e. to the effective stresses, in the area of 
deformation (DIN 8582:2003): compression, tension, bending and shear forming. 
These groups are further sub-divided according to the relative movement 
between the tool and the workpiece, and to the tool and the workpiece geometry. 
These sub-groups consist of around 230 basic forming processes. Two or more 
processes may be combined simultaneously or successively within various 
operation steps. The form and/or the material properties change during each 
operation step. 

Forming processes can be carried out at different temperatures. The temperature 
increase of the workpiece prior to forming processes causes the change of the 
material properties (e.g. reduce of yield stress by increasing temperature). This 
affects the deformation process and, additionally, leads to the heat treatment of 
metals, which may cause a strengthening of the material (ÅKERSTRÖM 2006). 

In order to apply the theory of forming to real processes, an understanding of the 
crystalline structure of metals is essential. The smallest element of a crystalline 
structure is the unit cell. In metals, three basic forms of unit cells exist: the cubic, 
the tetragonal and the hexagonal. During the solidification of a molten material 
the unit cells are arranged parallel to each other forming solid areas (crystallites 
or grains), which are oriented randomly in relation to each other. The mechanical 
and physical properties of metals are determined by the length and diameter of 
the atoms, by their distance from each other, and by the concentration in lattices. 
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Thus, the properties of a crystallite depend on the orientation, i.e. they are 
anisotropic. However, in a composite of a polycrystalline material the individual 
crystallites statistically equalise each other, so that the material properties are 
approximately isotropic (LLEWELLYN 1994). 

During plastic deformation of metals, lattices of unit cells are displaced in 
relation to one another. This displacement or gliding takes place mainly parallel 
to the lattice plane that has the highest density. However, in a polycrystalline 
material, which consists of a large amount of crystallites, the orientation of 
gliding planes occurs randomly. In this case, gliding is set independently from 
the direction of the load, since favourable gliding systems may exist. A large 
number of crystallites are arranged in such a way that a gliding in the force 
direction is not possible. Therefore, the metal workpiece’s resistance of 
deformation is greater than that of a single crystallite (BARGEL & SCHULZE

2005). In order to describe the forming processes the characteristic value of

deformation is introduced. During forming, the volume of the formed body 
remains approximately constant. For a cubic body with the initial dimensions, 
height h0, width w0 and length l0, which is deformed into the final dimensions 
height h1, width w1 and length l1 the following relation is applied: 

0 0 0 1 1 1V h w l h w l const .                       (2-1) 

There are various ways in which to express the degree of deformation described 
in the literature (FRITZ & SCHULZE 1998). The most representative is the 
logarithmic ratio of deformation  given by: 

1 1 1
h w l

0 0 0

h w l
ln ; ln ; ln

h w l
.                     (2-2) 

The relation of constant volume, given by equation 2-1, can be formulated in 
such a way (considering the formulation of the logarithmic deformation degree) 
that the sum of the orthogonal logarithmic deformation is equal to zero: 

i h w l 0                     (2-3) 

Thus, the change of material thickness, in case of sheet metal forming, i.e. deep 
drawing, can be determined according to equation 2-3. 

Due to their crystalline structure, metallic materials show a linear behaviour in 
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the stress-strain diagram up to the yield point (Hooke’s law). The elastic 
deformation occurs due to reversible gliding, i.e. expansion or compression, of 
the lattices in the material structure. After reaching the yield point, an irreversible 
gliding of a larger number of lattices is observed (FRITZ & SCHULZE 1998). 

In the case of homogenous materials, the favourable gliding plane is coaxial to 
the direction of the maximum shear stresses. However, a large number of one-
dimensional failures in the lattice structure (dislocation) causes a reduction of the 
yield point for considerably lower shear stresses compared to an ideal lattice 
structure. Mohr states that in the case of a tri-axial stress condition, without 
considering the middle principal normal stress, the yield stress can be defined by: 

max min max2 e vR ,            (2-4) 

where Re is the yield point and v is the uni-axial equivalent stress. The 
equivalent stresses can be calculated according to various theories such as the 
maximum normal stress hypothesis, Tresca’s maximum shearing stress 
hypothesis, and von Mises’ maximum energy of distortion hypothesis (GROTE & 
FELDHUSEN 2005). Figure 2-1 shows the influence of uni-axial and multi-axial 
states of stresses on the distribution of the shearing yield stress F and the 
shearing strength B.

There is a considerable risk of fracture above the point of intersection S by 
exceeding certain stress state in a multi-axial tensile stress. A higher level of 
deformability is achieved under multi-axial compression stress than under tensile 
stress described by the development of the shearing stress B depending on the 
applied material. In the case of multi-axial tensile stress, exceeding the limits 
may cause cracking fractures. 
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Figure 2-1: Mohr’s circles of stresses for different load cases in a two-

dimensional state of stress with maximum strength boundaries 

regarding the plastic deformation capability of material and the 

cracking formation according to FRITZ & SCHULZE (1998) 

In the stress-strain diagram below (Figure 2-2), steel alloys with a relatively low 
concentration of carbon indicate a characteristic upper yield point ReH. During the 
tension test, the tensile specimen experiences a continuous extension l and,
thus, the measured force F and the tension stress  increase. The nominal tensile 
strength Rm is reached at the point of the load peak. Since it is based on the initial 
cross section A0 of the tensile specimen, the tension stress represents only a 
conventional parameter. The term kf denotes the real yield stress, i.e. the 
deformation strength, and corresponds to the constricted cross section A1.
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3 State of Research and Deduction of Requirements 

for the Computational Chaining 

3.1 General 

In the previous chapter, the fundamentals of the various processes within the 
manufacturing process chain of frame structures were introduced regarding the 
process attributes, the influence on the structure properties of the treated 
components and, finally, of the finished assemblies after joining. Basic material 
models are presented, on which computational methods are established. Based on 
these perceptions, various simulation methods are introduced in order to solve 
specific problems during the manufacturing process or to predict structural 
behaviour of parts. In this chapter knowledge and applications of simulation 
methods concerning the manufacturing processes introduced in Chapter 2 are 
presented as a part of a holistic manufacturing chain. Moreover, recent 
developments in the area of computation and interlinking of different simulation 
steps for supporting manufacturing processes are discussed. Based on the 
existing methods and tools and on the increasing requirements on behalf of the 
industry concerning product quality and optimisation of the product development 
process, the need for further research is deduced. 

The manufacturing process chain considered in this work includes, sequentially: 
the manufacturing fields of forming; metal cutting; and welding. The simulation 
of the structural effects along this manufacturing chain is introduced in this 
chapter, along with the latest research activities in the area of computational 
chaining methods during manufacturing. 

3.2 Forming simulation 

The simulation of forming processes is widely applied for research and industrial 
purposes. Simulation methods assure product quality and allow the determination 
of optimal values for the process parameters. Material failure (e.g. cracks or 
necking) and undesired form characteristics can be virtually predicted in advance 
and, thus, can be avoided during the real process. This can save time and 
minimise costs and, at the same time, help to optimise product quality. In recent 
years, the process simulation in metal forming reached the appropriate level for 
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its practical application for industrial purposes. Simulating the complete forming 
manufacturing process prior to the real production process is, nowadays, state of 
the art (ROLL 2004). 

The application of the finite element analysis for describing forming processes 
began thirty years ago. Since that time, a rapid development has been seen. In the 
last fifteen years, a large number of different studies concerning forming 
simulation have been performed, so that nowadays the development is at an 
advanced level with about fifteen commercial software codes worldwide, which 
enable the FEA of forming processes (ROLL & LEMKE 2005). 

In the area of forming simulation a lot of two-dimensional analyses are still 
performed, since many forming processes can be reduced into two-dimensional 
models (plane or axis-symmetrical deformation condition). Three-dimensional 
models are increasingly applied, however, with the disadvantage of difficulties 
during the automatic mesh regeneration. In addition, long computation times are 
required, so that three-dimensional practical examples can only be used with a 
large computational effort. In the case of extrusion moulding of aluminium 
profiles, different simulation methods may be applied in order to describe the 
material flow and the structural properties. Moreover, the simulation of the 
extrusion moulding process of aluminium profiles with reinforcing steel elements 
has been developed further (SCHIKORRA 2006). Hereby, already established 
material and contact laws are applied. 

Prediction and application capabilities of the forming simulation are shown in 
Table 3-1. Failure occurrences, such as cracks, wrinkles, and necking can be 
predicted with a high accuracy along with material flow, resulting sheet 
thickness, strain allocation, and blankholder pressing. With the aid of the process 
simulation of the deep drawing operation step the effort for die spotting can be 
reduced (HOFFMANN et al. 2006). 

Due to the rapid development of forming tools and the drastic shortening of the 
trial-and-error method, the simulation of forming processes has already yielded a 
great reduction of costs. The support provided by simulation methods for 
designing the forming process and constructing and producing the forming tools 
reduces the product development duration tremendously. In the last few years, 
the development and production duration for the fabrication of the forming tools 
has been shortened to about 50%, and in the next few years a further 
improvement of 30% looks feasible. 
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prediction capabilities of the sheet metal forming simulation 

high precision acceptable precision low precision 

 failure due to cracks 

 wrinkling in the forming 

area

 thinning and strain 

distribution in formed 

sheet

 material flow

 blankholder pressing

 forming or die force 

 blank sheet entry in 

forming machine 

 initial blank contour 

 residual stress 

distribution

 surface failure due to 

large strain

 deformation due to 

spring-back effects

 surface failure due to 

high stresses 

 wrinkling in the area of 

contact restraints 

Table 3-1: State of the art of prediction capabilities of the forming process 

simulation according to ROLL & ROHLEDER (2002) 

The simulation of a forming process chain in successive operation steps 
including gravity, holding, deep drawing, trimming, folding and spring-back is 
applied widely in the automotive industry on different semi-finished frame 
structure components (ROLL 2004). However, additional development in this 
field is essential for a more accurate prediction of shape and residual stresses of 
formed sheet metal parts. For this purpose, the numerical compensation of 
spring-back has been developed and investigated by CHUN et al. (2002c) and 
ROLL & LEMKE (2005). Based on the compensation method described in sub-
section 2.2.1.4 and on optical measuring systems, further strategies have been 
achieved and applied for prototypes (WEIHER et al. 2004). 

The simulation of forming processes has reached a standard, which allowss the 
transfer of results into the digital planning processes of press shop tools. By 
employing digital methods, development processes may be included into the 
workflow of the sheet metal part production (KAMINSKY et al. 2002). Hereby, 
based on design models, the manufacturing procedure of a panel part in a press 
shop, including several process steps, can be described by means of 
computational methods. In this way, the construction of the press tool can be 
virtually optimised prior to the prototype manufacture. The linking of 
information concerning the virtual production with the planning related data – 
product, process and resource (PPR) – may be achieved in the future by applying 
an intelligent collective data management system. This would concern a large 
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number of individual information, required in order to accomplish the 
computation and, later, the tool construction. Such information includes, among 
others, material properties, CAD geometry models of parts, formed geometries 
and FEM meshes, simulation results, press tool and machine CAD geometry and 
operational models. 

However, by comparing the physical reality of a forming process with today’s 
simulation models, it is observed that important influences on the forming 
process are not completely described, or are even neglected. Table 3-2 presents 
comparisons of reality and the common simulation models. In order to perform 
the forming simulation, the established approximation models have proven 
sufficient as far as the quality of results is concerned. For the exact computation 
of the spring-back effects, however, existing models should be enhanced. There 
is a particular difficulty in identifying which of the effects not taken into account 
may have a significant influence on the accuracy of the results. Thus, it is 
required to analyse different simulation approaches and validate their influence 
on the accuracy of the results. For instance, the implementation of the elastic 
properties of the die by BOGON (2003), and the enhancement of the forming 
simulation with the temperature variation by ROPERS (2001), aim to improve the 
accuracy of the computed stresses and, hence, of the spring-back behaviour of 
parts.

influencing factors real process simulation

production stroke rate variable neglected 

machine elastic neglected 

press tool elastic neglected, rigid 

properties of die cushion variable neglected 

friction coefficient variable constant 

temperature variable neglected 

topology of blankholder surface variable neglected 

material complex simplified models 

material properties variable constant 

Table 3-2: Comparison of press machine, press tool and material properties in 

the real process and in the simulation according to ROLL (2004) 

Initial investigations on the consideration of lubricant variation and on the 
development of a new friction-contact model are described by STEINICKE (2003) 
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and BELYTSCHKO et al. (2002). In addition to this, the use of different material 
model definitions (LINGBEEK et al. 2007, BOUVIER et al. 2001) and the 
development of new material models (see sub-section 2.2.1.3) can lead to 
different results of the computed spring-back behaviour. Moreover, the 
optimisation of the numerical methods (i.e. solver type, time discretisation, 
element type) can contribute sufficiently to increasing the quality of the results 
without causing a significant increase of computation time (OLIVEIRA et al. 2002, 
REESE & LEPPIN 2004). The aspects presented above indicate that, in order to 
describe the process effects during forming more precisely and increase the 
accuracy of the results, there is a high demand for further and deeper 
computational investigation. 

The process complexity during forming depends on a large number of factors 
including: the material properties; the lubrication; the forming machine; the tool; 
as well as peripheral and human factors. The high process complexity and the 
diversity of process characteristics imply high demands for simulation methods 
in order to describe such a holistic modelling system. Models and simulation 
tools can only describe the complexity of a process up to a certain point. Process 
effects based on microstructural phenomena and having significant influence on 
the global model may not be considered satisfactorily in the simulation. This 
leads to inaccurate results. Besides, the size of the workpiece to be computed 
causes enormous modelling effort and, thus, calculation time increases. 

It is apparent from the afore-mentioned statements that the precision of deep 
drawn workpieces depends on various factors. The process stability may be 
determined by a number of additional influencing factors such as: the 
temperature; the tribology due to lubrication; the precision of the punch stroke; 
the die spotting procedures; the repeatability of material data of the coil and the 
geometry and positioning of the blank; and the process forces. These process 
parameters may cause quality defects in the form (e.g. buckle, dents or shape 
inaccuracy due to spring-back) or the surface (e.g. cracks). An extended study on 
the process influencing factors, and process control during deep drawing in 
different operation steps in the press shop, has been reported by HOFFMANN et al. 
(2007).

Based on the recent achievements in the area of forming simulation and the 
description of sequential steps within the forming process of metal frame 
components, the first calculated structural results of single formed frame 
components are provided for the further development of the computational chain. 
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4 Systematic Analysis of Models within Virtual 

Manufacturing Process Chains 

4.1 General approach for the applied modelling methods 

Available research results provide a wide spectrum of modelling methods and 
their applications for various welding tasks. The majority of modelling methods 
tend to be very strongly focused on individual aspects of the welding simulation 
and are often not considered as part of a holistic system. Especially, in the case of 
manufacturing process chains, partial models should be investigated as an 
element of the wider simulation system by preserving efficiency and quality as 
far as possible. The focus of this chapter is the analysis of different models for 
the simulation of welding, and the discussion and verification of their 
significance within the general manufacturing chain with the aid of elementary 
practical examples. The various influencing phenomena are categorised in 
different modelling levels or sub-systems in the simulation depending on the 
level of detail of the integrated simulation system. 

Individual components, which are previously formed and machined, flow into the 
welding process carrying inhomogeneous structural characteristics and in some 
cases inaccurate geometrical shapes (due to spring-back). Such structural states 
of individual parts greatly affect the joined assembly behaviour during welding 
processes. The residual stress state and, thus, the geometrical shape of the entire 
frame assemblies depends on the preliminary manufacturing treatment of the 
components. The investigation of different thermal and mechanical influences 
within the welding simulation is based primarily on non-coupled (SYSWELD) 
and coupled (MSC.MARC) non-linear implicit solvers on the one hand, and on 
non-linear explicit solvers (LS-DYNA) on the other hand. Hereby, the structural 
and heat effects during welding processes are taken into account. By solely 
regarding their reactions on the manufactured parts, process-related influencing 
factors (e.g. energy efficiency and energy interaction with the structure in the 
weld seam area) are only partly considered within this approach. 
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4.2 Categorisation of simulation models 

4.2.1 Classification of influencing phenomena 

The main purpose of a simulation system for technical problems (i.e. for 
manufacturing tasks or for the strength of material) is to describe the relation 
between given and desired parameters. These parameters are related to each other 
by means of algorithms in case of the FEA. By means of the FEA a system of 
equations can be defined, the desired parameters can be determined and the 
effects of varying influencing parameters can be finally investigated. The 
understanding of this coherence, at least between the main features, is the major 
step in the simulation of complex process-structure phenomena of manufacturing 
processes. In this chapter, the modelling of these phenomena and their 
significance is classified in major sub-systems within a simulation system, 
considered as the central element for modelling the manufacturing process chain 
of frame structures. Initially, model generation is dependent on the applied 
computational algorithms. Thus, respective models can be specified by 
considering the relevant influencing process effects (e.g. the weld seam 
formation during resistance spot welding), the computational method or element 
type (e.g. application of shells) and their consequence on the calculated results 
(e.g. temperature distribution in the part) for a specific task. 

Within the thermo-mechanical simulation of welding processes, the complexity 
of input and output parameters varies significantly. While the sought parameters 
(i.e. the results) of the simulation system are clearly defined (e.g. structural 
distortion, inner state of stresses, material hardening) from a mathematical point 
of view, the given parameters cannot be described completely. In order to 
characterise the influences on the results, the simulation system is classified into 
five modelling levels or sub-systems, here referred to as the geometrical system, 
the steady-linear system, the non-linear system, the transient non-linear system 
and the process-structure system. Similar hypotheses can be found in the work of 
ROEREN (2007). The method introduced in this thesis, is distinguished from the 
previous methods by concentrating its focus on the sequential increasing of 
complexity of the model by simultaneously testing and ensuring its quality and 
accuracy. A general approach to modelling different manufacturing processes by 
means of differentiating and reducing of influencing parameters (ROEREN 2007) 
is not the central aim in this thesis, but rather the continuous development of the 
different influencing phenomena within the computation chaining based on a 
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systematic method, which classifies the simulation in different levels with 
increasing complexity. 

The complexity of sub-systems increases successively following an inherit 
procedure, in which each system contains, in addition to its own influences, the 
ones of the subordinated systems. An exception is the geometrical system, which 
describes the fundamental level. Figure 4-1 shows an overview of the five sub-
systems for the classifying process effects and computational methods along the 
welding simulation. The increasing complexity is described by means of different 
models with respect to specific welding processes as part of a holistic virtual 
manufacturing chain, which accompanies the process chain of frame structures. 

non-linear sub-system

transient non-linear sub-system

steady linear sub-system
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Figure 4-1: Welding simulation, classified in five modelling levels with 

increasing complexity, as a central element for the realisation of 

the holistic virtual manufacturing process chain based on 

CAD/CAM and FEA 

As mentioned in previous chapters, there are a large number of models 
describing the heat effects of welding. Generally, such models can be divided 
into reduced and advanced models. Whereas the use of reduced models leads to 
rapid results describing tendencies, the advanced models aim to achieve accurate 
results. The investigations in this chapter tend to highlight the importance of both 
kinds of models for the simulation of welding processes, in order to achieve 
effective results depending on the modelling effort and the computation time. 
Examples for the integration of both reduced and advanced models by means of 
an efficient simulation are discussed for specific welding tasks. Figure 4-2 
provides a detailed view of the influencing factors and physical phenomena 
divided into a thermal and a mechanical group, which are included in the 
successive modelling levels. Hereby, the increasing complexity of the various 
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modelling levels, based on a simple geometrical definition up to a complex 
process-structure sub-system considering non-linear phenomena and structural 
effects due to preliminary manufacturing steps, is apparent. By means of this 
systematic classification of assembly models, the simulation of the structural 
effects along the virtual manufacturing process can be achieved. 

increasing complexity degree

moving or non-moving distributed heat source 
 transient heat effects in structure

transient non-linear sub-system
moving or non-moving distributed heat source 
 transient heat effects in structure

transient non-linear sub-system

process-structure-interaction
 structural computation chain considering preliminary manufacturing process steps
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Figure 4-2: Classification of the welding simulation in modelling levels with 

major influencing phenomena for the successive realisation of the 

virtual manufacturing process chain 

In the following, the sub-systems which describe the holistic system of a process-
structure system are discussed in detail by means of model analysis and practical 
examples.

4.2.2 Geometrical sub-system 

The geometrical sub-system is the basis of the structural FEA. Using a CAD-
geometry in an initial state of model definition, the mesh of the structure can be 
defined by means of appropriate software (HYPERMESH, PATRAN). The mesh 
may consist of shell elements in the case of sheet metal parts or of solids in the 
case of compact geometries (i.e. joint nodes or cast components). A sample 
geometrical setup of a frame structure is shown in Figure 4-3. For certain 
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manufacturing tasks, the definition of so-called hybrid meshes consisting of both 
shell and solid elements may be useful in reducing the total degrees of freedom 
and hence the computation time. For such geometrical models it is important to 
fulfil the conditions of the degrees of freedom for each element type. For this 
reason special transfer elements are defined in the intersection area of the 
element types in order to transfer the displacement tensors (rotational degree of 
freedom in case of shells), and thus the load tensors, on each element for all 
degrees of freedom (NÄSSTROM et al. 1992). 

friction stir 
welded joint

sheet metal part
joint node

quadratic frame profile

laser beam joint

round frame profilex

z

y

Figure 4-3: Mesh of an exemplary geometry setup of a frame structure 

assembly with different types of joints 

When defining the geometrical system it is essential to prepare the mesh for the 
purposes of the simulation task. This means that the geometrical system depends 
on the degree of detail of the simulation system as a whole. Owing to its 
simplicity, a steady-linear calculation, described in sub-section 4.2.3, requires 
only a rather coarse mesh discretisation. In contrast, for a transient non-linear 
computation, described in sub-section 4.2.5, a very fine mesh discretisation 
should be defined in the area where large structural loads are expected. In the 
case of a laser beam welding task, for instance, rather thin weld seams are 
produced, requiring a fine mesh in the heat input area. Hereby, great temperature 
gradients due to heat input, material flow, residual stresses and phase 
transformation effects are expected. In Figure 4-4 the residual stresses in the 
weld seam area are illustrated for a resistance spot welding process of a lap joint 
of the mild steel 1.0338 (DC 04). 
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5 Virtual Chaining Method of Structural Effects of 

Sequential Manufacturing Processes 

5.1 General remarks on chaining simulation results 

The simulation chaining methods introduced in this thesis concentrate on two 
main manufacturing chains of frame assembly structures: the first is the treatment 
of sheet metals and the manufacturing of sheet metal frame assemblies; the 
second involves the manufacturing of composite light-weight frame profiles (also 
compare with Figure 1-2 on page 7). In the case of sheet metals the following 
manufacturing chain is considered: forming by means of deep drawing or hot 
forming; sequential trimming of the formed blank into the desired shape by 
means of shearing or laser cutting; and finally welding by means of resistance 
spot or laser beam welding. In the case of composite aluminium profiles the 
following manufacturing chain is studied: forming by means of composite 
extrusion moulding; metal cutting by means of circular milling or drilling; and 
finally welding by means of FSW or a hybrid bifocal laser beam. Along these 
process chains, structural effects which are changed during manufacturing tasks 
are calculated and interlinked with the following simulation steps of successive 
manufacturing processes. Structural effects studied within the developed 
chaining simulation method include: the residual stresses; the material hardening 
(i.e. the accumulated plastic strains); and in case of thin metal sheets, the material 
thickness. The calculated structural effects concern components after forming 
and metal cutting as well as entire assemblies after joining. 

In the research work within this thesis, simulation results describing the 
structural effects during and after forming processes are provided in different file 
formats, depending on the software tools with which the computation was 
performed. Depending on the component to be investigated, the structural 
simulation chain can be realised in terms of shells (in the case of sheet metal 
frame components without reinforcement elements) and in terms of solids (in 
case of composite extruded aluminium profiles with reinforcement steel wires). 
In the latter case, residual stresses on the interface between the aluminium matrix 
material and the reinforcing elements along the material thickness vary 
significantly. Owing to this effect and to the additional material definition inside 
the extruded profile, the investigation of the structural effects within the 
manufacturing process chain of extruded aluminium components with 
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reinforcing elements is performed by means of solid elements. The process and 
the calculation respectively involve a cooling down of the composite structure 
from the working temperature during composite extrusion. Based on these 
simulation results the simulation of metal cutting and welding can be 
successively performed. In this case the simulation chaining is applied within the 
simulation tools MSC.SUPERFORM and MSC.MARC. 

Regarding the realisation of the manufacturing process chain by means of shells, 
the procedure was successfully enhanced by considering more than one 
component and, hence, providing the results of the structural behaviour of 
complete frame assemblies. The forming simulation was performed by means of 
different simulation tools (e.g. AUTOFORM, LS-DYNA or PAMSTAMP). 
Within the simulation chain, various calculated components in different file 
formats, including a deep drawing and a trimming calculation, were compiled in 
a common format based on the CAD geometry of the complete assembly 
carrying the preliminary structure properties. The positioning and the mapping 
operations were achieved with the aid of specific algorithms. Based on the 
complete assembly model, the succeeding welding simulation of residual stresses 
and distortions can be performed. Generally, such a method provides flexibility 
for the application of the simulation chaining of manufacturing processes and 
increases operator convenience. Thus, this method can be carried out efficiently 
when investigating the manufacturing process chain of real frame assemblies in 
the body-in-white assembly of the automotive industry. 

The chaining method of computed structural effects during manufacturing 
processes is presented in this chapter. Structural results of frame components 
after computation of certain manufacturing steps (i.e. forming, trimming, etc.) 
were interlinked (i.e. mapped or projected) onto a new FE-mesh prepared for the 
next computation step, which satisfied the requirements of the manufacturing 
processes (see also sub-section 4.2.2). The results were converted into the 
required format for the purposes of the computation of the sequential 
manufacturing process. In cases of joining of more than one component in an 
integrated frame assembly, the source mesh was positioned on the target mesh in 
the coordinate system of the component assembly. For this task a coordinate 
transformation of the vector results (i.e. the stresses in each coordinate) was 
performed. Finally, the nodes and elements of the integrated model had to be 
renumbered in order to avoid duplications. 
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5.2 Mapping of simulation results 

5.2.1 Structural simulation results 

Single simulation methods of the forming process, of the metal cutting process 
and of the welding heat effects provide, in the first stage, the basis of the 
simulation chain, and may be performed independently by experts in a standard 
way without considering any special requirements due to chaining. This can help 
to avoid time-consuming misunderstandings and conflicts between company 
departments on the way to realising a virtual chain of products and processes. In 
this section the interlinking task of various simulation results is introduced. 

In order to achieve the interlinking between structural simulation results, the 
following structural physical components were considered: 

nodal coordinate position and nodal deformation respectively; 

residual stresses; 

effective or cumulated plastic strains; and 

thickness variation (i.e. material thinning, in the case of sheet metals). 

The manufacturing computation chain, when considering only a single 
component, i.e. not an assembly, can take place on the resultant geometry after 
forming or metal cutting. Thereby, the mesh can be prepared for the following 
simulation tasks or the mesh refinement operations can be performed during the 
calculation. A projection or mapping of the calculated results onto the new mesh 
with the same or similar geometry was performed prior to, or during the 
calculation, by averaging the simulation results of the original elements onto the 
target elements. The simulation chain can be performed on both solid and shell 
models depending on the model. A schematic workflow of the manufacturing 
process chain of single manufactured parts is illustrated in Figure 5-1. Here, the 
simulation of each manufacturing process consists of the geometry or mesh of 
the model and the structural results. A mapping operation after every simulation 
task is carried out on the remeshed model for the successive simulation. The total 
deformation between the initial and the final part geometry can be calculated and, 
thus, the dimensional inaccuracy behaviour along the manufacturing chain can be 
predicted. The knowledge and final geometry provided by the simulation 
chaining methods can flow back to the initial process step and be used in order to 
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compensate for dimensional inaccuracies, for example, by digital die spotting 
within the forming simulation with the aid of the deformed shape of the part. 

structural simulation

of forming

component geometry

prepared 

mesh

residual stresses

plastification
mapping

remesh

component geometry

residual stresses

plastification

structural simulation

of machining

prepared 

mesh

mapping

remesh
structural simulation

of welding

component geometry

residual stresses

plastification

deformation

deformation

total deformation along the manufacturing chain

optimisation
e.g. by die spotting

legend:

flow of structural state

data transfer
structural simulation

of manufacturing task
operation or

algorithm

component

structural state
shape change result

Figure 5-1: Structural simulation chain along the process chain forming-metal 

cutting-welding including model flow, data transfer and mapping 

between each simulation task and resulting deformation of the 

structure after every manufacturing step 

The simulation chain method of single manufactured parts is presented by means 
of two basic geometries. The first example concerns a deep drawn steel cup 
which is successively trimmed to a certain shape and is welded with a bead-on-
plate laser beam seam. The second concerns a basic extrusion moulded 
composite structure with an aluminium matrix and reinforcement steel wires 
cooled from the working temperature down to room temperature, then machined 
by means of a milling process. 

5.2.2 Mapping of results within a shell model 

The computational chaining of the structural effects along the manufacturing of 
the deep drawn cup is introduced here. The computational chaining method was 
accompanied by experiments on the real manufacturing process of this example. 
First, the deep drawn process of an 1.0338 (DC 04) mild steel sheet with a 
thickness of 1.2 mm was performed with the appropriate simulation using the 
FE-programme PAMSTAMP. Then, by laser beam cutting, the deep drawn sheet 
was trimmed to the target shape. This operation was also performed in a parallel 
fashion with the aid of a trimming simulation step by using the geometry contour 
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of the desired shape in the form of a spline. The trimmed geometry of the cup 
was measured using a 3D optical system and was then available as a scatter-plot. 
Thereafter, bead-on-plate laser beam welding was performed, and the final 
geometry of the cup was digitised once more in order to determine the welding 
distortion. Transient measurements were also performed as described in sub-
section 4.4.7. The regeneration of the mesh and the mapping of the results onto 
the new mesh followed the calculation of the spring-back. Finally, the 
interlinking of the simulation results into the welding simulation was performed 
and the simulation of the welding distortion with the FE-software SYSWELD 
was carried out on a shell model. It should be noted that the spring-back 
computation can be performed with the aid of advanced material models, such as 
those introduced in sub-section 2.2.1.4 as well as with an elastic isotropic 
calculation. At this stage, complex spring-back effects were not specifically 
investigated. References on such research activities were discussed in section 3.2. 
The main focus of this thesis is the chaining methodology and not the 
improvement of the computation of the spring-back effects. 

Figure 5-2 illustrates the workflow for the virtual manufacturing chain forming-
trimming-welding of a cup. This method allows for the chaining of the structural 
effects between different simulation tools and includes several different formats. 
For the realisation of the mapping and conversion functions, only linear shell 
elements with a maximum of five layers along the thickness and one integration 
point in each layer are available. For the successive welding simulation, the 
structural properties can be mapped on shell elements of higher quality (i.e. with 
four integration points in each layer of the quads). Such high-quality shells can 
increase the accuracy of the results during the computation of the welding heat 
effects. After trimming and refinement of the mesh the mapping algorithm was 
applied and the structural results were transferred onto the new target mesh. 
Finally, the results are imported into the software SYSWELD for further 
computation. With the aid of special sub-routines implemented in the Systus 
Interface Language (SIL) the sheet thickness was assigned on every element of 
the model. Moreover, the residual stresses and the strain hardening of the 
material were transferred into the thermo-mechanical computation with the aid of 
further sub-programmes during an initial computation step. Thus, it is important 
during this procedure to maintain the element numbering. The different sub-
routines implemented with SIL, as well as further sub-programmes, for example 
for the conversions of the units of stresses, are presented in detail in the 
Appendix. 
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6 Application and Benefit 

6.1 General 

The previous chapters have presented an extensive investigation of the structural 
effects of frame assemblies during welding processes as a part of the integrated 
manufacturing chain in body-in-white assembly for different practical examples. 
Furthermore, a computational chaining method was introduced, which allows the 
transfer of structural results between different simulation steps along the virtual 
manufacturing chain. The knowledge gained from studying different practical 
cases was adopted to support real manufacturing tasks in the production of 
vehicle frame structures. 

In the following, practical applications are introduced, which are computationally 
supported by the simulation chaining method. Thereafter, the benefit of applying 
the presented chaining method on examples of industrial relevance is discussed, 
and the general validity of the developed method is demonstrated.  

The application examples deal with the manufacturing process chain of frame 
assemblies consisting of formed steel sheet metals for the body-in-white in the 
automotive industry. These investigations were performed within the scope of the 
INI.TUM research project in cooperation with AUDI AG (plc). Hereby, a sill 
board and side crash panel B-pillar welding assemblies were utilised based on 
shell models. The computational method was verified with measurements on real 
manufactured parts. A further application example is based on the sub-project C7 
of the SFB Transregio 10, funded by the German Research Foundation DFG 
(Deutsche Forschungsgemeinschaft). The introduced method is demonstrated on 
a composite aluminium profile, which was formed by means of composite 
extrusion, and drilled and finally welded by means of friction stir welding. This 
task is part of the manufacturing process of an integrated vehicle frame structure, 
which is chosen as a demonstration example for the overall research work within 
the Transregio 10. The initial integrated calculations along the manufacturing 
process chain of partial frame structures showed the transferability of the 
introduced chaining method to further applications. 

An overview of the application examples with an emphasis on the computational 
chaining approach is given in Table 6-1. 
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application example manufacturing process chain emphasis

sill board assembly  deep drawing 

 cold rolling 

 (trimming) 

 laser beam welding 

 clamping conditions 

 applicability of shell 

models

crash panel B-pillar 

assembly 

 hot forming 

 deep drawing 

 (laser trimming) 

 resistance spot welding 

 geometrical behaviour 

of the assembly 

 welding process 

operation sequence 

composite profile 

frame structure 

 extrusion moulding (cooling) 

 drilling 

 friction stir welding 

 consideration of solid 

models

 application for 

composite structures 

Table 6-1: Overview of the frame assembly application examples for realising 

the virtual manufacturing chain 

6.2 Welding assembly sill board 

6.2.1 Description of the manufacturing chain 

The virtual manufacturing process chain of a sill board is studied in the 
following. The frame structure assembly consists of two formed steel 
components, as illustrated in Figure 6-1: the web closing plate of the bake 
hardening steel 1.0396 (H 220 B) and the reinforcing U-profile of the dual phase 
steel 1.0941 (H 340 X or DP 600). The manufacturing chain involves the 
following steps: 

forming of the single sheet metal components by means of cold rolling 
(U-profile) and deep drawing (web plate); 

trimming of the web plate by means of shearing; and 

laser beam welding of the assembly in an integrated manufacturing step. 
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web closing plate
material: 1.0396 (H 220 B)
initial blank thickness: 1.2 mm

reinforcing U-profile
material: 1.0941 (H 340 X)
initial blank thickness: 1.6 mm

sill board assembly

Figure 6-1: Sill board assembly consisting of a reinforcing U-profile and a web 

closing plate positioned in an automotive frame structure 

6.2.2 Forming simulation results 

In the first step, the forming simulation of the components involved is 
demonstrated. The cold rolling process of the U-profile was approximated with a 
deep drawing process by means of an elongated die. The transient character of 
the rolling process along the length of the sill board reinforcing part was, thus, 
neglected. Based on investigations the roll process generally provides very 
accurate components without strong spring-back effects in the length direction of 
the profiles. The spring-back effect of the side walls of the profile is avoided in 
real processes through over-bending of the profiles depending on the material 
strength (UBECO 2004). These effects were replicated in an approximating deep 
drawing simulation of the U-profile, so that the resulting shape of the U-profile 
after spring-back was very similar to the CAD construction of the part, indicating 
only negligible shape deviation. This simulation task was performed with the aid 
of the software AUTOFORM. Similarly, the forming simulation of the web plate 
by means of a deep drawing was performed in the FE-programme PAMSTAMP. 
After trimming and spring-back the final state was calculated showing no 
significant shape deviation compared to the CAD geometry. For this reason, the 
spring-back computation was accomplished in PAMSTAMP as well and it was 
not integrated in this example into the welding simulation, since the formed parts 
corresponded perfectly to the ideal shape provided by the CAD data. 
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The forming simulation of the two components provides the structural results of 
the parts after the forming process by considering a CAD-based geometry of the 
punch. The residual stresses after forming, trimming and spring-back simulation 
are shown in Figure 6-2. It can be seen that in areas where the deformation 
degree is high (i.e. in the middle chamfer of the U-profile), the residual stresses 
rise.

von Mises
equivalent stresses

z
y x

500
MPa
400
350
300
250
200
150

50
100

0

320
MPa
256
224
192
160
128
96

32
64

0
von Mises
equivalent stresses

web closing plate

reinforcing U-profile

trimmed area

area of high 
residual stresses 

Figure 6-2: Computed residual stresses after forming, trimming and spring-

back for the involved components of a sill board assembly as a 

basis for successive simulations 

6.2.3 Simulation of welding distortion by multi-level analysis 

The simulation of the welding distortion is based on the approach introduced in 
section 4.2 and on the chaining method described in Chapter 5. The available 
structural results after the simulation of the forming process (i.e. residual 
stresses, material thickness and effective plastic strains) were mapped onto the 
pre-defined mesh of the sill board assembly and converted with the aid of 
algorithms into an ASCII format, which is readable by the FE-programme 
SYSWELD. This mesh was based on the CAD geometry for the welding 
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simulation and indicates a mesh refinement in the area of the seams, according to 
sub-section 4.2.2. The chaining of the forming simulation results into the welding 
simulation took place by means of a shell model, as introduced in Chapter 5. 

The welding simulation of the sill board assembly was carried out in two stages: 
first the thermo-metallurgical simulation of the heat input of a laser beam 
welding process and the calculation of the phase transformation were performed 
based on the process parameters given in Table 4-2 and the corresponding 
macrograph of the seam cross section shown in Figure 4-7. A number of weld 
seams were realised by means of a tandem CO2 laser beam aggregate heating 
parallel on both sides along the length of the assembly. Furthermore, the thermo-
mechanical simulation of the welding process was performed based on the 
transient temperature field and phase transformation provided by the thermo-
metallurgical simulation. Two different mechanical computations were 
accomplished: one without considering structural effects due to preliminary 
manufacturing processes and one considering the influence of structural effects 
after the simulation of forming. Hereby, the clamping condition generally has a 
considerable influence on the structural behaviour of parts. During the heat input 
(i.e. the welding process) the assembly components were held in a clamping 
device and were pre-bent according to Figure 4-12. This process stage is also 
described in the simulation, as illustrated in this figure. After about 25 s at the 
end of the welding process the assembly was removed from the clamping device 
and the distortion over time was measured. 

Figure 6-3 shows the final welding distortion of the two components of the sill 
board assembly by considering the computed structural results after forming. The 
graph indicates the improvement of the transient computed welding distortion 
with respect to measurements in the defined position, for a model which includes 
structural results after forming, as compared to a non-chained model. As outlined 
in previous chapters, the interaction of the residual stresses after forming, 
together with the stresses due to pre-bending in the clamping device and the 
residual stresses in the seam area after welding, cause complex structural 
behaviour during welding. The high degree of non-linear interaction of the 
induced stresses along the manufacturing process chain of the sill board assembly 
can be described by means of simulation methods. The consideration of 
structural effects along the manufacturing chain in the simulation provides an 
improvement (compared with sole welding simulation) concerning the prediction 
of the final distortion of the frame assembly from 42% down to only 9% 
deviation.
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7 Summary and Outlook 

This thesis highlights the current potential of computer-aided and simulation 
methods for describing the structural behaviour of semi-finished frame products 
within the manufacturing process chain. Certain solutions based on 
computational methods were proposed and enhanced in order to support the 
manufacturing chain of complete frame assemblies. The virtual chain was 
developed on the basis of the simulation of the welding heat effects, as welding 
processes represent a central element of the manufacturing chain. The main focus 
was on the applicability and the adoption of these kinds of methods for 
supporting manufacturing tasks in the transport industry, in order to improve 
product quality and minimise expenses. 

Chapter 1 outlined the significance of simulation methods in supporting 
manufacturing tasks. Emphasis was placed on developing an integrative method 
of considering individual manufacturing tasks in a holistic computational 
manufacturing process chain. 

Chapter 2 presented the main theories and computation fundamentals for 
modelling and simulation in manufacturing. Forming, metal cutting and welding 
processes were discussed. Numerical simulation on the basis of the Finite-
Element-Method (FEM) provided a suitable tool to model manufacturing 
processes with the main focus on the structural effects of treated components. 

Based on previous works in the field of simulation of manufacturing processes, 
the current state of research was presented and evaluated in Chapter 3. The need 
for further research work and the focus of this thesis was outlined. Particular 
consideration was dedicated to realising an integrated virtual manufacturing 
chain method by enhancing existing computer-aided systems. The solution 
requirements are that the developed method is system-independent and flexibly 
applicable concerning the used FE-programmes, the used data formats and the 
regarded manufacturing processes and, thus, offers operator convenience. 

With the welding process as the central element of the manufacturing chain of 
frame structures, Chapter 4 analysed and enhanced different models with regard 
to the heat and structural effects during welding. Emphasis was placed on the 
categorisation of the welding models in a multi-stage simulation system 
depending on the degree of complexity of the considered influencing phenomena. 
Different models, which allow the description of the complex physical effects 
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Appendix

Appendix A: Applied programmes 

Software tool Area of application Producer

SYSWELD Simulation of structural 
heat effects of welding and 
heat treatment; 
FEM-software

Engineering Systems 
International ESI GmbH 

MSC. MARC Simulation of structural 
effects of manufacturing 
tasks;
FEM-code

MSC.Software GmbH 

PAMSTAMP Forming simulation and 
mapping functions; 
FEM-software

Engineering Systems 
International ESI GmbH 

AUTOFORM Forming simulation; 
FEM-software

AutoForm Engineering GmbH 

LS-DYNA Simulation of hot forming; 
FEM-code

DYNAmore GmbH 
CAD-FEM GmbH 

PATRAN FEM-meshing tool MSC.Software GmbH 

HYPERMESH FEM-meshing tool ALTAIR Engineering GmbH 

DATOR Mapping tool INPRO GmbH 

ATOS Optical system for 
digitalisation and analysis 
of surfaces 

GOM mbH 

SIL (Systus 
Interface
Language)

Implementation of sub-
programmes for the 
realisation of simulation 
chaining

Engineering Systems 
International ESI GmbH 

perl
(programming 
language)

Implementation of sub-
programmes for the 
realisation of simulation 
chaining

The Perl Foundation 
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Perl-routine for the conversion of the unit of stress tensor from GPa to MPa in 
order to achieve consistency of units within the welding simulation 
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2 Integriertes Produktmodell - Von der Idee zum fertigen Produkt
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120 Seiten · ISBN 3-931327-79-5
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90 Seiten · ISBN 3-931327-10-8

11 Unternehmensorganisation - Schlüssel für eine effiziente Produktion

110 Seiten · ISBN 3-931327-11-6
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100 Seiten · ISBN 3-931327-12-4

13 Planung von Montageanlagen

130 Seiten · ISBN 3-931327-13-2
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15 Flexible fluide Kleb/Dichtstoffe · Dosierung und Prozeßgestaltung

80 Seiten · ISBN 3-931327-15-9
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und Lösungen

80 Seiten · ISBN 3-931327-17-5
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Unternehmen
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Fertigung

85 Seiten · ISBN 3-931327-19-1

20 Dezentrale Steuerungen in Produktionsanlagen - Plug & Play - 

Vereinfachung von Entwicklung und Inbetriebnahme

105 Seiten · ISBN 3-931327-20-5

21 Rapid Prototyping - Rapid Tooling - Schnell zu funktionalen 

Prototypen

95 Seiten · ISBN 3-931327-21-3

22 Mikrotechnik für die Produktion - Greifbare Produkte und 

Anwendungspotentiale

95 Seiten · ISBN 3-931327-22-1

24 EDM Engineering Data Management

195 Seiten · ISBN 3-931327-24-8

25 Rationelle Nutzung der Simulationstechnik - Entwicklungstrends 

und Praxisbeispiele

152 Seiten · ISBN 3-931327-25-6

26 Alternative Dichtungssysteme - Konzepte zur Dichtungsmontage und 

zum Dichtmittelauftrag

110 Seiten · ISBN 3-931327-26-4

27 Rapid Prototyping · Mit neuen Technologien schnell vom Entwurf 

zum Serienprodukt

111 Seiten · ISBN 3-931327-27-2

28 Rapid Tooling · Mit neuen Technologien schnell vom Entwurf zum 

Serienprodukt

154 Seiten · ISBN 3-931327-28-0

29 Installationstechnik an Werkzeugmaschinen · Abschlußseminar

156 Seiten · ISBN 3-931327-29-9

30 Nicht erschienen – wird nicht erscheinen

31 Engineering Data Management (EDM) · Erfahrungsberichte und 

Trends

183 Seiten · ISBN 3-931327-31-0
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33 3D-CAD · Mehr als nur eine dritte Dimension

181 Seiten · ISBN 3-931327-33-7

34 Laser in der Produktion · Technologische Randbedingungen für 

den wirtschaftlichen Einsatz

102 Seiten · ISBN 3-931327-34-5

35 Ablaufsimulation · Anlagen effizient und sicher planen und betreiben

129 Seiten · ISBN 3-931327-35-3

36 Moderne Methoden zur Montageplanung · Schlüssel für eine 

effiziente Produktion

124 Seiten · ISBN 3-931327-36-1

37 Wettbewerbsfaktor Verfügbarkeit · Produktivitätsteigerung 

durch technische und organisatorische Ansätze

95 Seiten · ISBN 3-931327-37-X

38 Rapid Prototyping · Effizienter Einsatz von Modellen in der 

Produktentwicklung

128 Seiten · ISBN 3-931327-38-8

39 Rapid Tooling · Neue Strategien für den Werkzeug- und Formenbau

130 Seiten · ISBN 3-931327-39-6

40 Erfolgreich kooperieren in der produzierenden Industrie · Flexibler 

und schneller mit modernen Kooperationen

160 Seiten · ISBN 3-931327-40-X

41 Innovative Entwicklung von Produktionsmaschinen

146 Seiten · ISBN 3-89675-041-0

42 Stückzahlflexible Montagesysteme

139 Seiten · ISBN 3-89675-042-9

43 Produktivität und Verfügbarkeit · ...durch Kooperation steigern

120 Seiten · ISBN 3-89675-043-7

44 Automatisierte Mikromontage · Handhaben und Positionieren 

von Mikrobauteilen

125 Seiten · ISBN 3-89675-044-5

45 Produzieren in Netzwerken · Lösungsansätze, Methoden, 

Praxisbeispiele

173 Seiten · ISBN 3-89675-045-3

46 Virtuelle Produktion · Ablaufsimulation

108 Seiten · ISBN 3-89675-046-1

Seminarberichte iwb

herausgegeben von Prof. Dr.-Ing. Gunther Reinhart und Prof. Dr.-Ing. Michael Zäh,

Institut für Werkzeugmaschinen und Betriebswissenschaften

der Technischen Universität München

Seminarberichte iwb sind erhältlich im Buchhandel oder beim

Herbert Utz Verlag, München, Fax 089-277791-01, info@utz.de



47 Virtuelle Produktion · Prozeß- und Produktsimulation

131 Seiten · ISBN 3-89675-047-X

48 Sicherheitstechnik an Werkzeugmaschinen

106 Seiten · ISBN 3-89675-048-8

49 Rapid Prototyping · Methoden für die reaktionsfähige 

Produktentwicklung

150 Seiten · ISBN 3-89675-049-6

50 Rapid Manufacturing · Methoden für die reaktionsfähige Produktion

121 Seiten · ISBN 3-89675-050-X

51 Flexibles Kleben und Dichten · Produkt-& Prozeßgestaltung, 

Mischverbindungen, Qualitätskontrolle

137 Seiten · ISBN 3-89675-051-8

52 Rapid Manufacturing · Schnelle Herstellung von Klein- 

und Prototypenserien

124 Seiten · ISBN 3-89675-052-6

53 Mischverbindungen · Werkstoffauswahl, Verfahrensauswahl, 

Umsetzung

107 Seiten · ISBN 3-89675-054-2

54 Virtuelle Produktion · Integrierte Prozess- und Produktsimulation

133 Seiten · ISBN 3-89675-054-2

55 e-Business in der Produktion · Organisationskonzepte, IT-Lösungen, 

Praxisbeispiele

150 Seiten · ISBN 3-89675-055-0

56 Virtuelle Produktion – Ablaufsimulation als planungsbegleitendes 

Werkzeug

150 Seiten · ISBN 3-89675-056-9

57 Virtuelle Produktion – Datenintegration und Benutzerschnittstellen

150 Seiten · ISBN 3-89675-057-7

58 Rapid Manufacturing · Schnelle Herstellung qualitativ hochwertiger 

Bauteile oder Kleinserien

169 Seiten · ISBN 3-89675-058-7

59 Automatisierte Mikromontage · Werkzeuge und Fügetechnologien für 

die Mikrosystemtechnik

114 Seiten · ISBN 3-89675-059-3

60 Mechatronische Produktionssysteme · Genauigkeit gezielt 

entwickeln

131 Seiten · ISBN 3-89675-060-7

61 Nicht erschienen – wird nicht erscheinen

62 Rapid Technologien · Anspruch – Realität – Technologien

100 Seiten · ISBN 3-89675-062-3

63 Fabrikplanung 2002 · Visionen – Umsetzung – Werkzeuge

124 Seiten · ISBN 3-89675-063-1

64 Mischverbindungen · Einsatz und Innovationspotenzial

143 Seiten · ISBN 3-89675-064-X

65 Fabrikplanung 2003 – Basis für Wachstum · Erfahrungen Werkzeuge 

Visionen

136 Seiten · ISBN 3-89675-065-8

66 Mit Rapid Technologien zum Aufschwung · Neue Rapid Technologien 

und Verfahren, Neue Qualitäten, Neue Möglichkeiten, Neue Anwend-

ungsfelder

185 Seiten · ISBN 3-89675-066-6

67 Mechatronische Produktionssysteme · Die Virtuelle Werkzeug-

maschine: Mechatronisches Entwicklungsvorgehen, Integrierte Mod-

ellbildung, Applikationsfelder

148 Seiten · ISBN 3-89675-067-4

68 Virtuelle Produktion · Nutzenpotenziale im Lebenszyklus der Fabrik

139 Seiten · ISBN 3-89675-068-2

69 Kooperationsmanagement in der Produktion · Visionen und Methoden 

zur Kooperation – Geschäftsmodelle und Rechtsformen für die Koop-

eration – Kooperation entlang der Wertschöpfungskette

134 Seiten · ISBN 3-98675-069-0

70 Mechatronik · Strukturdynamik von Werkzeugmaschinen

161 Seiten · ISBN 3-89675-070-4

71 Klebtechnik · Zerstörungsfreie Qualitätssicherung beim flexibel au-

tomatisierten Kleben und Dichten

ISBN 3-89675-071-2 · vergriffen

72 Fabrikplanung 2004  Ergfolgsfaktor im Wettbewerb · Erfahrungen – 

Werkzeuge – Visionen

ISBN 3-89675-072-0 · vergriffen

73 Rapid Manufacturing Vom Prototyp zur Produktion · Erwartungen – 

Erfahrungen – Entwicklungen

179 Seiten · ISBN 3-89675-073-9

74 Virtuelle Produktionssystemplanung · Virtuelle Inbetriebnahme und 

Digitale Fabrik

133 Seiten · ISBN 3-89675-074-7

75 Nicht erschienen – wird nicht erscheinen

76 Berührungslose Handhabung · Vom Wafer zur Glaslinse, von der Kap-

sel zur aseptischen Ampulle

95 Seiten · ISBN 3-89675-076-3

77 ERP-Systeme - Einführung in die betriebliche Praxis · Erfahrungen, 

Best Practices, Visionen

153 Seiten · ISBN 3-89675-077-7

78 Mechatronik · Trends in der interdisziplinären Entwicklung von 

Werkzeugmaschinen

155 Seiten · ISBN 3-89675-078-X

79 Produktionsmanagement

267 Seiten · ISBN 3-89675-079-8

80 Rapid Manufacturing · Fertigungsverfahren für alle Ansprüche

154 Seiten · ISBN 3-89675-080-1

81 Rapid Manufacturing · Heutige Trends –

Zukünftige Anwendungsfelder

172 Seiten · ISBN 3-89675-081-X

82 Produktionsmanagement · Herausforderung Variantenmanagement

100 Seiten · ISBN 3-89675-082-8

83 Mechatronik · Optimierungspotenzial der Werkzeugmaschine nutzen

160 Seiten · ISBN 3-89675-083-6

84 Virtuelle Inbetriebnahme · Von der Kür zur Pflicht?

104 Seiten · ISBN 978-3-89675-084-6

85 3D-Erfahrungsforum · Innovation im Werkzeug- und Formenbau

375 Seiten · ISBN 978-3-89675-085-3

86 Rapid Manufacturing · Erfolgreich produzieren durch innovative Fertigung

162 Seiten · ISBN 978-3-89675-086-0

87 Produktionsmanagement · Schlank im Mittelstand

102 Seiten · ISBN 978-3-89675-087-7

88 Mechatronik · Vorsprung durch Simulation

134 Seiten · ISBN 978-3-89675-088-4

89 RFID in der Produktion · Wertschöpfung effizient gestalten

122 Seiten · ISBN 978-3-89675-089-1



122 Schneider, Burghard

Prozesskettenorientierte Bereitstellung nicht formstabiler Bauteile
1999 · 183 Seiten · 98 Abb. · 14 Tab. · broschiert · 20,5 x 14,5 cm · ISBN 3-89675-559-5

123 Goldstein, Bernd

Modellgestützte Geschäftsprozeßgestaltung in der Produktentwicklung
1999 · 170 Seiten · 65 Abb. · broschiert · 20,5 x 14,5 cm · ISBN 3-89675-546-3

124 Mößmer, Helmut E.

Methode zur simulationsbasierten Regelung zeitvarianter Produktionssysteme
1999 · 164 Seiten · 67 Abb. · 5 Tab. · broschiert · 20,5 x 14,5 cm · ISBN 3-89675-585-4

125 Gräser, Ralf-Gunter

Ein Verfahren zur Kompensation temperaturinduzierter Verformungen an Industrierobotern
1999 · 167 Seiten · 63 Abb. · 5 Tab. · broschiert · 20,5 x 14,5 cm · ISBN 3-89675-603-6

126 Trossin, Hans-Jürgen

Nutzung der Ähnlichkeitstheorie zur Modellbildung in der Produktionstechnik
1999 · 162 Seiten · 75 Abb. · 11 Tab. · broschiert · 20,5 x 14,5 cm · ISBN 3-89675-614-1

127 Kugelmann, Doris

Aufgabenorientierte Offline-Programmierung von Industrierobotern
1999 · 168 Seiten · 68 Abb. · 2 Tab. · broschiert · 20,5 x 14,5 cm · ISBN 3-89675-615-X

128 Diesch, Rolf

Steigerung der organisatorischen Verfügbarkeit von Fertigungszellen
1999 · 160 Seiten · 69 Abb. · broschiert · 20,5 x 14,5 cm · ISBN 3-89675-618-4

129 Lulay, Werner E.

Hybrid-hierarchische Simulationsmodelle zur Koordination teilautonomer Produktionsstrukturen
1999 · 182 Seiten · 51 Abb. · 14 Tab. · broschiert · 20,5 x 14,5 cm · ISBN 3-89675-620-6

130 Murr, Otto

Adaptive Planung und Steuerung von integrierten Entwicklungs- und Planungsprozessen
1999 · 178 Seiten · 85 Abb. · 3 Tab. · broschiert · 20,5 x 14,5 cm · ISBN 3-89675-636-2

131 Macht, Michael

Ein Vorgehensmodell für den Einsatz von Rapid Prototyping
1999 · 170 Seiten · 87 Abb. · 5 Tab. · broschiert · 20,5 x 14,5 cm · ISBN 3-89675-638-9

132 Mehler, Bruno H.

Aufbau virtueller Fabriken aus dezentralen Partnerverbünden
1999 · 152 Seiten · 44 Abb. · 27 Tab. · broschiert · 20,5 x 14,5 cm · ISBN 3-89675-645-1

133 Heitmann, Knut

Sichere Prognosen für die Produktionsptimierung mittels stochastischer Modelle
1999 · 146 Seiten · 60 Abb. · 13 Tab. · broschiert · 20,5 x 14,5 cm · ISBN 3-89675-675-3

134 Blessing, Stefan

Gestaltung der Materialflußsteuerung in dynamischen Produktionsstrukturen
1999 · 160 Seiten · 67 Abb. · broschiert · 20,5 x 14,5 cm · ISBN 3-89675-690-7

135 Abay, Can

Numerische Optimierung multivariater mehrstufiger Prozesse am Beispiel der Hartbearbeitung von 
Industriekeramik
2000 · 159 Seiten · 46 Abb. · 5 Tab. · broschiert · 20,5 x 14,5 cm · ISBN 3-89675-697-4

Forschungsberichte iwb
herausgegeben von Prof. Dr.-Ing. Gunther Reinhart und Prof. Dr.-Ing. Michael Zäh,

Institut für Werkzeugmaschinen und Betriebswissenschaften
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136 Brandner, Stefan

Integriertes Produktdaten- und Prozeßmanagement in virtuellen Fabriken
2000 · 172 Seiten · 61 Abb. · broschiert · 20,5 x 14,5 cm · ISBN 3-89675-715-6

137 Hirschberg, Arnd G.

Verbindung der Produkt- und Funktionsorientierung in der Fertigung
2000 · 165 Seiten · 49 Abb. · broschiert · 20,5 x 14,5 cm · ISBN 3-89675-729-6

138 Reek, Alexandra

Strategien zur Fokuspositionierung beim Laserstrahlschweißen
2000 · 193 Seiten · 103 Abb. · broschiert · 20,5 x 14,5 cm · ISBN 3-89675-730-X

139 Sabbah, Khalid-Alexander

Methodische Entwicklung störungstoleranter Steuerungen
2000 · 148 Seiten · 75 Abb. · broschiert · 20,5 x 14,5 cm · ISBN 3-89675-739-3

140 Schliffenbacher, Klaus U.

Konfiguration virtueller Wertschöpfungsketten in dynamischen, heterarchischen Kompetenznetzwerken
2000 · 187 Seiten · 70 Abb. · broschiert · 20,5 x 14,5 cm · ISBN 3-89675-754-7

141 Sprenzel, Andreas

Integrierte Kostenkalkulationsverfahren für die Werkzeugmaschinenentwicklung
2000 · 144 Seiten · 55 Abb. · 6 Tab. · broschiert · 20,5 x 14,5 cm · ISBN 3-89675-757-1

142 Gallasch, Andreas

Informationstechnische Architektur zur Unterstützung des Wandels in der Produktion
2000 · 150 Seiten · 69 Abb. · 6 Tab. · broschiert · 20,5 x 14,5 cm · ISBN 3-89675-781-4

143 Cuiper, Ralf

Durchgängige rechnergestützte Planung und Steuerung von automatisierten  Montagevorgängen
2000 · 168 Seiten · 75 Abb. · 3 Tab. · broschiert · 20,5 x 14,5 cm · ISBN 3-89675-783-0

144 Schneider, Christian

Strukturmechanische Berechnungen in der Werkzeugmaschinenkonstruktion
2000 · 180 Seiten · 66 Abb. · broschiert · 20,5 x 14,5 cm · ISBN 3-89675-789-X

145 Jonas, Christian 

Konzept einer durchgängigen, rechnergestützten Planung von Montageanlagen
2000 · 183 Seiten · 82 Abb. · broschiert · 20,5 x 14,5 cm · ISBN 3-89675-870-5

146 Willnecker, Ulrich

Gestaltung und Planung leistungsorientierter manueller Fließmontagen
2001 · 175 Seiten · 67 Abb. · broschiert · 20,5 x 14,5 cm · ISBN 3-89675-891-8

147 Lehner, Christof

Beschreibung des Nd:Yag-Laserstrahlschweißprozesses von Magnesiumdruckguss
2001 · 205 Seiten · 94 Abb. · 24 Tab. · 20,5 x 14,5 cm · ISBN 3-8316-0004-X

148 Rick, Frank

Simulationsgestützte Gestaltung von Produkt und Prozess am Beispiel Laserstrahlschweißen
2001 · 145 Seiten · 57 Abb. · 2 Tab. · 20,5 x 14,5 cm · ISBN 3-8316-0008-2

149 Höhn, Michael

Sensorgeführte Montage hybrider Mikrosysteme
2001 · 171 Seiten · 74 Abb. · 7 Tab. · 20,5 x 14,5 cm · ISBN 3-8316-0012-0

150 Böhl, Jörn

Wissensmanagement im Klein- und mittelständischen Unternehmen der Einzel- und Kleinserienfertigung
2001 · 179 Seiten · 88 Abb. · 20,5 x 14,5 cm · ISBN 3-8316-0020-1

151 Bürgel, Robert

Prozessanalyse an spanenden Werkzeugmaschinen mit digital geregelten Antrieben
2001 · 185 Seiten · 60 Abb. · 10 Tab. · 20,5 x 14,5 cm · ISBN 3-8316-0021-X

152 Stephan Dürrschmidt

Planung und Betrieb wandlungsfähiger Logistiksysteme in der variantenreichen Serienproduktion
2001 · 914 Seiten · 61 Abb. · 20,5 x 14,5 cm · ISBN 3-8316-0023-6

153 Bernhard Eich

Methode zur prozesskettenorientierten Planung der Teilebereitstellung
2001 · 132 Seiten · 48 Abb. · 6 Tabellen · 20,5 x 14,5 cm · ISBN 3-8316-0028-7



154 Wolfgang Rudorfer 

Eine Methode zur Qualifizierung von produzierenden Unternehmen für Kompetenznetzwerke
2001 · 207 Seiten · 89 Abb. · 20,5 x 14,5 cm · ISBN 3-8316-0037-6

155 Hans Meier 

Verteilte kooperative Steuerung maschinennaher Abläufe
2001 · 162 Seiten · 85 Abb. · 20,5 x 14,5 cm · ISBN 3-8316-0044-9

156 Gerhard Nowak 

Informationstechnische Integration des industriellen Service in das Unternehmen
2001 · 203 Seiten · 95 Abb. · 20,5 x 14,5 cm · ISBN 3-8316-0055-4

157 Martin Werner 

Simulationsgestützte Reorganisation von Produktions- und Logistikprozessen
2001 · 191 Seiten · 20,5 x 14,5 cm · ISBN 3-8316-0058-9

158 Bernhard Lenz  

Finite Elemente-Modellierung des Laserstrahlschweißens für den Einsatz in der Fertigungsplanung
2001 · 150 Seiten · 47 Abb. · 5 Tab. · 20,5 x 14,5 cm · ISBN 3-8316-0094-5

159 Stefan Grunwald   

Methode zur Anwendung der flexiblen integrierten Produktentwicklung und Montageplanung
2002 · 206 Seiten · 80 Abb. · 25 Tab. · 20,5 x 14,5 cm · ISBN 3-8316-0095-3

160 Josef Gartner   

Qualitätssicherung bei der automatisierten Applikation hochviskoser Dichtungen
2002 · 165 Seiten · 74 Abb. · 21 Tab. · 20,5 x 14,5 cm · ISBN 3-8316-0096-1

161 Wolfgang Zeller

Gesamtheitliches Sicherheitskonzept für die Antriebs- und Steuerungstechnik bei Werkzeugmaschinen
2002 · 192 Seiten · 54 Abb. · 15 Tab. · 20,5 x 14,5 cm · ISBN 3-8316-0100-3

162 Michael Loferer 

Rechnergestützte Gestaltung von Montagesystemen
2002 · 178 Seiten · 80 Abb. · 20,5 x 14,5 cm · ISBN 3-8316-0118-6

163 Jörg Fährer

Ganzheitliche Optimierung des indirekten Metall-Lasersinterprozesses
2002 · 176 Seiten · 69 Abb. · 13 Tab. · 20,5 x 14,5 cm · ISBN 3-8316-0124-0

164 Jürgen Höppner 

Verfahren zur berührungslosen Handhabung mittels leistungsstarker Schallwandler
2002 · 132 Seiten · 24 Abb. · 3 Tab. · 20,5 x 14,5 cm · ISBN 3-8316-0125-9

165 Hubert Götte

Entwicklung eines Assistenzrobotersystems für die Knieendoprothetik
2002 · 258 Seiten · 123 Abb. · 5 Tab. · 20,5 x 14,5 cm · ISBN 3-8316-0126-7

166 Martin Weißenberger

Optimierung der Bewegungsdynamik von Werkzeugmaschinen im rechnergestützten Entwicklungsprozess
2002 · 210 Seiten · 86 Abb. · 2 Tab. · 20,5 x 14,5 cm · ISBN 3-8316-0138-0

167 Dirk Jacob

Verfahren zur Positionierung unterseitenstrukturierter Bauelemente in der Mikrosystemtechnik
2002 · 200 Seiten · 82 Abb. · 24 Tab. · 20,5 x 14,5 cm · ISBN 3-8316-0142-9

168 Ulrich Roßgoderer

System zur effizienten Layout- und Prozessplanung von hybriden Montageanlagen
2002 · 175 Seiten · 20,5 x 14,5 cm · ISBN 3-8316-0154-2

169 Robert Klingel

Anziehverfahren für hochfeste Schraubenverbindungen auf Basis akustischer Emissionen
2002 · 164 Seiten · 89 Abb. · 27 Tab. · 20,5 x 14,5 cm · ISBN 3-8316-0174-7

170 Paul Jens Peter Ross

Bestimmung des wirtschaftlichen Automatisierungsgrades von Montageprozessen in der frühen Phase der 
Montageplanung
2002 · 144 Seiten · 38 Abb. · 38 Tab. · 20,5 x 14,5 cm · ISBN 3-8316-0191-7

171 Stefan von Praun

Toleranzanalyse nachgiebiger Baugruppen im Produktentstehungsprozess
2002 · 250 Seiten · 62 Abb. · 7 Tab. · 20,5 x 14,5 cm · ISBN 3-8316-0202-6



172 Florian von der Hagen

Gestaltung kurzfristiger und unternehmensübergreifender Engineering-Kooperationen
2002 · 220 Seiten · 104 Abb. · 20,5 x 14,5 cm · ISBN 3-8316-0208-5

173 Oliver Kramer

Methode zur Optimierung der Wertschöpfungskette mittelständischer Betriebe
2002 · 212 Seiten · 84 Abb. · 20,5 x 14,5 cm · ISBN 3-8316-0211-5

174 Winfried Dohmen

Interdisziplinäre Methoden für die integrierte Entwicklung komplexer mechatronischer Systeme
2002 · 200 Seiten · 67 Abb. · 20,5 x 14,5 cm · ISBN 3-8316-0214-X

175 Oliver Anton

Ein Beitrag zur Entwicklung telepräsenter Montagesysteme
2002 · 158 Seiten · 85 Abb. · 20,5 x 14,5 cm · ISBN 3-8316-0215-8

176 Welf Broser

Methode zur Definition und Bewertung von Anwendungsfeldern für Kompetenznetzwerke
2002 · 224 Seiten · 122 Abb. · 20,5 x 14,5 cm · ISBN 3-8316-0217-4

177 Frank Breitinger 

Ein ganzheitliches Konzept zum Einsatz des indirekten Metall-Lasersinterns für das Druckgießen
2003 · 156 Seiten · 20,5 x 14,5 cm · ISBN 3-8316-0227-1

178 Johann von Pieverling

Ein Vorgehensmodell zur Auswahl von Konturfertigungsverfahren für das Rapid Tooling
2003 · 163 Seiten · 88 Abb. · 20,5 x 14,5 cm · ISBN 3-8316-0230-1

179 Thomas Baudisch 

Simulationsumgebung zur Auslegung der Bewegungsdynamik des mechatronischen Systems Werkzeugmaschine
2003 · 190 Seiten · 67 Abb. · 8 Tab. · 20,5 x 14,5 cm · ISBN 3-8316-0249-2

180 Heinrich Schieferstein

Experimentelle Analyse des menschlichen Kausystems
2003 · 132 Seiten · 20,5 x 14,5 cm · ISBN 3-8316-0251-4

181 Joachim Berlak

Methodik zur strukturierten Auswahl von Auftragsabwicklungssystemen
2003 · 244 Seiten · 20,5 x 14,5 cm · ISBN 3-8316-0258-1

182 Christian Meierlohr

Konzept zur rechnergestützten Integration von Produktions- und Gebäudeplanung in der Fabrikgestaltung
2003 · 181 Seiten · 84 Abb. · 20,5 x 14,5 cm · ISBN 3-8316-0292-1

183 Volker Weber

Dynamisches Kostenmanagement in kompetenzzentrierten Unternehmensnetzwerken
2004 · 210 Seiten · 64 Abb. · 20,5 x 14,5 cm · ISBN 3-8316-0330-8

184 Thomas Bongardt

Methode zur Kompensation betriebsabhängiger Einflüsse auf die Absolutgenauigkeit von Industrierobotern
2004 · 170 Seiten · 40 Abb. · 20,5 x 14,5 cm · ISBN 3-8316-0332-4

185 Tim Angerer

Effizienzsteigerung in der automatisierten Montage durch aktive Nutzung mechatronischer 
Produktkomponenten
2004 · 180 Seiten · 67 Abb. · 20,5 x 14,5 cm · ISBN 3-8316-0336-7

186 Alexander Krüger

Planung und Kapazitätsabstimmung stückzahlflexibler Montagesysteme
2004 · 197 Seiten · 83 Abb. · 20,5 x 14,5 cm · ISBN 3-8316-0371-5

187 Matthias Meindl

Beitrag zur Entwicklung generativer Fertigungsverfahren für das Rapid Manufacturing
2005 · 222 Seiten · 97 Abb. · 20,5 x 14,5 cm · ISBN 3-8316-0465-7

188 Thomas Fusch

Betriebsbegleitende Prozessplanung in der Montage mit Hilfe der Virtuellen Produktion
am Beispiel der Automobilindustrie
2005 · 190 Seiten · 99 Abb. · 20,5 x 14,5 cm · ISBN 3-8316-0467-3



189 Thomas Mosandl

Qualitätssteigerung bei automatisiertem Klebstoffauftrag durch den Einsatz optischer Konturfolgesysteme
2005 · 182 Seiten · 58 Abb. · 20,5 x 14,5 cm · ISBN 3-8316-0471-1

190 Christian Patron

Konzept für den Einsatz von Augmented Reality in der Montageplanung
2005 · 150 Seiten · 61 Abb. · 20,5 x 14,5 cm · ISBN 3-8316-0474-6

191 Robert Cisek 

Planung und Bewertung von Rekonfigurationsprozessen in Produktionssystemen
2005 · 200 Seiten · 64 Abb. · 20,5 x 14,5 cm · ISBN 3-8316-0475-4

192 Florian Auer 

Methode zur Simulation des Laserstrahlschweißens unter Berücksichtigung der Ergebnisse vorangegangener 
Umformsimulationen
2005 · 160 Seiten · 65 Abb. · 20,5 x 14,5 cm · ISBN 3-8316-0485-1

193 Carsten Selke 

Entwicklung von Methoden zur automatischen Simulationsmodellgenerierung
2005 · 137 Seiten · 53 Abb. · 20,5 x 14,5 cm · ISBN 3-8316-0495-9

194 Markus Seefried

Simulation des Prozessschrittes der Wärmebehandlung beim Indirekten-Metall-Lasersintern
2005 · 216 Seiten · 82 Abb. · 20,5 x 14,5 cm · ISBN 3-8316-0503-3

195 Wolfgang Wagner

Fabrikplanung für die standortübergreifende Kostensenkung bei marktnaher Produktion
2006 · 208 Seiten · 43 Abb. · 20,5 x 14,5 cm · ISBN 3-8316-0586-6

196 Christopher Ulrich

Erhöhung des Nutzungsgrades von Laserstrahlquellen durch Mehrfach-Anwendungen
2006 · 178 Seiten · 74 Abb. · 20,5 x 14,5 cm · ISBN 3-8316-0590-4

197 Johann Härtl

Prozessgaseinfluss beim Schweißen mit Hochleistungsdiodenlasern
2006 · 140 Seiten · 55 Abb. · 20,5 x 14,5 cm · ISBN 3-8316-0611-0

198 Bernd Hartmann

Die Bestimmung des Personalbedarfs für den Materialfluss in Abhängigkeit von Produktionsfläche und -menge
2006 · 208 Seiten · 105 Abb. · 20,5 x 14,5 cm · ISBN 3-8316-0615-3

199 Michael Schilp

Auslegung und Gestaltung von Werkzeugen zum berührungslosen Greifen kleiner Bauteile in der Mikromontage
2006 · 130 Seiten · 20,5 x 14,5 cm · ISBN 3-8316-0631-5

200 Florian Manfred Grätz

Teilautomatische Generierung von Stromlauf- und Fluidplänen für mechatronische Systeme
2006 · 192 Seiten · 20,5 x 14,5 cm · ISBN 3-8316-0643-9

201 Dieter Eireiner

Prozessmodelle zur statischen Auslegung von Anlagen für das Friction Stir Welding
2006 · 214 Seiten · 20,5 x 14,5 cm · ISBN 3-8316-0650-1

202 Gerhard Volkwein

Konzept zur effizienten Bereitstellung von Steuerungsfunktionalität für die NC-Simulation
2007 · 192 Seiten · 20,5 x 14,5 cm · ISBN 978-3-8316-0668-9

203 Sven Roeren

Komplexitätsvariable Einflussgrößen für die bauteilbezogene Struktursimulation thermischer Fertigungsprozesse
2007 · 224 Seiten · 20,5 x 14,5 cm · ISBN 978-3-8316-0680-1

204 Henning Rudolf

Wissensbasierte Montageplanung in der Digitalen Fabrik am Beispiel der Automobilindustrie
2007 · 200 Seiten · 20,5 x 14,5 cm · ISBN 978-3-8316-0697-9

205 Stella Clarke-Griebsch

Overcoming the Network Problem in Telepresence Systems with Prediction and Inertia
2007 · 150 Seiten · 20,5 x 14,5 cm · ISBN 978-3-8316-0701-3

206 Michael Ehrenstraßer

Sensoreinsatz in der telepräsenten Mikromontage
2008 · 160 Seiten · 20,5 x 14,5 cm · ISBN 978-3-8316-0743-3



207 Rainer Schack

Methodik zur bewertungsorientierten Skalierung der Digitalen Fabrik
2008 · 248 Seiten · 20,5 x 14,5 cm · ISBN 978-3-8316-0748-8

208 Wolfgang Sudhoff

Methodik zur Bewertung standortübergreifender Mobilität in der Produktion
2008 · 276 Seiten · 20,5 x 14,5 cm · ISBN 978-3-8316-0749-5

209 Stefan Müller

Methodik für die entwicklungs- und planungsbegleitende Generierung und Bewertung von Produktionsalternativen
2008 · 240 Seiten · 20,5 x 14,5 cm · ISBN 978-3-8316-0750-1

210 Ulrich Kohler

Methodik zur kontinuierlichen und kostenorientierten Planung produktionstechnischer Systeme
2008 · 232 Seiten · 20,5 x 14,5 cm · ISBN 978-3-8316-0753-2

211 Klaus Schlickenrieder 

Methodik zur Prozessoptimierung beim automatisierten elastischen Kleben großflächiger Bauteile
2008 · 204 Seiten · 20,5 x 14,5 cm · ISBN 978-3-8316-0776-1

212 Niklas Möller

Bestimmung der Wirtschaftlichkeit wandlungsfähiger Produktionssysteme
2008 · 260 Seiten · 20,5 x 14,5 cm · ISBN 978-3-8316-0778-5

213 Daniel Siedl

Simulation des dynamischen Verhaltens von Werkzeugmaschinen während Verfahrbewegungen
2008 · 200 Seiten · 20,5 x 14,5 cm · ISBN 978-3-8316-0779-2

214 Dirk Ansorge

Auftragsabwicklung in heterogenen Produktionsstrukturen mit spezifischen Planungsfreiräumen
2008 · 146 Seiten · 20,5 x 14,5 cm · ISBN 978-3-8316-0785-3

215 Georg Wünsch

Methoden für die virtuelle Inbetriebnahme automatisierter Produktionssysteme
2008 · 224 Seiten · 20,5 x 14,5 cm · ISBN 978-3-8316-0795-2

216 Thomas Oertli

Strukturmechanische Berechnung und Regelungssimulation von Werkzeugmaschinen mit elektromechanischen 
Vorschubantrieben
2008 · 194 Seiten · 20,5 x 14,5 cm · ISBN 978-3-8316-0798-3

217 Bernd Petzold

Entwicklung eines Operatorarbeitsplatzes für die telepräsente Mikromontage
2008 · 234 Seiten · 20,5 x 14,5 cm · ISBN 978-3-8316-0805-8

218 Loucas Papadakis

Simulation of the Structural Effects of Welded Frame Assemblies in Manufacturing Process Chains
2008 · 260 Seiten · 20,5 x 14,5 cm · ISBN 978-3-8316-0813-3




