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Zum Buch

Handling devices are an integral part of automated production processes. Never-
theless, they are generally regarded as non-value-adding and therefore their plan-
ning and projecting should be as effective as possible, with only a small amount of 
time and personnel expenditure. Still, they remain an important part of the process 
chain and they must meet certain conditions in this context. In order to ensure 
their functionality and invest little time in their project planning, handling devices 
are often oversized. Especially for flat parts, this results in heavy handling solutions 
where the weight of the object and the handling device are in a disproportionate 
relationship.

The objective of the present work is to automate the project planning of hand-
ling devices as much as possible. This process is presented using the example of 
the process chain for the production of lightweight parts using the sheet molding 
compound (SMC) and resin transfer molding (RTM) processes. 

As a first step, a modular handling device is developed and built-up, which enables 
a large number of gripper arrangements. This device then makes it possible to 
measure the resulting deflection of flat parts in the handling process. In order to 
ensure that it is not always necessary to measure the deflections, a model is built-
up with ABAQUS to enable a simulated estimation. Using this simulation model, a 
design logic for the arrangement of the grippers on any shaped parts is presented.

This design logic works in two steps and is based on the approach of growing neu-
ral gas (GNG), which is adapted to the problem by implementing additional rules. 
First, an initial gripper configuration is created based on the geometry of the ob-
ject, which is then improved by an iterative process of simulation and adaptation. 
Since the production of lightweight parts often requires more than just one type 
of sheet, various solutions for the different sheets are combined systematically at 
the end to form one gripper arrangement and a method is shown concerning how 
this can be implemented using the previously-developed modular handling device.
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organizational aspects are considered here. 

 

Prof. Dr.-Ing. Jürgen Fleischer 

Prof. Dr.-Ing. Gisela Lanza 

Prof. Dr.-Ing. habil. Volker Schulze 



  



 

 

 

 

 

Preface by author 

This work was created during my work as a research associate at the wbk Institute for 
Production Engineering of the Karlsruhe Institute of Technology (KIT) since March 
2014.  

First of all, I would like to thank Prof. Dr.-Ing. Jürgen Fleischer for taking over the main 
referent and for five years of successful cooperation. The freedom of decision that he 
grants to his research associate is one of the reasons why they have the opportunity to 
develop themselves professionally and personally. I would also like to thank my co-
referent Prof. Dr.-Ing. Jill Urbanic for constructive discussions and the productive visit 
that I was able to experience in Canada, which helped me a lot in my dissertation. 

My institute colleagues were an important support for me in the creation of this work, 
taking time for me despite having a full schedule. The friendly and open atmosphere of 
our institute is an important aspect of our success and I hope it will be preserved. I 
would also like to express my special thanks to the numerous staff members at the 
institute who make it possible for the research associates to work scientifically to this 
extent in the first place. In addition, I would like to thank the workshop employees, all 
colleagues in the IT, secretariats and finance department who take over a lot of the 
organizational work from us, which enables us to carry out our research. I think we all 
know that the scientific staff sometimes causes more chaos than necessary. 

I would also like to mention my students who contributed to the success of this work. I 
would especially like to mention Michael Steinlein, Moritz Gegenbauer, Tobias Dmytruk, 
Uli Hörmann and Amal Abderrahman for their support. 

Writing a dissertation always involves a great deal of time, which has a considerable 
influence on leisure activities. For this reason, such work is only possible if friends and 
family support this project which is not self-evident.  

  



I would like to thank my friends for understanding that I did not always have time for 
them. Furthermore, I have to thank my wife for the time she gave me to write my thesis 
and most importantly I would like to thank my parents who have always given me the 
right measure of freedom and support so that I can write these lines today. You have 
all been directly or indirectly involved in this work and have been an important part of 
my life. Thanks to all of you. 

 

 
Karlsruhe, Dezember 2018 

 
 

 

 

 

Fabian Johannes Ballier



 

 

 



Abstract 

Handling devices are an integral part of automated production processes. 
Nevertheless, they are generally regarded as non-value-adding and therefore their 
planning and projecting should be as effective as possible, with only a small amount of 
time and personnel expenditure. Still, they remain an important part of the process chain 
and they must meet certain conditions in this context. In order to ensure their 
functionality and invest little time in their project planning, handling devices are often 
oversized. Especially for flat parts, this results in heavy handling solutions where the 
weight of the object and the handling device are in a disproportionate relationship. 
The objective of the present work is to automate the project planning of handling 
devices as much as possible. This process is presented using the example of the 
process chain for the production of lightweight parts using the sheet molding compound 
(SMC) and resin transfer molding (RTM) processes.  
As a first step, a modular handling device is developed and built-up, which enables a 
large number of gripper arrangements. This device then makes it possible to measure 
the resulting deflection of flat parts in the handling process. In order to ensure that it is 
not always necessary to measure the deflections, a model is built-up with ABAQUS to 
enable a simulated estimation. Using this simulation model, a design logic for the 
arrangement of the grippers on any shaped parts is presented. 
This design logic works in two steps and is based on the approach of growing neural 
gas (GNG), which is adapted to the problem by implementing additional rules. First, an 
initial gripper configuration is created based on the geometry of the object, which is then 
improved by an iterative process of simulation and adaptation. Since the production of 
lightweight parts often requires more than just one type of sheet, various solutions for 
the different sheets are combined systematically at the end to form one gripper 
arrangement and a method is shown concerning how this can be implemented using 
the previously developed modular handling device. 
 
 
  



 

 

Kurzfassung 

Handhabungsgeräte sind ein integraler Bestandteil automatisierter 
Produktionsprozesse. Dennoch werden sie in der Regel als nicht wertschöpfend 
angesehen, weshalb ihre Planung und Projektierung mit geringem Zeit- und 
Personalaufwand so effektiv wie möglich sein sollte. Gleichzeitig bleiben sie ein 
wichtiger Teil der Prozesskette und müssen in diesem Zusammenhang bestimmte 
Bedingungen erfüllen. Um ihre Funktionalität zu gewährleisten und wenig Zeit in die 
Projektierung zu investieren, sind Handhabungsgeräte oft überdimensioniert. 
Insbesondere bei flachen Teilen führt dies zu schweren Handhabungslösungen, bei 
denen das Gewicht des Handhabungsobjekts und des Handhabungsgerätes in einem 
Missverhältnis zueinander stehen. 
Ziel der vorliegenden Arbeit ist es, die Projektierung von Handhabungsgeräten so weit 
wie möglich zu automatisieren. Dieser Prozess wird am Beispiel der Prozesskette zur 
Herstellung von Leichtbauteilen mit den Verfahren „sheet molding compound“ (SMC) 
und „resin transfer molding“ (RTM) dargestellt. 
In einem ersten Schritt wird ein modulares Handhabungsgerät entwickelt und 
aufgebaut, das eine große Anzahl von Greiferanordnung ermöglicht. Mit diesem 
Handhabungsgerät kann dann die resultierende Durchbiegung von flachen Bauteilen 
mit verschiedenen Greiferanordnungen gemessen werden. Um sicherzustellen, dass 
es nicht immer notwendig ist die Durchbiegungen zu messen, wird mit ABAQUS ein 
Modell aufgebaut, das eine Simulation der Durchbiegung ermöglicht. Anhand dieses 
Simulationsmodells wird eine Designlogik für die Anordnung der Greifer entwickelt. 
Diese Designlogik arbeitet in zwei Schritten und basiert auf dem Ansatz des „growing 
neural gas“ (GNG), das durch die Implementierung zusätzlicher Regeln an das Problem 
angepasst wird. Zuerst wird eine erste Greiferkonfiguration basierend auf der 
Geometrie des Objekts erstellt, die dann durch einen iterativen Prozess aus Simulation 
und Anpassung verbessert wird. Da die Herstellung von Leichtbauteilen oft mehr als 
nur einen Zuschnitt erfordert, werden am Ende systematisch verschiedene Lösungen 
für die verschiedenen Zuschnitte zu einer Greiferanordnung zusammengefasst und ein 
Verfahren gezeigt, wie dies ,mit dem zuvor entwickelten modularen Handhabungsgerät 
realisiert, werden kann. 
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1 Introduction 

1.1 Motivation 

The automation of production processes caused by the industrial revolution is crucial 
for economic production in high developed countries (Marsh 2012, p 182; Allen 2017, 
p 323). Usually a product must pass through several process steps that add value to it 
by generating features (Arnold & Furmans 2009, p 20). Such process steps are 
executed by different machines and can include an assembly step, milling, welding, 
heat treating, painting and many others (Stephens & Meyers 2013, p 20). On the other 
hand automated production also needs systems, which link the different value-adding 
machines together (Diebold 1952). 

This process is called handling, whereby Hesse (2016) defines the handling operation 
by creating, modifying or temporarily maintaining a pre-defined spatial arrangement of 
geometrically-determined bodies in a reference coordinate system, without any 
intended changes to the object itself. Handling is an operation occurring in workstations 
and production facilities. Other conditions can be specified, such as time, quantity and 
the movement path. (Hesse 2016, p 11)  

The handling system normally includes a kinematic device like an industrial robot and 
a gripping mechanism to fulfill this task (Hesse 2016, p 11). Since this thesis only 
considers the device on the tool center point (TCP) of the robot the term “handling 
device” will be used as an identical definition. The handling device can be realized with 
a wide range of different gripper technologies. Which gripper technology should be 
used, how many grippers are necessary and where the grippers should hold the object 
is mostly influenced by the geometry and properties of the object (Fantoni et al. 2014, 
p 684). The selection of a gripper technology is mostly influenced by the material 
properties only and thus is often solved by a selection matrix considering the material 
properties (Fantoni, Capiferri & Tilli 2014, p 331; Gutsche 1993, p 34; Stephan 2001, p 
21; Reinhart, Straβer & Ehinger 2009, p 185).  

The number and arrangement of grippers is also influenced by the geometry of the 
object. The larger the object and the lower the stiffness of the used material, the more 
easily it can lead to deflections in the handling process. This is especially the case with 
flat objects like textiles, since they have only a small expansion in thickness direction. 
As a result, the arrangement of the grippers on such an object is important to avoid 
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unwanted deflections of the object which could lead to collisions with the surrounding, 
folding edges or unexpected releasing from the gripper (Fantoni et al. 2014, p 686; 
Biermann, Hufenbach & Seliger 2008, p 22). Such handling operations hold interest in 
the production of fiber reinforced polymers (FRP) parts or the normal textile industry 
(Reinhart & Straßer 2011, p 303; Tai et al. 2016; Saadat & Nan 2002). 

These effects can be avoided if the flat non-rigid object is held at several points.  
Different solutions are possible. The first solution can be defined as full-body gripping 
concept. This could be achieved by using one huge gripper surface or the combination 
of multiple individual gripping elements close together (Gutsche 1993, p 19). Such a 
handling device can handle different shapes without the need of a hardware  
reconfiguration. Hereby, the device is attractive for small production quantities (Reinhart 
& Straßer 2011, p 302). The downside of having this flexibility without the need of a 
hardware reconfiguration is having an oversized handling system. It has more gripper 
elements or a larger gripper surface than it needs most of the time and thus it  
consumes more energy by using more grippers in comparison with a customized  
solution. Furthermore, more grippers or a larger gripper surface as necessary also 
result in more weight and have a direct impact on the energy consumption of the robot 
holding the handling device (Rassõlkin, Hõimoja & Teemets 2011, p 3; Paryanto et al. 
2014, p 132). Figure 1-1 shows an example of an oversized and customized handling 
solution holding a triangle part. 

 

Figure 1-1:  Example of an oversized (left) and a customized handling solution (right) 

This increased energy consumption becomes interesting in mass production application 
(Mohammed et al. 2014, p 400; Chemnitz, Schreck & Krüger 2011, p 1). One solution 
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for this is the design of customized handling devices for handling tasks. It is important 
that these solutions are not oversized or there will be no benefit at all. The problem is 
that a customized solution requires an engineering process involving human creativity 
and experience.   

Therefore, this thesis aims to develop a systematic and programmable approach to  
generate customized handling solutions that takes the material behavior and the 
geometry of the objects into account. The examinations are carried out using the 
examples of lightweight production processes. These processes using flat and non-rigid 
objects like dry carbon fiber textiles or SMC and are thus a challenge in handling 
operations. 

1.2 Structure of the thesis 

Beginning with the technical background for this thesis in chapter 2, chapter 3 will then 
present the state of the art of handling devices for flat non-rigid parts. Furthermore, 
existing systematic approaches for the design of such handling devices will be 
presented to identify the open research issue for this thesis. Chapter 4 will explain the 
further approach in this thesis. This approach starts in chapter 5 with the development 
of an experimental setup to enable reproducible handling operations for further 
investigations. One element of this experimental setup is a modular handling device. 
Furthermore, the boundary conditions for the handling process of flat non-rigid parts will 
be defined. In order to take the deformation in the handling process into account, a 
simulation model is set up and tested in chapter 6. The approach for the design of the 
handling device is separated into different steps, which will be discussed in chapter 7. 
First, in chapter 7.1 different possible methods are introduced and it is discussed how 
a gripper arrangement can be generated automatically. Chapter 7.2 presents a method 
for the distribution of the grippers without initially considering the deformation of the 
part. In chapter 7.3, this approach is extended, taking the deformation of the part into 
account. Since a handling device must often be able to handle different kinds of shapes, 
chapter 8 will present the combination of gripping solutions for different parts to one. 
Moreover, the implementation of a modular handling device will be discussed. These 
steps will be conducted on an example task, which should validate the whole approach 
in this thesis.   
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2 Background 
This chapter aims to summarize the basics necessary for understanding this thesis. 
First of all, the terms used in this dissertation will be defined more precisely to 
distinguish them more clearly from other work. Subsequently, a brief  
explanation of materials that are used will be provided. In order to approach the topic 
of the handling process systematically, the procedure is described by using the VDI 
2860. Because of that, the basics of the VDI 2860 will also be explained in this chapter. 
Finally, a brief introduction to the topic of machine learning is given. The explanations 
focus on unsupervised algorithms, since they will be used in this thesis to arrange 
grippers on different flat parts. 

2.1 Terms and definitions 

The terms “handling device” and “handling system” are widely used, colloquially known 
and thus often only blurredly defined. Hesse (2016, p 11) defines the gripper itself and 
a robot or other kinematics for the realization of movements as essential components 
of a handling system. What is not mentioned here are the additional supporting 
structures between the gripper and the robot, which connect them together. 

Such support structures are an integral part of every handling device and are often 
assembled from simple modular aluminum structures, which can be seen in many 
publications as well as in practice (M. Kordi, M. Hüsing, B. Corves 2007, p 3; Glorieux 
2017, p 22; Gerngross & Nieberl 2016, p 8). This definition can be clarified by Figure 
2-1 based on Hesse (2011, p 16).  

The representation of Hesse (2011, p 16) was extended by the force flow from the robot 
via the quick-change system and the supporting structure to the gripper, ensuring that 
the gripper is held by the robot (Figure 2-1). According to the illustration, the robot holds 
the handling device via the quick-change system. All other resources such as electrical 
energy, information and pneumatic pressure are brought into the handling device in the 
same way. The support structure is normally permanently connected to the quick-
change system and it also connects all individual components of the handling device. 
Information is also exchanged, which then controls an electric motor via a drive control 
system or switches a valve, which is then a type of energy converter. 
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Figure 2-1: Own extended representation of force, information and energy flow based 
on Hesse (2011, p 16) 

If multiple individual grippers are used on a handling device to transport a part, these 
grippers must placed in specific positions. Their number and positioning will therefore 
be referred to in the following as the gripper configuration. 

2.2 Materials for lightweight production processes 

FRP - as the name indicates - are always made of a fiber material surrounded by a 
polymer matrix system (Ishikawa et al. 2018, p 223; Friedrich 2016, p 1). Differences in 
FRP exist with respect to fiber material, matrix material, fiber length and fiber orientation 
(Assmann & Witten 2013, p 295; Cherif 2016, p 14; Assmann & Witten 2013, pp 38–
107). Depending on these parameters, different processes exist for the production of a 
part. Whether the fibers are already pre-impregnated with matrix system (prepreg) or 
dry (not pre-impregnated) has a major influence on the manufacturing process. In 
addition, both categories can be distinguished according to whether they are FRP with 
continuous (Co) or discontinuous fibers (Dico). These decisive differences will be 
explained further. 

2.2.1 From Co- to Dico- to CoDico-material 

The length of the fibers in FRP has a major influence where the components can be 
used. When using Co-fibers the length of the fibers is matched with the dimensions of 
the part, which results in higher mass specific properties in the finished components 

Quick-change 
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Information 
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Handling device
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Object Information 
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(Friedrich 2017, p 407; Henning & Moeller 2011, p 379; Cherif 2016, p 30). The Co-fiber 
material can be provided in various textile forms.  Figure 2-2 shows a unidirectional 
(UD) arrangement for Co-fiber material as an example. Here the continuous fibers are 
aligned all in the same direction. However, processing Dico-fiber material into a finished 
product is already a production technique that is used for mass production and thus it 
has already demonstrated a certain economic efficiency (Assmann & Witten 2013, p 
290; Witten & Schuster, p 37). The length of the fibers in the Dico material can vary 
between different applications. 

 

Figure 2-2: Co- and Dico-material in the demonstrator of GRK 2078 

Normally, components are unevenly loaded. Depending on the application, certain 
areas are exposed to higher loads than others. Therefore, it can make sense to combine 
Co-materials with Dico-materials. An example of this is the demonstrator developed 
within the international research and training group GRK 2078 (Figure 2-2). A Dico-
material SMC is used as a flat structure and reinforced at specific points with a Co-
prepreg. The result can be called a Co-Dico-material. 

2.2.2 Dry fiber textiles 

Dry semi-finished fiber products like woven fabrics can be purchased on the market 
with different materials and different fiber orientations. They are usually available on 
rolls and the standard roll width is round about 1000 mm (Dickert 2014, p 44; 

Co-materialDico-material
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Siebenpfeiffer 2014, p 62). Of course, also unusual roll widths are possible, from a few 
millimetres to 30 metres (Cherif 2016, p 160). Apart from the type of fiber, the main 
difference is probably in how the fibers are aligned and what length they have. 
Accordingly, the dry textiles can be divided into four groups nonwoven, woven fabric, 
weft-knitted fabric and warp-knitted fabric (Assmann & Witten 2013, pp 224–229). They 
represent the materials for all processes that use dry textiles. In this dissertation, a 
woven fabric is used to represent the dry textiles. 

The most common pattern for two-dimensional woven fabrics are plain weave, twill 
weave and satin weave (Cherif 2016, p 162). The properties change depending on the 
type of weaving. A plain weave (Figure 2-3) is generally considered to be easy to 
handle, but the large number of roving undulations in the textile has a slight negative 
effect on the mechanical properties of the infiltrated part than with other weaves (Neitzel 
2014, p 78).  

 

Figure 2-3: Structure of a plain weave fabric (a) and real fabric (b) 

2.2.3 Pre-impregnated materials  

Prepregs are a finished mixture of fibers and matrix material. Since the fibers are 
already impregnated with the matrix, this step no longer has to take place in the 
production process. 

Both, thermoplastic and thermoset matrix systems are commonly used. For endless 
fibers UD fabrics dominate in thermoset matrix material, while in thermoplastic woven 
fabrics are more likely to be found (Assmann & Witten 2013, p 233). Prepregs with a 
thermoplastic matrix are also often called organo-sheet (Friedrich 2017, p 398; 
Siebenpfeiffer 2014, p 23). 

Another kind of prepreg is the so-called SMC (Figure 2-4). This is a material made of 
thermoset polyester or vinylester resins, textile glass fibers, mineral fillers and 
necessary additives (Assmann & Witten 2013, p 245). The fibers are cut to a specific 
length for this process and then fall randomly into the prepared resin paste (Bücheler 

a) b)
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2018, p 21). Due to the production machines of this material, material widths of 
1000 mm to 1500 mm are common (Siebenpfeiffer 2014, p 62; Magnaud 2016, p 11).  

 

Figure 2-4: Structure of a sheet molding compound(a) and real material (b) 

2.3 Representation of a handling process by VDI 2860 

All necessary processes which occur within a handling step can be described with the 
help of VDI 2860. Although the directive was withdrawn in June 2016 because it was 
not often used, here it is nevertheless suitable for a systematic presentation. The 
method provides seven elementary functions and 27 compound functions overall, each 
assigned to five different sub-functions. Figure 2-5 gives an overview of all functions 
and their classification. However, only the functions that will be used in the next 
chapters will be briefly explained.  

 

Figure 2-5: Functions of the VDI 2860 
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Compound functions are combinations of other compound functions and/or elementary 
functions. On the other hand, elementary functions are the smallest possible unit and 
can no longer be subdivided. In chapter 5 the VDI 2860 will be used to identify the 
different subsystems which are necessary for the investigations. The functions that will 
be used are explained in the table below. 

Table 2-1: A small selection of function from VDI 2860 

Symbol Description 

 

Partial ordered storage:  
The position of an object in three-dimensional space can 
generally be completely described with three translations and 
three rotations. In a partial state of a storage at least one of 
these six variables is known or defined, but not all. 
 

 

Fully ordered storage: 
In a fully ordered storage, all six variables are known or defined 
to describe the location of the object. However, it makes no 
statement about the accuracy with which these variables are 
set. 
 

 

Move:  
Describes the movement of an object from position A to position 
B. Both positions must be known. 
 

 

Rotate:  
Describes the rotation of an object from orientation A to  
orientation B. Both orientations must be known. 
 

 

Arranging:  
Arranging is a combination of orienting and positioning. The 
object is moved from unknown orientations and positions to 
known states and thus usually passes from partially storage to 
fully ordered storage. 
 

 

Hold:  
Temporarily securing an object in its position and/or  
orientation. 
 

 

Release:  
Causes the resolution of Hold. 

 

Checking:  
Generally, represents the acquisition or measurement of a 
characteristic.  
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2.4 Machine learning 

The term machine learning initially includes a wide range of different approaches to 
solve problems. Usually, all of these approaches are assigned to one of two categories. 
These categories are called supervised and unsupervised learning (Christiano Silva & 
Zhao 2016, p 71; Kohonen 1990, p 1464).  

During supervised learning, a training set of data is used to generate a predictive 
function. The goal is that this predictive function can derive generally valid rules from 
the training data which are applicable to the problem and provide good results for new 
data sets (Christiano Silva & Zhao 2016, p 72). However, if supervised algorithms are 
used, this also means that a sufficient number of results must be available to train them. 
This is not always the case for every problem. In such cases, unsupervised learning is 
an option. These algorithms are seeking for trends in the data set and try to group the 
data points considering similarities (Christiano Silva & Zhao 2016, p 72). Such 
algorithms can therefore be used for clustering, detection of features and 
multidimensional data visualization tasks (Christiano Silva & Zhao 2016, p 79; Zhang 
et al. 2009, p 545; Chen et al. 2013; Kruse et al. 2016, p 109). A further classification 
can be made with the unsupervised and supervised algorithms on whether they form a 
network or not (Christiano Silva & Zhao 2016, p 81). 

2.4.1 Basic concepts of unsupervised machine learning 

The unsupervised learning algorithms in chapter 2.4.2 to chapter 2.4.5 are using 
different basic concepts to select and fit their reference vectors  to a given input data 
set containing multiple inputs points . These basic concepts will be explained first in 
this chapter before the different unsupervised learning algorithms are explained in 
chapter 2.4.2 to chapter 2.4.5.  

Competitive learning: All algorithms in the following chapter are working in iterations. In 
every iteration every input point  is selected once and the reference vectors  are 
adjusted. Competitive learning is one of the main concepts for unsupervised learning 
(Christiano Silva & Zhao 2016, pp 241–242). A system evaluates a winner reference 
vector  for the selected input point , which will then be updated. Therefore, an input 
data point  does not influence all reference vectors . (Uchiyama & Arbib 1994, p 
1199; Martinetz & Schulten 1994, p 509; Kohonen 1990, p 1465). The algorithms in 
chapter 2.4.2 to chapter 2.4.5 determine the winning reference vector by the smallest 
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distance to the selected input point . An example for this process is illustrated in Figure 
2-6. 

 

Figure 2-6: Example for competitive learning 

Vector quantization: This basic concept was originally invented for data reduction 
(Makhoul, Roucos & Gish 1985, p 1551). Kohonen (1990, p 1465) explains that a 
number of input data  should be represented by a specific number of reference vectors 

. The number of reference vectors  should of course be smaller than the number of 
input data  so that a reduction takes place. The general goal is to arrange the reference 
vectors in such a way that they represent the actual inputs points  well. This is the case 
when the error between the difference of  and  is minimized. It is achieved by iterative 
stepwise adaptation of the reference vectors  to the input data . This is done by 
calculating an adjustment vector between  and  (Figure 2-7). The reference vector 
is then moved along the adjustment vector towards the selected input point. The 
procedure already includes the approach of competitive learning, since only the 
reference vector is influenced which is closest to the selected input point. (Kohonen 
1990, p 1465) 

 

Figure 2-7: Example of vector quantization 

Hebbian learning: Hebb (1949) already proposed in 1949 a mechanism about reference 
vectors bound together by associative learning. This principle is also used in machine 
learning algorithms by implementing a connection between different reference vectors 
under certain conditions (Fritzke 1998, p 67; Martinetz & Schulten 1994, p 509). This 
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condition is for example the ranking of the different reference vectors towards an input 
point. A connection is established or renewed every time two reference vectors are the 
closest ones to one input data point. In addition, if a connection is not renewed after a 
certain amount of steps, the connection will be deleted (aging of connections) (Fritzke 
1998, p 69). An example for this process is illustrated in Figure 2-8. If two reference 
vectors share a connection, they are called neighbors.  

 

Figure 2-8: Example of Hebbian learning 

2.4.2 Self-organizing maps 

In the field of unsupervised learning there is a range of different approaches and 
algorithms that have established themselves for various problems. One category of 
these is the self-organizing map (SOM), also called Kohonen map (Kruse et al. 2016, p 
103; Kohonen 1982, p 59).  

In SOM, reference vectors  are arranged in a regular pattern and connected to their 
neighbors (Kohonen 1982, p 59). These connections are fixed for the whole procedure. 
In this context “competitive learning” and “vector quantization” are now relevant. A SOM 
is now using these techniques to match the reference vectors  to the input data . As 
described above in chapter 2.4.1, each  influences its nearest reference vector , 
which position is then adjusted by Equation 2-1. Due to the connections between the 
reference vectors, the adjustment now affects not only the nearest reference vector , 
but also its designated neighbors which have a connection to this reference vector . 
The adaptation of these neighbors follows the same logic as in Equation 2-1, whereby 
the factor  depends on how far the neighbor reference vector was from the nearest 
reference point in the starting topology. (Kohonen 1990, p 1467) 

 Equation 2-1 

The properties of a SOM can therefore be summarized as following. A structure with a 
defined number of reference vectors, which are in a fixed relation to each other and are 

Input points

Selected input point
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adapted to the input data according to a competitive learning and vector quantization. 
Many other works have now taken up this principle and have developed variations that 
are presented in the following sections. 

2.4.3 Neural gas 

In contrast to SOM, the neural gas (NG) works without a fixed structure. If an input data 
point  is selected, it creates a ranking of the nearest reference vectors and then adjusts 
them similar to the Equation 2-1. However, another factor ( ) is inserted 
depending on a ranked order (Equation 2-2). (Martinetz, Berkovich & Schulten 1993, p 
559) 

 Equation 2-2 

Additionally, a Hebbian learning element is added, which creates a structure between 
the refences but has no influence on the adaptation process above.  

2.4.4 Growing cell structure 

In contrast to the NG, the growing cell structure (GSC), like the SOM, has a network 
structure. However, in comparison with SOM, the number of reference vectors and the 
structure are variable. In addition, the network structure also has an influence on how 
the reference vectors are adjusted. Similar to the previous approaches, the adjustment 
distinguishes between the winner reference vector and its neighbors. Winners will be 
adjusted by the rule of Equation 2-3 and their neighbors by Equation 2-4, if there is a 
connection between the reference vectors. The adjustment depends on the static value 

 for the winner and on  for all its neighbors. The effects of these two values are 
explained in detail in chapter 7.2.2. The structure of the network, similar to SOM thus 
has an effect on the adaptation of the system. 

At the same time, a new mechanism is introduced to implement new reference vectors 
into the existing structure. Each reference vector calculates and accumulates its error 
based on its closest input data points. If the overall error value does not fall below a 
certain target value, a new reference vector is inserted. For the position of the new 
reference vector, the existing reference vector with the largest accumulated error is 
searched for first. Next, the system searches for its neighbor with the largest distance. 
Subsequently, the new reference vector can be implemented exactly between these 
two reference vectors. Fritzke (1994) also refers to the elements previously called 
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reference vectors as neurons in this context, and this designation will be used in the 
further course of this dissertation. (Fritzke 1994, p 1442) 

 
Equation 2-3 

 

Equation 2-4 

2.4.5 Growing neural gas 

The growing neural gas (GNG) is very similar to the principle of GCS but adopts the 
basic idea of Hebbian learning from NG that connections between neurons can arise 
and also be deleted again. Figure 2-9 illustrates the exact procedure of a GNG as 
Fritzke (1995) has introduced it. 

The procedure runs for a defined number of iterations . In an iteration , each entry 
of the input data  is selected once, whereby the sequence is random. If a data point 
is selected, all distances  between this point and the existing neurons  are 
calculated. Based on this, the first and second winning neurons  and  can be 
determined. Furthermore, the distance between the first winning neuron  and the 
input data  is added to the error sum  of the winning neuron and any 
connection the winning neuron has is aged. This is followed by the adjustment of the 
winning neuron and its neighbors by Equation 2-3 and Equation 2-4. In this adjustment 
step the winning neuron and its neighbors are moved closer to the position of the 
selected input point. In addition, the connection between the two winning neurons  
and  will be renewed. Connections that are too old in the meantime are then 
dissolved and if neurons do not have any connections, they are deleted.  

Finally, new neurons are added to the system if two conditions are met. First, the 
maximum number of neurons  is not reached yet. Secondly, the number of 
iterations must reach a multiple of a user-defined value . After each iteration, the total 
error for each neuron is also reduced by a factor . The process is finished when the 
maximum number of iterations is reached. 
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Figure 2-9: Algorithm of GNG 
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A simple adjustment process is illustrated for a better understanding in Figure 2-10. 

 

Figure 2-10: Example of the GNG algorithm for two neurons and two input points 

Figure 2-10 “1”�”2”: The first two neurons in a GNG algorithm are always placed at 
first randomly without any connection. Then the first input point is selected and the 
distance to the existing neurons is calculated. Based on this distance calculation  
and  are identified. Since no connections are existing at the start, only  is 
performs an adjustment step according to Equation 2-3.  

Figure 2-10 “3”: Then a connection is created between  and . Only from this 
point on the two neurons called neighbors.  

Figure 2-10 “4”�”5”: Now, the second input point is selected and  and   are 
identified and the position of both neurons are adjusted.  according to Equation 2-3 
and  according to Equation 2-4 because it is a neighbor of . If there would be a 
third neuron that also has a connection to , this would also be adjusted according 
to Equation 2-4.  

Figure 2-10 “6”: Since only two input points are available the first input point is selected 
again and the process starts all over again. 

Figure 2-10 “7”�”8”: If this process is repeated several times the neurons will line up 
between the both input data points. How many iterations are necessary and how close 
the neurons will be at the input data points depends on the parameters of the GNG. 
These parameters are explained in more detail in the chapter 7.1.3. 
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3 State of the art 
This chapter aims to provide a brief overview of other works in the field of handling 
devices. Since this work is also related to the field of lightweight production processes, 
a brief overview of respective production processes using dry semi-finished textiles and 
SMC will also be given. Since the materials used here are very special, the grippers to 
handle such materials must fulfill special criteria and are therefore introduced too. 
Finally, an overview of other works in the area of handling non-rigid parts is given, from 
which this work must be distinguished. 

3.1 Lightweight production processes 

According to the Composites Market Report 2017, the SMC process has the largest 
production share in Europe. In the processing of continuous fibers, the manual process 
in open mold as well as the automated close mold like the resin transfer molding (RTM) 
process dominate. (Witten & Schuster, p 35)  

Since these procedures make up such a large part, it seems appropriate to integrate 
both procedures into the considerations and pay attention accordingly to their boundary 
conditions.  

3.1.1 RTM process 

The RTM process is used to produce FRP with continuous fibers. The special feature 
of the RTM process is its high potential to enable an automated infiltration and thus to 
fully automate the production of FRP for short cycle times (Bergmann, Dörmann & 
Lange 2015, p 2399; Stewart 2009, p 17). In the actual RTM infiltration process, so-
called preforms are infiltrated. These preforms are dry textile structures made of single- 
or multi-layer fiber textiles (Cherif 2011, p 30). 

The production of these preforms is an integral and necessary part of the process chain 
and may require a lot of work because often different layers of textiles are necessary 
for one part (Gebauer et al., p 1). Since this work is focused on the automatic design of 
handling devices, the RTM process will be considered from this perspective in the 
following. Figure 3-1 gives an overview of the layout for the RTM process and the 
necessary handling operations. The first step of the RTM process chain is cutting the 
dry fiber textiles. This is done usually in an automated process with a computerized 
numerical control (CNC) cutting table using a laser or knife. Therefore, the task for the 
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first handling system I (in Figure 3-1) is to grab the different shapes from the cutting 
table (Cherif 2011, p 25).  

From here onwards, there are different possibilities in terms of how the production 
process can be designed. The cut-out shapes can first be temporarily stored in a 
magazine or immediately assembled into a finished stack (Ochs 2013, p 16). For 
preforming, it is very important that the individual layers of the stack no longer shift. This 
can be ensured in various ways. 

 

Figure 3-1: Layout of an automated RTM process chain 

The handling system II can be designed in such a way that the layers are not displaced 
or different measures can be carried out, such as melting or activating a binder, the use 
of spray adhesive or sewing of the textiles to ensure that the layers are aligned with one 
another (Dickert 2014, p 11). 
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Once appropriate measurements have been taken, the stack is inserted into a 
preforming station and reshaped. Here at last, the individual layers of the stack are 
joined together with the aid of a previously applied binder (Wagner 2016, p 46). This 
can be a thermoplastic binder that connects the layers together by melting and cooling 
or a reactive binder that undergoes a curing process after heating (Klingele 2014, p 35). 
In any case, the properties of the object considerably change as a result of preforming. 
Handling systems I and II are required to handle loose textile layers. By joining the 
individual layers and forming the stack, the preform now has a considerably higher 
rigidity and can thus be handled more easily (Dickert 2014, p 8). However, two-
dimensional structures will be transformed into a three-dimensional one by preforming. 
Therefore, the requirements between handling system II and III are changing 
considerably. Due to the changing properties of the object, the gripping principle can 
also change between handling system II and handling system III. Possible gripping 
principles for flat textile layers are low-pressure surface grippes as well as electrostatic 
and needle grippers (Förster 2016, p 28; Angerer et al. 2010, p 864; Reiff-Stephan 
2006, p 282). Preforms, on the other hand, can have such a good rigidity and low air 
permeability that normal suction grippers such as those used for handling metal sheets 
can also be used (Klingele 2014, p 153).    

The actual RTM process is the infiltration of the dry preform with the matrix. For this 
purpose, the preform is placed in a closable mold. This is often realized by the fact that 
an upper and a lower mold are mounted on a press. Once the mold is closed with the 
help of the press, the infiltration process begins. For this purpose, resin and hardener 
are mixed together in a mixing head and injected into the cavity under high pressure. 
For automated processes, the so-called high-pressure RTM (HP-RTM) is preferred. The 
reason for this is that the dry preform should remain as short as possible in the mold. 
This requires a very fast curing resin-hardener system to be used. (Ishikawa et al. 2018, 
p 223; Klingele 2014, p 150)  

A fast resin-hardener system also changes its viscosity very quickly, thus making 
infiltration more difficult (Koch 2017, p 51). The high pressure of the HP-RTM should 
therefore enable the preform to be completely infiltrated with the matrix, so that the 
matrix can cure. Even larger preforms can be infiltrated in less than a minute. However, 
the mold must remain closed until the resin has a sufficient state of curing, which can 
take up to one or two minutes (Rosenberg et al. 2014, p 465). If this state is reached 
the finished part can be taken out of the mold. In the next process step, the finished 
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component is machined and the mold is cleaned. The infiltrated part then has a solid 
surface. 

3.1.2 SMC process 

The SMC process also starts with cutting the required layers from the material, which 
are then picked up by a handling system (Figure 3-2).  

 

Figure 3-2: Layout of an automated SMC process chain 

Often, the protective film with which the SMC is stored is first removed in an additional 
step before the cutting, so that only a small amount of sytrol can escape during storage. 
However, the shapes of these cut-outs can be less complex, as the SMC material is 
flowable (Assmann & Witten 2013, p 251). On the stacking area, handling system I 
stacks several layers of the SMC on top of each other to achieve the necessary mass 
of material. Different cuts may be necessary depending on how much material is 
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required at specific points of the component (Henning & Moeller 2011, p 612; Cherif 
2011, p 386). It can be advantageous to work with short flow paths, as these influence 
the orientation of the fibers in the material (Hua-tie 1987, p 82). The flowability also 
leads to the fact that the components for handling system III are larger than for handling 
systems I and II. 

By pressing the material at temperatures around 150 C°, the reaction starts in the SMC 
and it cures (Henning & Moeller 2011, p 612). The characteristics of the handling object 
between handling systems II and III change accordingly. The grippers used for these 
handling systems are normally based on the properties of the object to be handled 
(Fantoni et al., 2014b, p. 684; Fantoni et al., 2014a, p. 331; Gutsche, 1993, p. 34; Reiff-
Stephan, 2006, p. 284; Reinhart et al., 2009, p. 185; Stephan, 2001, p. 21; Straßer, 
2012). The good surface of the components after pressing enables the use of vacuum 
grippers for handling. Mechanical finger grippers, vacuum grippers and needle grippers 
can be used for handling the SMC layers when they are not yet fully hardened. 
However, the use of finger grippers requires the possibility of coming to the side of the 
blanks, which does not always have to be the case. In such cases, the needle or 
vacuum grippers enable gripping the blanks from above. 

3.2 Gripper technologies for flat non-rigid parts 

A classification of existing gripper technologies has been developed and can be found 
in a large number of different publications. In this case, the gripper technologies are 
classified according to their gripper principle positive locking, material locking or 
frictional locking. (Angerer et al. 2010, p 864; Gutsche 1993, p 27; Förster 2016, p 28; 
Reiff-Stephan 2006, p 282; Stephan 2001, p 17; Hesse 2011, p 10; Ochs 2013, p 20) 

3.2.1 Introduction of gripper technologies for flat non-rigid parts 

In the following, various representatives of these three gripper technologies will be 
presented. 

  

Positive locking gripper technology 

With positive locking grippers, a holding force is generated by the gripping partners 
forming undercuts to each other. In the case of flat and thin parts such as dry textiles 
or SMC, this means that elements holding the material are inserted by the gripper. 
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Primarily thin metal elements are used for this. The largest difference between the two 
representatives to be presented here lies in the actuation of this metal element. 

The scraper gripper is a normal parallel finger gripper that injects small metallic wire 
chippings into the material to be gripped, by the relative movement of its two fingers 
(Hesse 2011, p 98). Especially in the case of textile, this inevitably leads to a change 
or damage of the textile (Szimmat 2007, p 45; Jodin 1992, p 27). Gutsche (1993) has 
carried out various experimental tests for this type of gripper and derived criteria for the 
design (Gutsche 1993, p 83). 

The second representative is the needle gripper. Here, needles penetrate directly driven 
by a pneumatic actuator into the object (Böger 1997, p 71). It is important that they do 
this under a certain angle so that a positive locking can be generated. 

This principle is one of thSe few that enables multiple layers to be gripped at once and 
need only at the same time accessibility from above. Disadvantageous is the possibility 
of damaging the handling part by piercing of the needles (Biermann, Hufenbach & 
Seliger 2008, p 22).  

 

Material locking gripper technology 

Material locking grippers use an additional material between the gripper and the object 
to generate the gripping force.  

One possibility to produce a material locking is by using adhesives like polyisobutylene, 
plasticized synthetic rubbers, isocyanate elastomers or vinyl-based adhesives 
(Monkman & Shimmin 1991, pp 7–8).  Such an adhesive surface is then used for 
gripping the textiles. However, this can lead to several problems. Textiles release dirt 
and dust to the adhesive surface during the gripping process, so that it can produce 
less gripping force (Monkman 1995, p 147). Adhesive residues may also remain on the 
object or damage may occur during removal (Szimmat 2007, p 91). 

In addition to the use of chemical adhesives, freezing water can also be used. The 
material locking is created by first applying liquid water to the object surface. A cooling 
gripper surface is then brought into contact with the water on the textile, which then 
freezes and creates the material locking (Hesse 2011, p 14). The cooling is generated 
by a so-called Peltier-element (Szimmat 2007, p 92). Stephan (2001, p 54) has 
developed a process model for the process of freezing and the time it takes. Times of 
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around 40 seconds are specified for establishing a connection between the freezing 
gripper and the object (Stephan 2001, p 90). 

 

Frictional locking gripper technology 

The frictional grippers are the largest group of grippers and provide a variety of technical 
possibilities for implementing. 

This group also includes all types of finger grippers. These are mainly used for handling 
three-dimensional parts but also can be used for two-dimensional parts under certain 
boundary conditions. The accessibility of the part plays an important role here. Due to 
their geometry, flat parts are best gripped from above, as they offer the largest contact 
surface. Finger grippers can only be used here if it is allowed to bend the material 
(Fantoni et al. 2014, p 686). However, this is hardly desirable, which is why it is often 
attempted to access the material from the sides with this type of gripper. However, it is 
not always possible to reach the side of the material, especially with flat parts, which 
makes the use of this type difficult. Nevertheless, there are some works using this 
method (Zhu 2015, p 93; Zoumponos & Aspragathos 2008, p 185; Karakerezis, 
Doulgeri & Petridis 1994, p 595). Beside of the finger grippers the group of frictional 
grippers also includes electrostatic grippers, vacuum grippers, low-pressure surface 
grippers and Bernoulli grippers (Reiff-Stephan 2006, p 282).  

Electrostatic grippers generate an adhesion by electrodes in a dialecticism. An electric 
field is created by applying a high voltage to the electrodes (Monkman 2003, p 327; 
Mohammad Dadkhah et al. 2016, p 1007). A positive aspect of this principle is the very 
gentle handling of the part. A disadvantage is the long release time, as the charges 
degrade only slowly. (Hesse 2011, p 103) 

The remaining grippers are now based on the same basic principle. Vacuum grippers, 
low-pressure surfaces grippers and the Bernoulli grippers generate their gripping force 
by building up a lower internal pressure than the external atmospheric pressure. The 
main difference between the grippers is how they generate this negative pressure.  

Bernoulli grippers generate a negative pressure between the gripper and the 
component which should be transported. For this purpose, an overpressure is blown in 
between the gripper and the component and sent through a tapering gap. Following the 
Bernoulli effect, the air is thereby further accelerated and generates a negative pressure 
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which then holds the component. Theoretically this effect can be implemented in 
contactless handling processes, but the component should also not be deformed so 
that the gap is not changing. (Hesse 2011, p 136) 

Vacuum grippers are designed to build up as much negative pressure as possible in 
their interior. It is often assumed that the surface of the part together with the sealing lip 
of the gripper generates a sufficiently good sealing effect so that only low leakage flows 
occur (Hesse 2011, p 108). Accordingly, such grippers only hold interest for air-
impermeable materials like glass, metal or even SMC (Szimmat 2007, p 118).  

Low-pressure surface grippers work with the same principle as vacuum grippers, but 
are not intend to generate large negative pressures due to the vacuum generator. 
Instead, the focus is on achieving a high air flow rate at all times so that leakage flows 
can be compensated. This is done for example by using ejectors which can generate 
large amounts of volume flow by a low weight of the vacuum generator (Hesse 2011, p 
135; Lien & Davis 2008, p 34). However, there are also other principles to generate the 
necessary vacuum (Hesse 2011, p 113; Jodin 1992, p 75; Straßer 2012, p 105). The 
high air flow rate enables the handling of air-permeable materials such as textiles. As a 
result, it is usually possible to work without a sealing lip between the material and the 
gripper. Given that high volume flows have to be generated and leakage flows are 
accepted, the low-pressure surface gripper consumes a lot of energy (Lien & Davis 
2008, p 34). Overall, they are very flexible in use, as they are suitable for both air-
permeable and impermeable materials (Stühm et al. 2014, p 161). In addition, they 
handle the materials very gently (Angerer et al. 2010, p 864). It is also possible to control 
the force generated by these grippers. Förster (2016, p 169) was able to integrate 
sensors into low-pressure surface grippers and use them to set up a control loop for the 
separation of textile blanks with a very high degree of process reliability.  

3.2.2 Conclusion on gripper technologies for flat non-rigid parts 

The presentation of the different gripper technologies shows that each technology has 
advantages and disadvantages. Many grippers can damage the integrity of the material, 
such as needle and scraper grippers, or may take a long time to remove the object, 
such as the electrostatic gripper or the freezing gripper. For the use of finger grippers 
there must be certain possibilities to grip the part and many vacuum grippers need 
materials that are air-impermeable. Which technology is used, is therefore often linked 
to the exact conditions of the handling task and must be decided from case to case. 
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Many others have already tried to link the selection of the gripper to the properties of 
the material (Stephan 2001, p 21; Gutsche 1993, p 34; Reiff-Stephan 2006, p 284). This 
thesis will deal with the arrangement of grippers. For this purpose, one of the existing 
gripping technologies must be selected for further consideration. None of the 
technologies presented is perfect. A decision is therefore always a compromise. 

Biermann, Hufenbach & Seliger (2008) have created an overview which grippers are 
used in the production process of fiber lightweight parts (Biermann, Hufenbach & 
Seliger 2008, p 38). The most common grippers are those that work with negative 
pressure, but it is not specified whether they mean vacuum grippers, low-pressure 
surface grippers or Bernoulli grippers. Next are needle grippers followed by finger 
grippers in this ranking. Grippers using low-pressure thus seem to be the right of choice 
for many applications in this area. The same statement is also made by Reinhart, 
Straβer & Ehinger (2009, p 185) who look at the gripper selection from the perspective 
of flexibility and commit themselves to low-pressure surface grippers. Not least due to 
the work of Förster (2016, p 169)), these grippers can function as part of intelligent 
production through an extension with sensors.   

For this reason, in the further course of this thesis primarily low-pressure surface 
grippers are considered. 

3.3 Energy consumption of handling processes  

Handling systems are part of an automated process and are used for this reason 
especially when larger quantities have to be produced. Such systems are particularly 
economical when they are in operation for a long time. After a handling system has 
been put into operation, the running costs are primarily determined by maintenance and 
energy consumption. The energy consumption of the whole handling process is 
therefore defined by the energy for the gripper, any electronics to control the grippers 
and the energy for the kinematic to move the handling device (Straßer 2012, p 169). 
This kinematic is mostly an industrial robot. Ehinger (2013) and Straßer (2012) have 
made measurements on their respective handling systems and have come to the 
following results in Table 3-1. Both are using low-pressure surface grippers. 
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Table 3-1: Energy consumption of handling systems 

Handling system Robot movement 
(Standby 100 Wh) 

Gripper Control Other subsystems 

Straßer (2012) 92.5 % 
(83.3 Wh)  

6.3 % 
(5.7 Wh) 

1.2 % 
(1 Wh) - 

Ehinger (2013) 37.6 % 
(62 Wh) 

12.1 % 
(20 Wh) - 50,3 % 

(83 Wh) 
 

Ehinger (2013, p 177) states that the robot's standby consumption is 100 Wh. Thus a 
total of 62 Wh decay on the actual energy for the movement. Straßer (2012) uses very 
little energy to generate the vacuum in his handling system by using radial fans 
(Straßer, 2012, p. 107). However, his robot system tends to consume more energy, 
which can be mainly due to the size and weight of its handling device, whose weight is 
unfortunately not specified. Energy consumption of a robot is defined by speed, path, 
and payload  (Rassõlkin, Hõimoja & Teemets 2011, p 3; Paryanto et al. 2014, p 132). 
Speed and path are defined by the production process and are thereby not directly 
influenced by the design of the handling device. The minimization of the energy 
consumption by the robot through adjusting process and path planning is an 
independent research field (Glorieux 2017, p 61). The payload on the other side is the 
direct result of the design of the handling system. As with normal lightweight 
construction, a distinction can be made here between by design and by material. Here, 
there are also interesting approaches to reduce the weight of handling devices by using 
lightweight materials (Wulfsberg et al. 2015, p 456).  

In general, however, it can be assumed that the weight of the handling device can be 
reduced from the design perspective by using only as many grippers as necessary. This 
will then result in a reduction of the energy consumption of the grippers as well as of 
the robot, which is an additional benefit of a customized handling device.  
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3.4 General classification of gripper arrangements 

Existing handling devices can be classified according to whether parts are gripped over 
their entire surface or only held at specific positions by several individual gripper 
elements (Gutsche 1993, p 18; Seliger, Gutsche & Hsieh 1992, p 35). The arrangement 
and positioning of individual gripper elements at specific points can also called a 
configuration. This gripper configuration contains therefore the number as well as the 
position of the used gripper elements on the handling device. 

There are various examples from the state of the art for full-body gripping (Straßer 2012, 
p 136; Kolluru, Valavanis & Hebert 1998, p 484; Angerer et al. 2011, p 559), grippers 
arranged in a regular pattern (Förster et al. 2017, p 40; Körber & Frommel 2018; 
Gerngross & Nieberl 2016, p 247) and special arranged gripper configuration (Glorieux 
2017, p 51; Flixeder, Glück & Kugi 2017, p 250; Körber, Gänswürger & Gerngross 2014, 
p 4). 

3.5 Research fields for handling flat non-rigid parts 

Several works have already been conducted in the research field of handling devices, 
with a different background or focus. There are also different aspects that can be 
studied in the context of automated handling. Straßer (2012, pp 38–39) already 
developed categories for the different investigation in the handling process of flat non-
rigid parts. The following chapter deals with the work mentioned in Figure 3-3 and will 
then be supplemented by other work that can be assigned to these categories. 

 

Figure 3-3: Different investigations in the field of handling devices according to 
Straßer (2012, pp 38–39) 
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3.5.1 Development and dimensioning of grippers 

Papers and dissertations assigned to the area of dimensioning often deal with the 
design of a gripper technology, e.g. the influence of the hole diameter for a low-pressure 
surface gripper or the expansion and improvement of this technology. A characteristic 
of this category is that the focus is usually on a single gripper element. 

Jodin (1992) has conducted research under what conditions a round leather part will 
fall off a low-pressure surface gripper. In his investigations, he varies the diameter, 
amount and shape of the intake holes. (Jodin 1992, p 138) 

Böger (1997) developed a method for dimensioning a low-pressure surface gripper for 
the handling of leather sheets. Through experimental investigations, he has designed 
a set of characteristic lines to define the required vacuum inside a low-pressure surface 
gripper depending on the acceleration of the handling process, the center of gravity, 
material overhang and more. His approach only covers rectangular shaped parts. 
Furthermore, only one gripper holding the part is considered in his investigations. 
(Böger 1997, pp 129–131) 

Stephan (2001) has developed an analytic model of the gripping process for hydro-
adhesive grippers. The model can calculate the resulting gripping force depending on 
process parameters like the amount of applied liquid. Furthermore, an FEA model of 
the cooling process is part of the development (Stephan 2001, pp 108–109). 

Ochs (2013) developed a gripping element that combines the advantages of adhesive 
principles with the advantages of vacuum-based systems in one gripper. A vibration-
supported release is also used. This principle is based on specifically applied ultrasonic 
oscillations, which excite the component adhering to the gripper to release the adhesive 
contact. 

Förster (2016) and Förster et al. (2017) extend a low-pressure surface gripper by a 
sensor principle, which enables the separation of carbon fiber textiles. This is made 
possible by integrating brass electrodes into the suction surface of the gripper. Due to 
the electrical properties of carbon fiber, the contact resistance between electrode and 
textile can be measured. An important aspect here is that the gripping force of the low-
pressure surface gripper can be adjusted very quickly, thus making control possible. 
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3.5.2 Selecting gripper technology 

The selection of a gripper technology depending on different properties of material and 
process can be part of a dimensioning or design/conceptions work. Therefore, some 
work will reappear in different chapters. 

Reiff-Stephan (2006, p 284) has evaluated several gripping techniques based on 
different aspects of the material and the process. The non-rigid behavior of the material, 
the flexibility of the process and the holding force of the gripper are considered. In 
addition, there is the aspect how quickly the gripper can build up the gripping force, but 
also the susceptibility to external influences. 

Reif-Stephan already carried out a similar evaluation under the name Stephan (2001, 
p 21) 2001, but focuses very strongly on textiles and deals more closely with their 
specific properties. The grippers, as explained in chapter 3.2, are evaluated here 
regarding the thickness of material, texture, weight per area, thread density and 
ondulations. 

Fantoni, Capiferri & Tilli (2014, p 331) present an expert system for selecting a gripping 
technique. The system should explicitly pay attention to the compatibility of the gripping 
and releasing process. A series of parameters is passed to the expert system to 
describe the problem.   

Fantoni et al. (2014, p 684) present an evaluation of different gripper technologies for 
different materials. Two-dimensional and three-dimensional objects are distinguished. 
However, it is not explained on which rules this classification is based. 

Furthermore, Straßer (2012) and Reinhart, Straβer & Ehinger (2009, p 185) select at 
first a gripper technology for the development of their handling device. The main aspect 
here is the greatest possible flexibility and decisions are made based on a utility value 
analysis. The result of this analysis is the use of low-pressure grippers and they select 
a radial fan generator to generate the vacuum. 

3.5.3 Handling device design/ conception 

Gutsche (1993) and Seliger, Gutsche & Hsieh (1992) present a development method 
for a flexible handling device for technical textiles in an assembly process. A gripper 
technology selection is part of this process which considers the material properties. 
Furthermore, the basic principle of the gripper arrangement on the part is discussed 
based on material properties and the assembly process is set. Considering these data, 
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a decision for a full-body or multiple gripping device is made. They also present an finite 
element analysis (FEA) of a cantilever beam to simulate the deflection of the part. 
However, the simulation data are not used for the design of the handling device. 
(Gutsche 1993, p 73)  

Szimmat (2007) and Seliger et al. (2003) developed a process model of the separation 
process for textiles using a hydro-adhesive gripper. They also propose a first idea for 
the arrangement of the grippers on the outer contour of the part. This idea uses 
geometry marks on the outer contour of the sheet, for example edges, to define the 
position of the grippers. They also mentioned that it could be necessary to place some 
grippers inside the sheet’s geometry to prevent large deformation, although they did not 
present an approach concerning how this should be done. (Seliger et al. 2003, p 23; 
Szimmat 2007) 

Furthermore, Straßer (2012) sees parts of his work in this field and concentrates on the 
flexibility of the handling system for technical textiles. His own approach also includes 
a selection of a gripper technique considering the gripper force and the effect of the 
gripping process on the textile. The result of this approach is a handling device with 
low-pressure surface gripping technique. The gripper surface is made of 4320 actuators 
which are arranged in a matrix. These actuators control, if a specific part of the gripper 
surface holds a textile sheet or not. Therefore, the handling device can hold a wide 
range of different shapes and is reconfigurable just by editing the software program. 
The geometric shape of the handling part specifies which areas should be used in the 
gripping process. Any deformation of the part is prevented by a more or less full-body 
gripping principle controlled by the actuators. (Straßer 2012, p 187) 

At this point other papers and dissertations will be added to this category that are not 
mentioned so far in Figure 3-3. 

Ehinger (2013) develops a handling and assembly device to drape a technical textile 
on a metal mold. It is designed to work together with the handling device of Straßer 
(2012). Her focus on the development of the handling function for this device is to fit the 
needs of the assembly process. To achieve this, she generates a systematic approach 
to satisfy the requirements of every process step. The geometry of the part only plays 
a minor role for the handling function. (Ehinger 2013, p 189) 

Kolluru et al. (2000) have developed a reconfigurable gripper system with a cross-bar 
structure. Four vacuum grippers can take individual positions, each actuated by an 



State of the art 31 
 

 

electrical drive and then grip two-dimensional parts. The paper is focusing the 
investigations on the static and dynamic properties of the handling device’s mechanical 
construction. A direct handling application or a systemic way how the grippers should 
be arranged depending on the tasks is not presented. 

Kordi, Husing & Corves (2007) have built a handling device which uses multiple gripping 
techniques. Needle, hydo-adhasive and low-pressure surface grippers are arranged on 
a frame to handle a technical textile and enable deformations by a kinematic build in 
the handling device itself. The distance between the gripping devices defines the 
possible deformation of the textile. (Kordi, Husing & Corves 2007, p 4) 

Mantriota (2007) investigated a cross-bar structure handling device with four vacuum 
grippers. Like Kolluru et al. (2000), the arrangement of the grippers can be changed 
only manually. Based on the static mechanics, a model for the necessary vacuum in 
the four vacuum grippers is calculated here. The example of a simple square plate also 
shows that this analytical description form can be used to find the ideal location on the 
component where the least vacuum is required for a fixed arrangement of the grippers 
relative to each other. Any deflection of the component is not taken into account. 

Bruns et al. (unpubl. 2018) are investigating the handling of organo-sheets. Since these 
parts are mostly transported hot, clamping grippers are often used to hold the parts. 
The handling device plays an important role in forming the finished part, because it 
drapes the initially gripped two-dimensional blank into the mold. Bruns et al. (unpubl. 
2018) are simulating this draping process and the influence of the gripper configuration 
of their modular handling device in this context. They also mention in the outlook to use 
the simulation results to adapt the configuration of their handling device. 

Schmalz et al. (2016) discuss an approach for the placement of finger grippers as well 
as vacuum grippers. It is not completely clear whether this consideration only addresses 
flat or also three-dimensional parts. The procedure for placing the vacuum grippers is 
to record all possible gripper positions based on the computer-aided design (CAD) data 
of the object. A ranking should then be created for these, in which the gripping force is 
also taken into account. It is also planned to include an FEA tool to check the stability 
of the component and gripper. It is explained which parameters are included in the 
ranking, but a more detailed explanation is not given. 

Hoffmann & Kohnhäuser (2002) introduce an algorithm for creating gripper 
configurations for handling sheet metal parts in transfer presses. The focus here is that 
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any vacuum gripper should carry too much load. For this purpose, the center of mass 
of the part is first calculated and the part in turn simplified by a two-dimensional image. 
Now this surface is divided by a straight line through its center of gravity and again the 
new centers of gravity are calculated. The focal points of these segments are then the 
theoretical points at which the grippers are to be placed. If the gripper force exceeds 
the actual applicable force, the segment is divided again using the same method. 

The handling of metallic sheets in the automotive production is also investigated by  
Ceglarek, Li & Tang (2001). These metallic sheets are handled by a set of vacuum 
grippers. With an interactive FEA simulation and use of Powell’s algorithm, an optimum 
gripper arrangement is found. The optimum arrangement should fulfill different goals. 
The deformation of the part in the handling process should be as close as possible to a 
given contour and the dynamic deformation due to acceleration should be as close as 
possible to the static. The authors also mention the need for an initial gripper 
arrangement but did not present a concept how this first configuration could be 
achieved. (Ceglarek, Li & Tang 2001)  

3.6 Conclusion from the state of the art 

In the state of the art it could be shown that it has energy and economic advantages to 
design handling devices in such a way that they are not oversized. The development of 
customized handling devices, however, is always associated with additional personnel 
costs and requires creativity and technical expertise from people. The planning of such 
handling devices can also become very complex if several different parts must be 
transported by one handling device one after another. In addition, the planning of 
handling devices is not only about planning the position of grippers, but also about being 
able to implement them later on a real device. From these problems, requirements can 
be derived which a systematic or method has to fulfill in order to plan customized 
handling devices for lightweight production processes. 

Gripper arrangement: A solution is customized for an individual handling task if 
individual grippers can be used and freely positioned. The use of a full-surface gripping 
principle restricts this adaptability in any case. 

Custom solution: A solution is customized for an individual handling task if it takes its 
boundary conditions into account. In the case of the transport of flat, non-rigid parts, 
this means that the geometry and material properties are considered. 
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Automated configuration: In order to limit the time and effort required to solve a problem, 
an automated method is necessary. 

Several parts: During the RTM or SMC process, one and the same handling device 
must transport different parts one after another (Figure 3-1, handling system I). This 
point must therefore also be taken into account. 

Hardware implementation: The planning of the necessary grippers required for handling 
must also cover the implementation on an actual handling device. For this a method is 
necessary to convert the gripper arrangements from theory into reality. 

The criteria defined above are now applied to the approaches from chapter 3.5.3 to 
check if the existing approaches meet these requirements (Table 3-2). 

Table 3-2 shows that many approaches already integrate geometry and material data 
into the development of the handling device. This is particularly the case with the work 
that deals with the handling of sheet metal (Hoffmann & Kohnhäuser (2002), Ceglarek, 
Li & Tang (2001), Li, Ceglarek & Shi (2002)). Here, the approaches are mostly 
systematized in such a way that they can run automatically. In the field of textile 
handling, the methods often involve creative steps that cannot be automated (Gutsche 
(1993), Szimmat (2007), Straßer (2012), Ehinger (2013). Kordi, Husing & Corves 
(2007)). The handling of several parts with one handling device is often only considered 
if a fully-body gripping principle is used. If several individual grippers (customized 
gripper arrangement) are used, this point is ignored. Furthermore, the implementation 
or configuration of the hardware of the handling device is also ignored in most work.  
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Table 3-2: Evaluation of existing approaches 

Method/ 
Approach 

Gripper 
arrang.  

Custom 
solution 

Automated 
config. 

Several  
parts 

Hardware 
imp. 

Gutsche 
(1993)  

Individual 
grippers     

Szimmat 
(2007)  

Individual 
grippers     

Straßer 
(2012) 

Full-body 
gripping     

Ehinger 
(2013) 

Full-body 
gripping     

Kolluru et al. 
(2000) 

Individual 
grippers     

Kordi et al. 
(2007) 

Individual 
gripper     

Mantriota 
(2007) 

Individual 
grippers     

Bruns et al. 
(unpl.2018) 

Individual 
grippers     

Schmalz et al. 
(2016) 

Individual 
grippers     

Hoffmann & 
Kohnhäuser 
(2002) 

Individual 
grippers 

    

Ceglarek, Li & 
Tang (2001) 

Individual 
grippers     

Legend 100 % 

 

75 % 

 

50 % 

 

25 % 

 

0 % 
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4 Objective and own approach 

4.1 Objective 

The following conclusion can be drawn from the state of the art. There are already 
approaches that deal with the automatic generation of customized handling devices. 
These approaches come from the field of sheet metal handling and in this context do 
not deal with the handling of different parts on one and the same handling device. A 
systematic implementation of the handling devices hardware is also missing here.  

If the development of handling devices in the field of fiber-based lightweight production 
processes is considered, it becomes apparent that several parts on one device are only 
considered if a full-body gripping principle and therefore an oversized handling device 
is used. Their development also often contains methods that are difficult to automate. 
A systematic implementation of the gripper devices is also rare or only partially 
developed.   

Thus, it can be concluded that there is no systematic and programmable approach in 
the field of fiber-based lightweight production processes to generate customized 
handling devices. The aim of such an approach would be to take into account the shape 
and material properties when designing the handling device and to keep the number of 
grippers used small. It is also important for the RTM and SMC process that several 
different parts can be transported one after the other with one and the same handling 
device (Figure 3-1, handling system I). Finally, a systemic for generating customized 
handling devices must also consider how these can be implemented on a real handling 
device.  

4.2 Own approach 

A customized handling device should only use as much active grippers than necessary 
to transport a part. Therefore, it will be built-up of different individual grippers which are 
fastened on a frame structure, so they could be placed all over the part (Figure 4-1). 
The handling device will therefore have a gripper configuration which defines the 
number and the position of the individual grippers.  

Since a handling device should be able for the RTM and SMC process to handle 
multiple parts a lot of boundary conditions arise. In order to reduce the complexity of 
the problem, a gripper configuration should first be found for each part individually. 
These individual gripper configurations should be combined later. 
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A disadvantage of a customized handling devices is the occurring of deflections in the 
handling process. To generate a customized handling device with a good gripper 
configuration these deflections must be kept in defined limits. To enable the evaluation 
of a gripper configuration in an automated way it is necessary to simulate the deflection 
of the non-rigid part. If the gripper configuration does not fit the needs of the handling 
process the gripper configuration can then be adjusted until the deflection does not 
exceed a defined value. It is important to mention that such a simulation and adjustment 
step can only be performed on an existing or initial gripper configuration which already 
ideally considers the shape of the part.  

If all individual gripper configurations are found and combined the final gripper 
configuration must be implemented on the frame structure. 

 

Figure 4-1: Example of a customized handling device 

Considering all these points the approach must cover the following objectives. 

Generate initial gripper configurations for each part which consider the shape. 
Adjust the initial gripper configurations based on simulation data so the 
deflection does not exceed a given value. 
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Combine different gripper arrangement solutions for different parts so they could 
be handled by one handling device. 
Plan the implementation of the solution on a real handling device. 

Figure 4-2 presents the systematics of a programmable approach to carry out the steps 
above. 

 

Figure 4-2: Systematic for the design of handling device for lightweight production 
processes 

The method will at a first receive a set of input data (“0” in Figure 4-2). These input data 
are the information of the material data, the shape of the part and an acceptable 
deflection of the part in the handling process. Therefore, it must be manually chosen 
which deflection is acceptable in this context. 
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With this input data a first gripper arrangement so-called “initial gripper configuration” 
has to be generated (“1” in Figure 4-2). This configuration enables a first simulation of 
the resulting deflection when the part is gripped by the handling device (“2” in Figure 
4-2). It has to be checked if the occurring deflection of the part exceeds the acceptable 
deflection defined by the input data (“3” in Figure 4-2). 

Now two different cases can occur. If the gripper configuration satisfies the process 
requirements for maximum deflection a solution for a shape is found otherwise an 
adjustment must be performed like adding a new gripper or just repositioning the 
existing ones (“4” in Figure 4-2). This proceedure is repeated for every shape until a 
acceptable solution exist. In the next step (“5” in Figure 4-2) the different solutions are 
combined to one gripper configuration. This enables the handling device to grip the 
different shapes which are necessary for the production of one lightweight part. The last 
step (“6” in Figure 4-2) will generate an implementable solution based on a modular 
handling device. 

4.3 Thesis procedure 

The different investigations and developments which are necessary to implement such 
a systematic but also programmable gripper configuration process are presented in 
Figure 4-3. 

The first step is the development of an experimental setup to investigate handling 
processes in a reproducible way in chapter 5. For this purpose, it is important to first 
compose all requirements of a handling system in a production process. Based on this 
information, a modular handling device is designed which will enable a high range of 
different gripper configurations. In order to enable reproducible investigations, the final 
step in chapter 5 is the design of a setup to provide textile parts for the handling test. 

One of the key concerns for the design of the handling device is the deflection of the 
part in the handling process. Because this approach should cover arbitrary geometry, 
a simulation model is necessary to predict the deflection of the part without performing 
experiments all the time. For this purpose, chapter 6 presents the model for the 
simulation based on an FEA. First, the boundary conditions for the simulation are 
defined and the material data are collected. Also, the simulation model and its 
simplification are presented. These steps are performed for textile and SMC material 
separately. The chapter ends with a comparison of practical experiments and simulation 
results of the deflection.  
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Figure 4-3: Approach for the design of handling device in lightweight productions 

Chapter 7.1 will initially discuss several possibilities how a gripper configuration could 
be achieved for arbitrary geometries. Based on this discussion a suitable method is 
selected and examined. The investigation in chapter 7.2 first covers the initial gripper 
configuration whereas chapter 7.3 addresses the adjustment of the gripper 
configuration and use the models from chapter 6. Both methods will be evaluated at the 
end of each chapter by testing them on a range of different geometries.  

Chapter 8 will address the combination of the different gripper arrangements to one 
solution and a systematic planning of the implementation on a handling device. As a 
proof of concept, the gripper configuration for a use-case is than implemented on the 
real modular handling device. 
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5 Experimental setup for handling processes 
In this chapter an experimental test setup will be developed. The test setup should 
enable a reliable and reproducible way to perform handling test with different gripper 
configurations, shapes and boundary conditions. Furthermore, it should be possible to 
measure the deflection of the part on the handling device. This procedure is represented 
in Figure 5-1 by the symbols and method according to the VDI 2860. The figure also 
suggests a device assignment (Figure 5-1: 1, 2, and 3).   

 

Figure 5-1: Procedure of a handling test illustrated by VDI 2860 

In order to ensure the reliability of the tests, it is important to assure the correct 
positioning of the grippers on the part. Hence, the first step of a test procedure is the 
alignment of grippers and the part that should be handled on a reference (Figure 5-1: 
1). After this alignment the actual handling operation can start by the activation of the 
grippers and the execution of the movements with the handling system (Robot + 
handling device) (Figure 5-1: 2). The movements are interrupted by the measuring of 
the deflection of the part on the handling device (Figure 5-1: 3). The following chapters 
will now discuss the solutions for the device assignments in Figure 5-1.      

5.1 Handling device 

In this chapter a solution is developed for the tasks in the device assignment “2” in 
Figure 5-1. The functions this device should be capable of based on Figure 5-1 are very 
simple and could be summarized by holding and moving the part. The movement is 
enabled by a robot, the holding of the part by a handling device on the robot.   

The main components of a handling device are the grippers and the structure that 
connects these grippers to the robot. Besides these basic components, also control 
elements could be added on the handling device. Since the system will have all of these 

1 32



Experimental setup for handling processes 41 
 

 

components the handling device will be a mechatronic system and the development will 
follow the systematic of VDI 2206 (Figure 5-2). 

 

Figure 5-2: Design method of mechatronic systems by the V-model according to  
VDI 2206 (own representation) 

The first step involves developing a summary of the requirements for the system. A key 
requirement is the possibility to enable various gripper configurations to implement 
customized arrangements for different use-cases, since these configurations could not 
be classified in advanced.  

Nevertheless, the design of the handling system should also reflect the requirements of 
actual lightweight production processes. Consequently, first the requirements of the 
RTM and SMC lightweight production process must be summarized. In dependence of 
these findings, boundary conditions for the handling systems are defined.  

5.1.1 Requirements for handling devices in lightweight production 
processes 

The general criteria, which have an influence for the design of a handling device or the 
selection of a gripper, are almost constant in different research papers addressing this 
problem (Biermann, Hufenbach & Seliger 2008, p 22; Pham & Yeo S. H. 1991, p 309; 
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Straßer 2012, p 226; Seliger et al. 2003, p 23; Schmalz & Reinhart 2014, p 215). Figure 
5-3 presents a summary of categories and criteria for handling devices by the state of 
the art. 

Since these parameters are a summary of the state of the art and considering not a 
specific production process, not all are relevant for lightweight production processes. 
For example, humidity is mostly an unwanted element in lightweight production 
processes, since it has a negative influence (Ochs 2013, p 150). Furthermore, 
requirements by the environment are mostly special and could be ignored in the 
development of a first idea for a handling device. 

 

Figure 5-3: Summary of parameters from the state of the art which have an impact on 
the design of a handling device  

Furthermore, the parameters should be used to develop a concept for a modular 
handling device. As a result, a large number of parameters defined in section “Handling 
system” (Figure 5-3) will be defined by the configuration of the handling system/device 
and not by the general idea of the modular concept. The only remaining parameter in 
“Handling system” is therefore the robot which is holding the modular handling device. 
The same applies to most parameters in the "Part" area. Since the parts are not known 
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yet at this time, many of the parameters cannot be determined. Because of that it is 
important to define rough guidelines that must to be met. 

The RTM and SMC processes which were already described in chapter 3.1, will be 
analyzed to identify requirements. For this purpose, the parameters of the category 
“Process” should be considered first, starting with “Type of process” and “Shop floor 
layout”. The other parameters will be discussed after. 

 

Process: Type of process, material provision and shop floor layout 

For the RTM as well as the SMC process, the different stations which must be 
connected by the robot can be divided into material provision, preparation area and the 
hydraulic press. The general layout has already been presented in Figure 3-1.    

The first step in both processes is the provision of the semi-finished material. One 
possibility is to cut the shapes on demand for the production out from an endless 
material roll. The cutting technology differs between SMC and RTM but this 
circumstance does not change the general way the cut out parts are provided for the 
next process steps. As a result of this cutting operation the parts are distributed by a 
fitting algorithm over the full width of the endless material roll to reduce the amount of 
wasted material. Due to this fitting algorithm, the orientation of the shapes on the cutting 
table could differ even for same parts if the fiber orientation for the parts itself keep 
constant. An alternative to the cutting table is a magazine for pre-cut parts. The handling 
device must then make sure only one part at the time is gripped out of this magazine. 

From either of these devices the material is then transported to a preparation area. 
Depending on the type of process (SMC or RTM) the different parts are now stacked 
together as one component to weigh them and reach a target mass (SMC) or build up 
a combination of different dry textile parts with different fiber orientations (RTM). By 
SMC there is also the possibility to add Co-material prepreg to the Dico SMC to produce 
a CoDico part. In either case, the generated built-up contains multiple layers together. 
Through these steps in the preparation area, the conditions for the handling process 
considerably changes, whereby after this step a second handling device with other 
requirements is necessary to transport the stack into press for the infiltration (RTM) or 
forming (SMC).  
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Requirement:                      

The first handling step between the cutter or magazine and the preparation area 
has to handle different shapes by one handling device. Through the cutting 
process these different parts are in a well-defined position and orientation. 

 

Process: Number of different objects 

The number of different shapes used to build up a textile stack for an RTM process 
could theoretically reach any number. Examples could be found using one to 14 
different cut outs to produce a preform (Gerngross & Nieberl 2016, p 3; Klingele 2014, 
p 93; Straßer 2012, p 169; Ehinger 2013, p 168). The number of different sheets in the 
SMC process is normally smaller, since the material can flow. Due to this ability, it is 
often sufficient to stack two sheets over each other or place them side by side in the 
mold (Fette et al. 2016, p 135; Castro & Griffith 1989, p 636). 

Requirement:                      

It can be seen that several different cut outs are used in the production of FRP. 
A handling device which has to carry out the required handling steps 
automatically has therefore to be able to transport several different shaped parts 
from the cutting table. This thesis will focus on the handling of the different parts 
one after another. Accordingly, only one part at a time will be gripped by the 
handling device. 

 

Process: Cycle time 

Since the handling normally adds no value to the product, the handling steps must take 
place in tact to the value-adding process steps and should not add extra time to the 
production at all. In the RTM as well as in the SMC process the semi-finished part has 
to stay for a long time in the press. This is because the matrix material, which connects 
the load bearing fibers together needs to cure, before the mold could be opened. 
Together with the opening and closing of the mold, the removal of the finished part and 
a short cleaning step, this could take up between three or six minutes (Rosenberg et al. 
2014, p 465).  



Experimental setup for handling processes 45 
 

 

Assuming for example that five cut out parts are necessary to form a textile stack to be 
further processed (for example Klingele (2014, p 93)) and the infiltration or pressing 
needs only three minutes, the handling step for one shape has to be completed within 
a time slot up to 36 seconds. This time slot includes the movement from the start to the 
target position and back. The time slot for one direction therefore is only 18 seconds.   

Requirement: 

A first estimation of the available transportation time for the handling process is 
18 seconds for one part in one direction. 

 

Part: Geometry dimensions 

The dimensions of the parts that are possible depend in one direction on the dimensions 
of the endless roll material. For dry fiber textile materials widths of 800 mm or 1200 mm 
are common. SMC material rolls can be bought up to a size of 1500 mm (Lengsfeld et 
al. 2014, p 13; Magnaud 2016, p 11). On the other side the material also has to fit into 
the press, most of them have a square or near square layout.  

The largest share of components will therefore have dimensions significant below 
1500 mm.  

Requirement:                     

A maximum dimension of the parts between 1200 mm and 1500 mm should be 
considered. 

 

Part: Geometry shape 

The geometry of the parts is not predictable in any way. Their shape is part of the 
dimensioning process and considers the load which should be handled by the finished 
part. This dimensioning step is influenced by a wide range of different aspects like cost, 
static or dynamic load or restrictions by the production process. Adding further 
restrictions to enable the automated handling in the production should be avoided.    

Requirement:                     

The handling device must enable a high flexibility for the arrangement of the 
grippers to allow the handling of a great diversity of shapes. 
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Part: Weight 

The maximum weight of the parts could be estimated by the size of the shapes and the 
typical weight per area of SMC material and dry fiber textile. Typical density of SMC is 
1.9 g/cm3. Assuming a material thickness of 1 mm and a rectangle shape of 1500 mm 
x 1500 mm, a maximum weight of 4.275 kg can be calculated. The typical weight per 
area of dry fiber textiles varies between 150 g/m2 and 450 g/m2 (Cherif 2011, p 388). A 
rectangle shape with the same dimensions as above but with textile material and not 
SMC would therefore be much lighter (1.0125 kg). 

Requirement: 

The maximum weight of a part on the handling device will be 4.275 kg. 

 

Handling device: Type of robot 

The use of vertical articulated arm robots is very widespread. They offer a huge motion 
range and a high degree of orientation freedom of the end effector. The motion radius 
varies between 1800 mm and 2700 mm. Typical carrying capacities are 120 kg and 
180 kg. These capacities assume a center of gravity of the end effector near the robot 
flange. Quite often the motion range is more important or critical than the carry capacity. 
This is especially the case if it is necessary to consider the handling of large-scale parts. 
Large-scale parts like a textile with a dimension of 1200 mm x 1200 mm also need 
machines and stations with at least the same dimensions or even larger. Therefor a 
large amount of the robot movement range is necessary to reach into these large 
stations. Consequently, the end effector has to be designed in such a way that the 
movement range of the robot is not influenced negatively.   

Requirement: 

The handling device (often a vertical articulated arm robots) must be designed in 
such a way that the movement range of the robot is not influenced negatively.  

 

Handling device: Acceleration 

A first estimation showed that the robot has approximately 36 seconds to transport a 
part. The value can of course change if the production process is faster or the number 
of individual parts is larger. In these 36 seconds, the robot must perform both the 
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transport movement with the part on the handling device and the return movement. It is 
possible to execute the back movement faster to have more time for the transport 
movement. Here, however, the less favorable case should be taken into consideration, 
the transport movement and return movement should be carried out at the same speed.  

In the 18 seconds available for a transport or backward movement, the robot must lift 
the part, carry out a 180° swivel (in the case of handling system I in Figure 3-1) and 
deposit the part again. Based on the temporal estimation of individual movement 
sequences of a Kuka KR180 from A_Jenkel (2016, p 123), a time of 26 seconds would 
be required for this in T2 mode at 10 % maximum speed. Already at 30 % maximum 
speed only 12 seconds would be necessary. At this point, reference should be made to 
the forthcoming results in chapter 6.1.1. It shows a vertical acceleration of 0.35 m/s2 will 
occur in T2 mode at a maximum speed of 30 %. 

Requirement: 

First estimation of vertical acceleration is 0.35 m/s2. 

 

The boundary conditions identified above are summarized in Table 5-1 for a better 
overview. 

Table 5-1: Boundary conditions for the development of a modular handling device 

 

Boundary conditions  

Type of process RTM and SMC, gripping different parts from cutting table 

Number of different objects 1 – 14 (based on examples), number can be larger 

Cycle time 18 seconds 

Geometry dimensions Max. 1200 mm to 1500 mm  

Geometry shape Not predictable 

Weight Max. 4.275 kg 

Type of robot 
Vertical articulated arm robots, 120 kg – 180 kg, do not 
restrict handling range by handling device 

Acceleration 0.35 m/s2 
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5.1.2 System design of the modular handling device 

The requirement should now be used in developing the handling device. The process 
by the V-model now suggests defining a system design. This system design aims “to 
establish a cross-domain solution concept which describes the main physical and 
logical operating characteristics of the future product” (VDI 2206 2004, p 29).  

This system design should consider the three main components of the handling device: 

1. the gripper(s) 
2. the frame structures 
3. the control elements 

 

General idea for system design 

The general idea for the system design is to use a modular concept to enable a high 
flexibility to implement different gripper configurations on the handling device. This 
concept is pictured in Figure 5-4. 

 

Figure 5-4: Three main components of the handling device 

 

Quick-change system for robot

Control
element

Frame
structure

Gripper



Experimental setup for handling processes 49 
 

 

1. Gripper (modules) 

In such a concept, the actual gripper is just one part of a whole gripper module. This 
gripper module should enable the fastening on the frame structure. The gripper 
module therefore provides the mechanical connection for the gripper to the frame. 
The position of the gripper is mainly defined by the position on the frame structure. 
The frame structure is often constructed from modular profiles. These profiles have 
inaccuracies that must be compensated. 

 

2. Frame structure 

The frame structure is the connection between the gripper and the robot. The 
connection to the robot could be realized by a quick-change system. The idea of 
modular building strategy is possible by defining a basic frame structure that will not 
be changed and an adjustable one. By using modular construction profiles to build 
this frame, adjustments become quite easy. 

 

3. Control 

Handling devices are often under the direct control of the robot. For instance, the 
robot control (RC) controls a valve terminal mounted on the robot through bus 
communication protocol and the gripper in turn is directly connected to the valve 
terminal. This means that if the gripper configuration on the handling device is 
modified the robot program must also be accordingly modified. This reprogramming 
in the robot can be avoided if the handling device itself has a separate control unit 
that represents an interface between the robot and the gripper module. This central 
control unit (CCU) should make it possible to configure the different grippers to 
action groups. The robot can than activate one or more gripper groups by one single 
signal. 

The CCU needs the ability to activate and deactivate the grippers which is possible 
by turning on and off the supply of pressurized air. This could be done by a valve 
terminal that is under the direct control of the CCU. This valve terminal has a defined 
number of outputs and will therefore define the maximum number of possible 
grippers. Furthermore, if only a minor number of grippers is in use, some valves are 
useless. Accordingly, the idea is to decentralize the control of the pressurized air by 
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adding a valve to every gripper module. If these modules also have a decentralized 
control unit (DCU), advanced features like the separation of sheets are possible as 
already shown by Förster et al. (2017, p 43).  

 

All of these above described ideas for the system design are illustrated in a first concept 
(Figure 5-5) and the ideas will now be used in the domain-specific design.      

 

Figure 5-5: Concept for modular handling system 

 

Mechanical domain 

The subject of the mechanical domain is mainly how to implement the frame structure 
and the gripper module. This domain must also address the mechanical connection to 
the robot. There is a wide range of modular systems to build up a frame structure for 
different applications. Irrespective of minor advantages and disadvantages the handling 
system will be built-up of Bosch compatible construction profiles with a side length of 
30 mm x 30 mm, because they are widely used and available.  

Quick-change system

Central 
contol
unit (CCU)

Gripper module

Frame
structure

Data
Power
Pressurized air

Gripper

Fastening to
frame



Experimental setup for handling processes 51 
 

 

To realize the connection to the robot a quick-change system SWS-150 by Schunk is 
used. It enables a fast attachment and detachment from the robot end-effector. A set of 
construction profiles will be fastened on the quick-change system to provide a basic 
setup on which further construction profiles can be attached. This basic setup also 
contains a position for the CCU, which is a constant element for every configuration of 
the handling device. The difference between the basic setup frame and the adjustable 
elements is shown in Figure 5-6. In the analyzation of the requirements a maximum 
dimension of the parts of 1500 mm x 1500 mm was identified. The most parts will not 
need this maximum dimension. Therefore, the first setup of the variable frame structure 
is built-up with a dimension of 1200 mm x 1000 mm. An extension of these dimensions 
is possible without any problems.  

 

Figure 5-6: Basic frame structure and adjustable frame structure of the handling  
system 

The gripper module is made of laser cut baseplate (Figure 5-7). With a standard corner 
element, it is connected to the frame structure. To compensate minor inaccuracies a 
mechanic adjustment with standardized, available and also cheap components is 
realized. It enables the adjustment of the height and also two different rotations. This 
baseplate also holds a valve which is capable to control a flow of pressurized air of 
650 l/min. This is the maximum air flow that the low-pressure surface gripper (SCG 
1xE100 A MA) used can handle. Due to the symmetry, an optional second valve could 
be placed in the gripper module. A DCU is placed on top of the valves. The last element 
is an optional proportional valve. These elements enable the regulation of the pressure 
between 0 bar and 6 bar and therefor the holding force of the gripper. 
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Figure 5-7: Mechanical elements of the gripper module 

 

Electrical domain 

The electrical domain must develop two main components for the handling device 
control. These components are the CCU in the center of the handling device and also 
the DCU in the gripper module. Both have different tasks. 

The main tasks of the CCU is to configure the gripper modules and provide an interface 
between the RC and the DCU. Furthermore, the DCU must be supplied with voltage. 
The supply with electrical power is implemented by splitting the provided power from 
the robot to the gripper by the quick-change system. This quick-change system also 
provides the connection between the CCU and RC. Twelve digital inputs from the RC 
to the CCU enable a simple way for the robot to control the handling device (Figure 
5-8). 

Baseplate

Low-pressure surface gripper

Cover

Proportional valve
(optional)   

Valve 1 and 2
(optional)  

Adjustment mechanism

Plate for electronic (DCU)



Experimental setup for handling processes 53 
 

 

 

Figure 5-8: CCU to DCU communication and the control of the normal 
 and proportional valves by the DCU in the gripper module  
(Own representation based on A_Steinlein (2017, p 53)) 

The CCU needs an electrical device that is capable of enabling a configuration of the 
handling device and the communication with the DCU. Increasingly more devices today 
try to implement the idea of industry 4.0 by providing a user-friendly way to enable an 
interaction between the user and the device. This reasonable aspect should be 
considered by a graphical user interface (GUI). This GUI should be runnable on a 
mobile device. The connection between the mobile device and CCU must use common 
types of communication like the connection through a USB or W-LAN. Since W-LAN 
has a higher comfort aspect for the user, because it doesn’t need to search for the 
physical connection plug, it is the preferred solution. Considering all these requirements 
the CCU is realized by using a Raspberry Pi 3 B. 

The DCU now has to interact with the CCU, while it also has to control normal and 
proportional valves. The Raspberry Pi in the CCU already communicates with the 
mobile device to interact with the user. The communication with the DCU could now be 
implemented by the same way. For this purpose, an Arduino MKR1000 with a W-LAN 
module is used. The MKR1000 can control the valves with its digital and analog outputs. 
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Information domain 

The information domain must now implement the communication and the setup through 
the GUI. The communication is managed by the Raspberry Pi in the CCU. It hosts a 
multi-client network. The gripper modules as well as the mobile device of the user act 
as clients. The server creates for every client a socket and establishes the connection. 
In every cycle of the main program on the server, the clients get a new data package 
which contains information for the gripper module configuration and orders. Detailed 
information regarding the development of the communication are given by A_Steinlein 
(2017).  

As a result, every gripper module can be controlled by using a mobile device running a 
java application (Figure 5-9).  

 

Figure 5-9: GUI for gripper configuration 
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In this application, the user can add or delete gripper modules. Every gripper module is 
identified by a unique IP address, which is stored in the DCU. When the GUI is 
connected to the CCU for the first time, the current gripper setup stored in the CCU can 
be downloaded. Changes in the setup only take effect when the new data set is 
uploaded to the CCU by the user. The application also offers the possibility to control 
the gripper modules directly. The gripper can be activated and the pressure is directly 
controllable if a proportional valve is mounted on the gripper module. 

 

Final system design of the handling device 

The overall result of the development process in this chapter is the handling device 
presented in Figure 5-10. It is capable of enabling various gripper configurations. This 
flexibility is possible by a modular frame structure which holds gripper modules. A 
gripper module itself contains the whole necessary periphery to operate the gripper and 
therefore helps to increase modular flexibility.  

 

Figure 5-10: Final design for the handling device 
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5.2 Test setup for reproducible handling operations 

This chapter will now develop a solution for the tasks in the device assignments 1 and 
3 in Figure 5-1. The functions of this device should enable a reproducible execution of 
the handling experiments and the measurement of the deflection. Reproducibility in this 
context means ensuring the correct alignment of the gripper relative to the handling 
part. This could be achieved if the grippers as well as the part are aligned on one 
reference. This reference also needs the same flexibility as the handling device. This 
problem is solved by using a projector and a projection surface (Figure 5-11). 

 

Figure 5-11: Test setup to project the shape of the part and the gripper onto a surface 

Before the start of a handling test, shape and gripper positions are projected onto the 
surface. In a first step the handling device is positioned over the projection surface and 
the gripper on the gripper modules are aligned to fit the target positions. If the grippers 
are aligned correctly, a single sheet is placed on the same surface and aligned on the 
outer shape of the projected representation. Through this setup all functions for device 
1 in Figure 5-1 are covered. The measurement of the deflection (3 in Figure 5-1) is 
implemented by a FARO ScanArm. With a laser scanner unit at the front of the end 
effector the deflection of the whole part can be measured. An outstanding issue is how 
to compare different scans to each other. This is possible by using reference objects 
that remain constant between the scans and serve as orientation for the alignment 
between the different scans. The elements are mounted on the handling device and 
must be aligned as well as the grippers like previously described. A PC provides the 
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picture for the projector. The projector alone is incapable to displaying the dimensions 
of the part, grippers and references correctly. Distortions are caused by the redirection 
of the image via the mirror as well as the angle between the projector and the projection 
surface which cannot be compensated by the settings on the projector alone. For this 
reason, first a picture without compensations is generated. A calibration process 
implemented with MATLAB captures the  and  values of the pixels which represent 
the corner of the real projection surface and generate a transformation matrix to correct 
the picture. The setup for the handling test is presented in Figure 5-12. In addition to 
the grippers so called reference objects are fastened on the frame. These reference 
objects are also scanned with the laser scanner device and allow an alignment of the 
scanned data to compare them to each other. 

 

Figure 5-12: Complete setup for the handling tests 
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5.3 Test procedure and systematic description 

The test procedure is illustrated in Figure 5-13. The first step is to load general setup 
data and display them on the projection surface. In the second step the handling device 
is placed on the projection surface and the gripper/reference objects are aligned to 
match the planned gripper/reference configuration. The reference objects are 
necessary, so that afterwards different scans can be aligned to each other. If this step 
is completed, the handling device is lifted off the surface by the robot and the part is 
aligned according to the projection. Now the robot program is loaded into the RC. This 
program defines which accelerations and velocity will occur in the handling process. 
The robot will then execute the handling operation by picking up the part and performing 
the planned motion. The last step is scanning the part and reference objects.   

 

Figure 5-13: Test procedure of a handling test to measure the deflection 

The experiments should now get a unique and systematic description. This enables the 
later repetition of the experiments and an explicit description of the test parameters. 
The experiments are numbered consecutively. Every experiment must describe the 
grippers and reference configuration on the handling device, as well as the shape and 
the material of the handling part. Finally, the movement of the robot must be defined. 
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To describe these machine-readable data the data format java script object notation 
(JSON) is used. For every experiment a JSON file is created called e.g. “E001”. The 
letter “E” identifies the JSON file as a description of an experiment. A JSON file is a 
sorted list of names and values. The experimental file is designed as a collection of file 
names that describe the geometry of the part, the material, etc. (Source text 5-1). 

Source text 5-1: JSON file describing an experiment 

{"experimentSetup":[ 
{"name":"geometry","params":{"StlFile":"D300"}}, 
{"name":"material","params":{"JsonFile":"SigratexCW160PL110"}}, 
{"name":"gripper","params":{"JsonFile":"G001"}}, 
{"name":"reference","params":{"JsonFile":"R001"}}, 
{"name":"robotProgram","params":{"JsonFile":"P001"}}]} 

 

Many of the files are JSON files themselves. Only the geometry of the part is stored as 
a standard tessellation language (STL) file and can be opened and created by most 
common CAD programs. This format has the advantage that it can also be opened with 
other programs such as MATLAB and thus enables analysis and further processing of 
the geometries. The other JSON files are adapted to the necessary variables to 
describe the gripper arrangement or the material. The description of the gripper and the 
references is for example very similar. The file names starts with “G” for gripper or “R” 
for references and define the arrangement by the  and  value of center and the radius. 

Source text 5-2: JSON file describing a gripper and a reference arrangement 

{"gripper":[ 
{"name":"circular","params":{"center":[-34.64,-20],"radius":20}}, 
{"name":"circular","params":{"center":[0,40],"radius":20}}, 
{"name":"circular","params":{"center":[34.64,-20],"radius":20}}]} 
 
{"reference":[ 
{"name":"circular","params":{"center":[-473,543],"radius":40}}, 
{"name":"circular","params":{"center":[21,536],"radius":40}}, 
{"name":"circular","params":{"center":[-149,-341],"radius":40}}]} 
 

The program to create the projection for the table uses this description of the 
experiments to generate the projection image. This ensures that tests can be repeated 
at any time under the same boundary conditions. 
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5.4 Use-cases for handling tests for RTM and SMC process 

This thesis will consider the handling of dry technical textiles in the RTM process as 
well as SMC material. For each of these processing technologies, a use-case will be 
presented to evaluate the findings of this thesis. 

5.4.1 Use-cases for SMC 

The use-cases for the SMC process is a part combining SMC with continuous and 
discontinuous fibers (Figure 5-14). Discontinuous SMC is used to generate the basic 
structure. At specific areas continuous UD tapes are used to reinforce the part. This 
thesis will focus on handling discontinuous SMC since the dimensions of the part are 
larger than the continuous ones. 

 

Figure 5-14: Two SMC sheets for the demonstrator of GRK 2078 

5.4.2 Use-cases for dry fiber textiles in the RTM process 

The use-case for a part made of dry textiles for the RTM process is a self-supporting 
rear diffusor used in the automotive industry. Four different textile shapes are used to 
generate the whole structure. The material used for this component is called Sigratex 
C W160-PL1/1. It is a plain weaved textile with an area weight of 160 g/m2 using a 
200 tex fiber (SGL Catalog 2016, p 6). Figure 5-15 pictures the rear diffusor and gives 
an overview of the different shapes. 
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Figure 5-15: Self-supporting rear diffusor in the automotive industry 
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6 Simulation and measurement of material deflection 
The adjustments of the gripper configurations in the further process in this thesis are 
based on simulation data which predict the deflection of the part in the handling process. 
In this chapter the simulation model for this approach is presented and discussed.  

The mechanisms involved in the forming of textiles are complex and are the subject of 
numerous comprehensive investigations (Syerko, Comas-Cardona & Binetruy 2012, p 
1365; Boisse et al. 2010, p 1229; Kang & Yu 1995; Hamila et al. 2009, p 1461; Fang & 
Liang 2011, p 2415; King, Jearanaisilawong & Socrate 2005, p 3867). 

As a first step, the boundary conditions for the simulation are defined. The handling 
process can cause additional accelerations to the material. It is not clear how large 
these additional accelerations can be. Consequently, they will be measured. Also, not 
cured SMC has a viscoelastic behavior. This cause a deformation over time which is 
investigated. Based on these findings the simulation model will be chosen and 
necessary material parameters are determined. These steps will enable the simulation 
of the deflection of arbitrarily shaped handling objects. At the end of this chapter the 
simulated deflection is compared with experimental data. 

6.1 Definition of the system boundaries 

6.1.1 Acceleration and velocity in a vertical handling process 

In this chapter the possible accelerations will be measured which can be applied on a 
part by a vertical handling process. The consideration of laterally occurring 
accelerations is not considered in the following and in all other considerations in this 
thesis. 

To measure the accelerations the handling device is placed on the projection surface. 
It is then lifted by the robot in a vertical 600 mm movement using different modes of the 
robot. T1 is the set-up mode of the robot. In this mode the maximum velocity and 
acceleration is limited to one third. The T2 mode is also a set-up mode but has the same 
velocities and acceleration as the normal full-automatic operation mode that is normally 
used in an automated production. In every mode the maximum allowed velocity can be 
influenced by a 1 % to 100 % adjustment value. An acceleration sensor is installed on 
top of the CCU to measure the acceleration (Figure 6-1). 
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Figure 6-1: Vertical movement of the robot with the modular handling device 

The measured values for T2 100 % are displayed in Figure 6-2. The movement is 
completed in almost 1.2 seconds. In this situation the robot can achieve a maximum 
acceleration of 2.68 m/s2. By an integration over the time a maximum velocity of 1.12 
m/s for the acceleration and 1.14 m/s for the deceleration can be calculated. The 
integration over the acceleration and deceleration should be equal in amount, because 
at the end the robot stops. However, such small errors are to be expected due to 
measurement uncertainties and the property of the integration to sum them up. 

 

Figure 6-2: Acceleration and velocity of a vertical handling process (T2 100 %) of 
KUKA KR180 

An acceleration of 2.68 m/s2 is compared to the earth’s gravity of 9.81 m/s2 less 
significant. But it must be kept in mind that this is the fastest movement the robot can 
perform in this situation. A first estimation of the handling time was already done in 
chapter 5.1.1. A necessary robot mode of T2 30% was estimated based on 
experimental data. In Table 6-1 measured acceleration and calculated velocities for 
different robot modes are presented. 
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Table 6-1: Measured vertical acceleration and calculated vertical velocity for different 
robot modes 

 

For the T2 33 % mode the acceleration keeps small with 0.35 m/s2. The earth’s gravity 
will therefore dominate the behavior of the deflection with an acceleration of 9.81 m/s2. 
Also the velocity has an influence on the deflection by draft. But if this aspect should 
also be simulated a computational fluid dynamic simulation (CFD) must be integrated. 
This will represent a major afford. To find out how large the influence can be, a 
rectangular sample of 25 mm times 250 mm is handled at T1 10 % and T2 100 % and 
scanned after the end of the movement (Figure 6-3). 

 

Figure 6-3: Deflection of a rectangle part after different vertical movements 

The results in Figure 6-3 indicate that additional higher acceleration and also the 
velocity of handling have an influence on the final deflection when the handling process 
is completed and all movements are done. Also, it is unlikely that material has a 
complete elastic behavior. The exact calculation of draft forces causing this additional 
deflection will require a coupled CFD and FEA simulation. But since, the additional 
acceleration and velocity remain small for the relevant T2 33 % robot mode this thesis 

Robot mode Max Acceleration [m/s2] Velocity [m/s] 

T1 10 % 0.35 0.04 

T1 100 % 0.33 0.14 

T2 33 % 0.35 0.36 

T2 66 % 1.17 0.78 

T2 100 % 2.68 1.12 
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will only consider the influence of the acceleration and will also assume only a complete 
elastic behavior. 

6.1.2 Experimental analysis of time behavior 

The SMC material has a different behavior compared to a textile like the Sigratex C 
W160-PL1/1. First handling tests reveal a time depending deformation of the material. 
The goal of this first experimental analyzes is to get an idea about this time depending 
behavior. For this purpose, the test setup in Figure 6-4 is built-up.  

 

Figure 6-4: Schematic diagram of the test setup to measure the time behavior 

The idea is to measure the tip of the specimen in the deformation process. Therefore, 
the specimen is pushed over the edge within a time frame of ten seconds. In addition, 
a camera is filming the whole measurement. A black and white checkboard pattern fills 
the background. This chess board pattern is crucial for the measurement process with 
the camera. The program to evaluate the measurement is implemented with MATLAB 
and it knows the exact dimensions of the checkboard. By comparing this data with the 
checkboard in the pictures, errors caused e.g. by the lens’s distortion can be calculated 
and compensated. The corrected picture subsequently enables calculating the relative 
position between the camera and the chess board. The leading edge of the specimen 
is now detected by a set of different filters. These filters mainly use the different color 
of the specimen relative to the background to detect the specimen. A set of hole filling 
operations and Sobel filters ultimately enables detecting the specimen’s leading edge, 
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as shown in Figure 6-5. In order to measure the deflection, a deflection measure point 
is created, which is on the same level as the checkboard. Accordingly, the deflection of 
the specimen is detected. 

 

Figure 6-5: Measurement of the deflection over time by camera 

In Figure 6-6 the deflection over time of three specimens is shown. Each specimen has 
a rectangular shape with a width of 25 mm according and a fix length of the rectangle 
of 10.5 mm is used. The specimen is pushed over the edge in the first 10 seconds of 
the measurement. This movement can be seen in Figure 6-6. Figure 6-6 shows the 
deflection in -direction of the “Deflection measure point” from Figure 6-5.  

In the first 10 seconds the deflection value is mostly zero. Since this movement is 
performed manually, the movement does not always end at 10 seconds and can also 
spread. At the same time the specimen is at the beginning of the test procedure difficult 
to detect for the camera which results in incorrect measurements. The camera tends to 
measure slightly positive deflections in such a situation at the start. After 90 seconds 
most of the deflection has taken place.  

The measurement of the deflection with the laser scanner later should therefore be 
taken after 120 seconds so that the sample does not deform anymore in the 
measurement process.    
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Figure 6-6: Deflection over time of three SMC specimens with a length of 10.5 mm 

The same experiment is made with the textile Sigratex C W160-PL1/1. As expected the 
textile material did not have a critical time behavior and is no longer deformed after the 
10 seconds defined by the experiment process.  

 

Figure 6-7: Deflection over time of four Sigratex C W160-PL1/1 textile specimens 

6.2 Simulation model and acquisition of material data  

The experiments in chapter 6.1.2 reveal a different time behavior of SMC and dry textile 
represented by the Sigratex C W160-PL1/1. This chapter will describe how the textile 
as well as the SMC material is simulated in ABAQUS. The material behavior in 
ABAQUS is defined by characteristic material values. These values are partly 
determined from the literature but also from experiments.   
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6.2.1 Selection of a simulation model  

Both materials will have the assumption of a basic linear elastic material behavior in 
common. Furthermore, the geometry of the handling objects has a small and constant 
thickness in comparison with their other dimensions (Sigratex C W160-PL1/1: 0.3 mm 
and SMC: 0.9 mm). Therefore, S4R shell elements will be used in the simulation.  

 

Textile: 

The structure of the textile is initially assumed to behave orthotopically. In such a case, 
the description of the material behavior for the compliance matrix would include nine 
independent variables in Equation 6-1 (Kienzler & Schröder 2009, p 142). The 
parameters are the elastic modulus , the shear modulus  and the Poission’s ratio  
in the different directions.  

 Equation 6-1 

Since the thickness of the textile is considerably smaller than the other dimensions, it 
is also assumed that the stress components in the thickness direction are small (Link 
2014, p 33). This further simplifies the compliance matrix because all variables with a 
dependency of a parameter in -direction are no longer relevant ( ) 
(Equation 6-2).  

 Equation 6-2 
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Since the Sigratex C W160-PL1/1 is built up in the same way in 0° and 90° direction  
and  will then also be identical. Furthermore  is equal . In order to verify these 
assumptions, A_Hörrmann (2016) performed a sensitivity analysis. The nine 
engineering constants were systematically tested and examined in terms of the 
influence they have on the result. For this sensitivity analysis, a textile in the shape of 
an equilateral triangle was simulated (Figure 6-8).  

 

Figure 6-8: Gripper configuration 1 and 2  

Two different gripper configurations are used. With “Gripper config. 1” (Figure 6-8, a), 
the grippers are deliberately placed far inside so that the corners can hang down. With 
“Gripper config. 2” (Figure 6-8, b) grippers are placed at the corners to capture effects 
in the middle of the shape. In “Gripper config. 1”, the deflection of the corners is used 
as a criterion for sensitivity. For “Gripper config. 2” the deflection is measured in the 
middle of the textile.  

For the sensitivity analysis a fictional orthotropic material is assumed. Each of the nine 
independent parameters of Equation 6-1 is varied by reducing it by 20 % one after 
another while the others are kept constant. The change of the deflection caused by this 
parameter change is simulated. With these values the sensitivity is calculated by 
Equation 6-3. The result of this sensitivity analysis shows Figure 6-9.  

 Equation 6-3 

In both configurations  have no influence. This justifies the 
assumptions. However, there are different sensitivities between the two configurations 
regarding the remaining parameters  and . If the grippers are placed 

0
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inside, the elastic modules ( ) are decisive. If, on the other hand, the grippers are 
at the outer edge in the corners, shear stiffness plays an important role. A description 
method called “Lamina” is used in ABAQUS to describe the material behavior with these 
remaing variables. 

 

Figure 6-9: Results of the sensitivity analysis (A_Hörrmann 2016, p 50) 

 

SMC : 

The experimental analyses of the SMC material have already shown a time dependency 
of the deflection. The measurement of the deflection over time is a complicate process 
as can be seen in Figure 6-4. It is one thing to measure the deflection over time in the 
Cantilever test using a camera, but this method will not work if the deflection should be 
measured when a part is gripped by the handling device. Here the laser scanner should 
be used as already described in chapter 5.3. In order for to measure a part with the 
laser scanner, it is important that it does not deform anymore. As already discussed in 
chapter 6.1.2 no major deformation occurs after 120 seconds. So, this is the minimum 
amount of time a part must be hold on the handling device before the scanning and 
therefore the measuring of the deflection can begin.  

For a transport movement a time of 18 seconds was estimated in chapter 5.1.2 which 
is significant smaller than 120 seconds. So, in a normal handling process the SMC 
material will not have the time to fully deform. Nevertheless, longer transport times could 
happen for example if a machine error occurs and the handling system must hold the 
part for a longer time. In such a case the SMC can deform completely. This will then be 
a worst-case handling situation and should therefore be considered here. So, the time 
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behavior will be ignored, since a short transport time will always lead to better results 
than a SMC part that is hold on the handling device for a longer time.  

SMC material was already explained in chapter 2.2.3. Due to the random orientation of 
the fiber in the plane, a material behavior can be expected that is independent of the 
direction in this plane. After the production process the material is rolled up. From this 
roll 25 mm wide and 200 mm long strips were cut in the rolling direction and across it. 
Strips with the longest dimension in the rolling direction are designated as 0° direction. 
Strips with the larger dimension across the rolling direction are designated as 90° 
direction. Figure 6-10 illustrates the arrangement of these different strips on the SMC 
roll.  

 

Figure 6-10: Cut out of stripes from SMC roll with different directions 

These strips are now used in a Cantilever test to measure the deflection. The strips are 
pushed over the edge by 70 mm. Five different specimens for each direction are used. 
After 120 seconds the deflection is measured. The results of this measurement are 
presented in Figure 6-11 (left). 

 

Figure 6-11: Maximum deflection of a Cantilever test of the SMC material in 0° and 
90° direction (left) and resulting effect on a cut out triangle (right)  

It is obvious that the material behaves significantly different in 0° and 90° direction. The 
specimens with 0° direction are deflecting more than in 90° direction. This is because 
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the storage on the role has an influence on how the material is behaving. If a cut-out is 
placed on flat surface the outer way around this effect will cause the edges in 0° 
direction to lift up by themselves (Figure 6-11, right). The differences of the deflection 
in 0° and 90° direction are therefore the result of a pre-bending of the material caused 
by the storage conditions. 

 

Gripper-Textile-Interaction: 

The interaction between gripper and textile will be modeled in Abaqus using the 
“PINNED” boundary condition. Therefore, the shell elements of the simulation will be 
able to rotate but their nodes will be fixed to certain positions to simulate the grippers. 
Consequently, no material shifting on the gripper will be simulated using this kind of 
boundary condition. 
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6.2.2 Material data for the simulation 

Textile: 

As previously mentioned, the material model for the textile is using the material 
definition “Lamina” in ABAQUS. The modulus of elasticity can be easily determined by 
the experiment defined by DIN 53362. The setup is similar to the experiment in chapter 
6.1.2 and is shown in Figure 6-12. 

 

Figure 6-12: Test setup to measure the bending stiffness of fabrics an plastic 
materials defined by DIN 53362  

In this test, a specimen with a width of 25 mm is pushed over an edge until it reaches 
the mark of 41.5°. The test specification also defines that the movement must be 
executed in 10 seconds. The rail in which the specimen is guided is slightly wider than 
the specimen, so that the deflection between the specimen and rail is not affected. A 
slider of 10 g per 10 mm length is placed on the sample itself to push the specimen 
forward. In this test, the overhang length  necessary for the sample to reach the 41.5° 
mark is measured. The measurement of this test setup is presented in Table 6-2. 

Specimen

41.5° marks

Move/push specimen over the edge 
(in first 10 seconds)
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Table 6-2: Measurement of bending stiffness of Sigratex C W160-PL1/1 (based on 
A_Hörrmann (2016, p 67)) 

 

Since the simulation needs the elastic modulus and not the bending stiffness, the 
modulus is calculated based on the test results in Table 6-2. With the maximum 
deflection and the assumption that the textile acts like an elastic Cantilever beam. The 
relationship between the maximum deflection  and the elastic modulus  is 
formulated in Equation 6-4 (Dubbel 2007, p 138). 

 Equation 6-4 

Using the test results from Table 6-2 the elastic modulus  by using Equation 6-4 can 
be calculated. The results are summarized in Table 6-3. Based on the results in Table 
6-3 a value of 240 MPa is selected for  and . 

 

Specimen  Mass Longitudinal Overhang Bending stiffness  

name  [g] force  [N/mm]  [mm]  [N*mm2] 

1 0.97 3.80E-05 138.00 12.48 

2 0.97 3.80E-05 136.00 11.95 

3 0.90 3.55E-05 138.00 11.66 

4 0.90 3.55E-05 135.00 10.92 

5 0.91 3.58E-05 137.00 11.51 

6 0.91 3.58E-05 140.00 12.28 

7 0.97 3.79E-05 135.00 11.66 

8 0.97 3.79E-05 143.00 13.85 

9 0.91 3.58E-05 140.00 12.28 

10 0.91 3.58E-05 140.00 12.28 

Average value 0.93 3.66E-05 139.60 12.09 

Standard  

deviation 

0.03 1.06E-06 2.36 0.71 
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Table 6-3: Calculation of the elastic modulus for textile based on Equation 6-4 

 

The remaining parameters are  and . For the Poisson’s ratio  values from 
literature should be used. Common are values between 0.2 and 0.5. (Sirtautas, Pickett 
& Lépicier 2013, p 52; Lin et al. 2008, p 900; Lammering et al. 2018, p 271; Chen & 
Govindaraj 1996, p 21). Therefore, a value of 0.3 is chosen.  

 is estimated based on testing results with the triangles from Figure 6-8. The 
sensitivity analyses in Figure 6-9 have revealed that  has a higher influence if the 
grippers are placed on the edges of the part. Because of that the gripper configuration 
two is used (Figure 6-8, right) to estimate . A good match between simulation and 
test results is reached with a  of 0.07 MPa. 

  

Specimen  Maximum deflection  Elastic modulus  

 [mm]  [MPa] 

1 122 241.60 

2 120 231.25 

3 122 241.60 

4 119 226.18 

5 121 236.39 

6 124 252.26 

7 119 226.18 

8 126 268.82 

9 123 252.26 

10 123 252.26 

Average value 121.9 242.9 

Standard deviation 2.02 12.3 
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SMC: 

The approach to define the simulation parameters for the SMC is now handled in the 
same way as for textiles. The first step is the measurement of deflection for the different 
direction since the material behaves very different in the defined 0° and 90° direction in 
Figure 6-10. This is now simplified in the simulation by assigning a lower modulus of 
elasticity to the material in 0° direction. For each direction five different specimens are 
pushed 70 mm over an edge and the maximum deflection after 120 seconds is 
measured. Table 6-4 presents the results of these measurements.  

Table 6-4: Calculation of the elastic modulus for SMC based on Equation 6-4 

Specimen Maximum deflection  Elastic modulus  

 [mm]  [MPa] 

1 0° 31.00 18.63 

2 0° 34.00 16.99 

3 0° 31.00 18.63 

4 0° 45.00 12.32 

5 0° 30.00 18.48 

Average value 34.20 17.01 

Standard deviation 5.08 2.21 

   [MPa] 

1 90° 6.00 92.41 

2 90° 5.00 110.89 

3 90° 10.00 57.75 

4 90° 7.00 82.50 

5 90° 11.00 52.50 

Average value 7.80 79.21 

Standard deviation 2.11 19.84 
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From literature a Poisson’s ratio of 0.45 for the SMC is selected (Chen et al. 2014, p 
157).  is estimated based on testing results with the triangles. A good match between 
simulation and test results is reached with a  of 150 MPa.  

6.3 Comparison of simulation results and scan results 

The simulation model for the deflection for textiles and SMC should now be evaluated. 
In order to enable comparisons of the simulation and test results, every test 
configuration receives its own test description. This description has already been 
introduced in chapter 5.3 and is used to support the correct alignment of the handling 
object, gripper and reference elements by a projection surface on a table. Chapter 6.3.1 
will explain how this configuration description is used to ensure consistency of the 
boundary conditions between the simulation and the test by using the same description 
as an input file for the simulation. Furthermore, to compare simulation and scan data 
with each other both data sets must be loaded into a comparable data form. Chapter 
6.3.2 will therefore introduce the necessary data processing steps to make the scan 
data comparable to the simulation data. These chapters enable then to compare the 
deflection of scan and simulation (chapter 6.3.3). An overview of the implemented 
program structure is given in Figure 6-13. 

 

Figure 6-13: Program structure for the simulation and comparison of simulation and 
scan data 
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6.3.1 Configuration of the simulation 

The general idea is to create a well-defined interface for the simulation in ABAQUS. 
This will not only ensure the consistency between the test and simulation results but 
will also enable other programs to interact with the FEA simulation for the design of the 
handling device in the next chapters. Such an interface is implemented by using JSON 
files and PYTHON scripts for the communication between ABAQUS and MATLAB in 
Figure 6-13.  

Since this thesis aims to develop a method to handle variable geometries, the 
description of the object geometry must also be flexible. Furthermore, it must be 
possible to analyses the geometries in an automated way. For this reason, the 
geometries are saved as STL files which is an established format in common CAD 
programs. Since ABAQUS cannot read the STL format a pre-processing step in 
MATLAB is implemented. A function “stlgeometry” by A_Dmytruk (2017, p 51) converts 
the three-dimensional description of the object in a two-dimensional description. The 
reduced dimension is the thickness of the material of the object. Together with other 
essential data from the experiment description (chapter 5.3) like the acceleration of the 
robot, the material data, shell element size and other simulation parameters a 
“config.json” file is generated by MATLAB. The model itself in ABAQUS is then built-up 
and run by a PYTHON script. The results of the FEA calculation are normally provided 
by ODB file, which cannot easily be read by other programs. Accordingly, that specific 
results like the deflection or the gripper force are extracted of the ODB file and written 
in the “results.json” file at the end of the simulation. The provision of the results in this 
format enables MATLAB to read and work with the data.  

6.3.2 Processing of scan data 

Through chapter 6.3.1 MATLAB can now run FEA simulations and access the results 
of these calculations. A comparison of the results is possible by performing the handling 
experiment with the developed handling device (chapter 5.1) and measuring the 
deflection with a laser scanner. This test procedure is already described in chapter 5.3. 
In order to analyze the data in MATLAB and compare it with the simulation, the following 
steps in Figure 6-14 are performed. 

The scan data is exported from the scan device as a VTX file. This is also readable by 
text edit programs and describes the scan as a set of points with  and  coordinate 



Simulation and measurement of material deflection 79 
 

 

information. The number of points the scan contains varies depending on the size of 
the scanned object and the work method of the person operating the scanner. The raw 
scan data often contains 27 points per square millimeters or more. This large number 
of data points make analysis difficult. Because there is no advantage in using such a 
high point density the point density is reduced to 0.25 points per square millimeters or 
even lower.  

 

Figure 6-14: Processing steps of deflection scans in MATLAB 

The comparison of simulation and scan requires the alignment of both data sets. The 
simulation process (chapter 6.3.1) is using the same geometrical description of the 
object as the real handling test procedure provided by the experiment description from 
chapter 5.3. This description also includes the position of three reference objects. The 
reference objects are used to define a center point of the whole setup and a reference 
vector (Figure 6-15). The references are always positioned in such a way to form a 
scalene triangle. The two reference objects closest to each other are defined as  
and . The remaining reference is defined as . On the half distance between 

 and  an intermediate point is calculated. The  is located halfway 
along the connecting line between the intermediate point and . Furthermore, a 
normalized  is calculated between the intermediate point and . 
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Figure 6-15: Definition of the reference objects ( , , ) and the reference 
vector ( ) in the experiment description 

To align the scans, the same reference objects must be identified in the scans. 
Therefore, the captured scan points are clustered in a first step. For this purpose, the 
implemented “clusterdata” algorithm in MATLAB is used. This algorithm is using a 
hierarchical clustering method based on the Euclidean distance between objects. By 
using the prior knowledge that four different objects ( , ,  and the 
handling part) must be identified in the scan, the maximum number of clusters that must 
be identified can be set to four. The result of such a clustering is presented in Figure 
6-16. Considering the distance between the individual scan points, increasingly larger 
clusters can be formed. Between a Euclidean distance of 13 mm and 150 mm, four 
separated clusters can be identified. The cluster containing the handling object often 
contains also a higher number of smaller sub-cluster. On the other hand, the reference 
objects comprise only one, even for smaller Euclidean distances. Furthermore, the 
handling objects contain the highest number of individual scan points. This 
circumstance is used to identify the handling object which makes it possible to separate 
the handling object from the references in further analysis.  

The identification of the different reference objects now enables the alignment of the 
scan. For this the same characteristics (intermediate point between  and , 

, ) must be calculated in the scan. The calculation of these 
characteristics requires the determination of the centers of the reference objects. 

Intermediate point between
and 
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Figure 6-16: Result of a scan data clustering by the MATLAB function “clusterdata”  

Since each reference object should have a circle shape this could be done by the 
calculation of the average  and  values. Nevertheless, inhomogeneous point density 
and careless scanning could easily lead to inaccuracies in the detection of the center. 
Accordingly, a Hough transformation is used to identify the center of the reference 
objects in the scan  and , .  

In  Figure 6-17 the center of each reference object is identified and , 
 are already calculated. The goal now is to match  with the 

. Often only small tilts occur in the scan along the  and  axis caused by 
deflection of the gripper frame or inaccuracies in the set-up process of the reference 
objects. The main tilt is around the  axis because of variable orientation between the 
handling and scanning device (Figure 6-17). The alignment of the scan can now be 
done by a series of shifts and rotation transformations. The rotations should match 

 and . The shifts align  and . To perform 
the rotations the center of the scan  is moved to the coordinate origin. 
Subsequently,  also became the pivot point for the rotations and the 
alignment of  with  by the calculation of the angular difference. If 

Four clusters

Handling object
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the vectors have been matched a final shift operation moves the  to 
. 

 

Figure 6-17: Matching of the scan data and the description of the experiment by  
aligning the  and   

Now the scan can be compared with the simulation. For this purpose the simulation is 
started by MATLAB using the experiment description (chapter 6.3.1). The problem is 
now that the scan data as well as the simulation data calculate the results only at 
discrete points. In the scan data these points are the individual scan points. In the 
simulation data the mesh structure with the S4R shell elements edges define these 
discrete points. However, the comparison of both requires the information of the 
deflection at exact the same location. This is achieved by creating a mesh grid that 
generates a regular distributed set of points in the shape of the part and then 
interpolates the data using cubic interpolation at the mesh grid points (Figure 6-18). 
After this the deflection from the simulation as well as from the scan is known at the 
same points. Based on this information the mean deflection of the scans and the 
standard deviation can be calculated.  

Scanned reference objects and calculated middle point
Planed reference objects and middle point

Not aligned Aligned
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Figure 6-18: Example of the processing of scan or simulation data by interpolate data 
at the mesh grid points  

6.3.3 Comparison of measured scan data and simulated data 

The selection of the material models to simulate the deflection and the determination of 
material parameters are so far based on literature values and Cantilever beam 
measurements in chapter 6.2. This chapter will now introduce a new geometry to enable 
an evaluation of the implemented simulation. The geometry used is referred as RA001. 
“RA” in this context stands for randomized, because it is an arbitrarily-conceived 
geometry. Figure 6-19 shows the geometry. 

 

Figure 6-19: Geometry RA001 

 

Scan data Mesh grid Interpolated scan data
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It also contains some difficult geometrical features like thin bridges and shape edges. 
For the evaluation of the simulated deflection, simulation and scans are now compared 
with each other. 

 

SigratexCW160PL11 

The comparison is done by two different diagrams presented in Figure 6-20. To 
measure the deflection of the scan for Figure 6-20 five different scans are performed, 
and a mean deflection is calculated. 

 

Figure 6-20: Simulated deflection (a) and measured deflection (b) for three grippers 
on RA001 

For better comparison, Table 6-5 lists the deflections of the points P1 to P4 from the 
simulation and scan in Figure 6-20. A good match can be seen between real result and 
the simulation in the most areas of the geometry. The difference between the scans 
and the simulation is mostly small and the model predicts the deflection close to the 
reality. With large deflections, however, the error is getting larger too, which can be 
seen at P2 (Figure 6-20, P2 and Table 6-1, P2).  

a) Simulated deflection b) Measured deflection by scan
P1

P2

P3

P4

P1

P2

P3

P4

Deflection [mm] Deflection [mm]
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Table 6-5: Deflection of P1 to P4 in Figure 6-20 

 

The model should now also be tested on a larger part. The part in Figure 6-21 was 
already presented in chapter 5.4.2 and is further referred to H003.  

 

Figure 6-21: Simulated deflection (a) and measured deflection (b) for part H003 

For better comparison, Table 6-6 lists the deflections of the points P1 to P4 from the 
simulation and scan in Figure 6-21. In comparison to the simulation of the smaller part 
RA001 in Figure 6-20 there are larger differences between the scan and the simulation. 
The deflection of the free hanging elements are predicted correctly. Also, the deflection 
of the material between the grippers is mostly correct simulated. The gripper 
arrangement in this test is slightly asymmetrical. This causes in the simulation also only 

a) Simulated deflection b) Measured deflection by scan
P1 P2

P3

P4 P5

P1 P2

P3

P4 P5

Deflection [mm] Deflection [mm]

Points Simulated deflection 
(Figure 6-20, a) [mm] 

Measured deflection 
(Figure 6-20, b) [mm] 

P1 -14.18 -20.52 

P2 -102.2 -129.8 

P3 -23.30 -23.69 

P4 -22.17 -21.45 
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a small asymmetrical deflection of the part. The real test results are more influenced by 
this asymmetrical arrangement than the simulation. 

Table 6-6: Deflection of P1 to P4 in Figure 6-21 

 

Another interesting question is how good different fiber orientations are simulated. 
Figure 6-22 presents scan and simulation data for a triangle shaped part. Again, the 
values of certain points are summarized a table (Table 6-7). In general, the model 
predicts the deflection for the different fiber orientations correctly but also 
underestimated the amount of deflection.  

Table 6-7: Deflection value for different points of a triangle with different fiber 
orientations 

 

 

 

 

Points Simulated deflection 
(Figure 6-21, a) [mm] 

Measured deflection 
(Figure 6-21, b) [mm] 

P1 -47.45 -43.9 

P2 -77.41 -95.6 

P3 -31.71 -31.93 

P4 -30.72 -27.87 

P5 -31.69 -29.47 

Points Simulated 
deflection 

Measured 
deflection 

Simulated 
deflection 

Measured 
deflection 

 0° [mm] 0° [mm] 30° [mm] 30° [mm] 

 (Figure 6-22, a) (Figure 6-22, b) (Figure 6-22, c) (Figure 6-22, d) 

P1 -42.43 -47.4 -28.69 -37.15 

P2 -28.71 -38.93 -42.5 -43.63 

P3 -42.43 -51.17 -42.41 -44.37 
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Figure 6-22: Simulated deflection (a) and measured deflection (b) for a triangle with 
different fiber orientations 

Deflection [mm]

P1 P3

P2
a) Simulated deflection 0°

Deflection [mm]

P1 P3

P2
b) Measured deflection by scan 0°

Deflection [mm]

P1 P3

P2

Deflection [mm]

P1 P3

P2

c) Simulated deflection 30° d) Measured deflection by scan 30°

Fiber orientation 0°

Fiber orientation 30°

Fiber orientation 0°

Fiber orientation 30°
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SMC 

The model for the SMC material is now to be evaluated. Larger differences between 
scan and simulation can be seen in Figure 6-23 than by the textile. But overall a 
matching between the simulated value and the results is achieved. 

 

Figure 6-23: Simulated deflection (a) and measured deflection (b) for part RA001S 

For better comparison, Table 6-8 lists the deflections of the points P1 to P4 from the 
simulation and scan in Figure 6-23. 

Table 6-8: Deflection of P1 to P4 in Figure 6-23 

 

P1

P2

P4 Missing scan data

P1

P2

P4

P3 P3

Deflection [mm] Deflection [mm]

a) Simulated deflection b) Measured deflection by scan

Points Simulated deflection 
 [mm] 

(Figure 6-23, a) 

Measured deflection 
[mm] 

(Figure 6-23, b) 

P1 -67.55 -79.35 

P2 -55.09 -65.12 

P3 -0.996 -0.873 

P4 -69.64 -82.77 
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Conclusion: 

The simulation enables overall the correct prediction of deflections. For large deflections 
the difference between simulation and scan increase more and more. These differences 
are understandable since the assumption of a linear elastic behavior does not live up 
to the complexity of reality. Nevertheless, the presented simulation models are good 
enough because the bending characteristic is reproduced correctly. 
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7 Gripper configuration  
This chapter will now discuss how a gripper configuration for different shapes could be 
generated. The first chapter will discuss therefore different approaches for this problem.  

7.1 Concepts for an initial gripper configuration process 

Chapter 6 introduced a simulation model for the deflection. The simulation model will 
enable predicting the deflection depending on the following input parameters: object 
geometry, material, gripper configuration and vertical acceleration. The first step (Figure 
4-2) in the whole generation process of a gripper configuration already presented in 
chapter 4.2 is to find an initial gripper configuration to run a simulation at all. This initial 
gripper configuration can therefore be only created based on the geometry of the object, 
since simulation data will not be available in this first step. The general goal of the whole 
gripper configuration process is to find a solution which will cause only a specific 
maximum deflection and use only a minimum number of grippers to achieve this. For 
this it is advantageous if the initial gripper configuration is already very close to a 
configuration that fulfills these goals. At this point, it is still completely unclear how many 
grippers are necessary to maintain a maximum amount of deflection defined by the 
user. So a method to generate initial gripper configurations must be able to generate 
sensible solutions for different parts with different number of grippers. Figure 7-1 
displays three different possibilities to generate an initial gripper configuration based on 
the geometry of the part. This chapter will now discuss these different concepts to find 
an initial gripper configuration. 

 

Figure 7-1: Different approaches to generate an initial gripper configuration 

  

Full-body gripper Pre-simulated
basic geometries

Self-organizing map (SOM)
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7.1.1 Initial gripper configuration by full-body gripper 

The first idea is to place a tight mesh of grippers on the part, trying to cover as much of 
the part’s area as possible. This approach will obviously result in an oversized initial 
gripper configuration. Accordingly, this approach will not generate a sensible solution, 
but serves as a starting configuration for the adaptation in the second step (Figure 4-2). 
Based on this tight mesh of grippers a sensible gripper configuration can then be found 
by using algorithms based on discrete combinatorial optimization.   

The advantage of this approach is the very simple generation of the initial gripper 
configuration. The disadvantage is the fix positions of the grippers in the configuration. 
By this approach a possible gripper is set active (part of the configuration) of inactive 
(not part of the configuration) by the discrete combinatorial algorithm. Such a problem 
is then also called zero-one problem (Leung & Wang 2001, p 41). The fix positions of 
the grippers are thereby a restriction for the solution space since a better solution might 
require the position between two grippers. With combinatorial optimization many real 
problems can be addressed, but their solution can quickly mean exponential 
computational effort in relation to the problem size (Suhl & Mellouli 2013, p 10).  

7.1.2 Initial gripper configuration by pre-simulated basic geometries 

The next approach is based on the idea to use pre-simulated basic geometries like 
triangles, rectangles and Cantilever beams to estimate an initial gripper configuration. 
With this information the initial gripper configuration can rely on approximated deflection 
data. 

Based on the material input data a specific set of simulations is performed and the 
results are summarized in a diagram (Figure 7-2). First Cantilever beam, rectangle and 
an equilateral triangle are simulated on their own, using different lengths  and fiber 
orientations. The rectangle as well as the Cantilever beam have a width of 40 mm. The 
simulation results in Figure 7-2 are created with the material model of the Sigratex C 
W160-PL1/1 from chapter 6. No additional acceleration by the handling process was 
assumed, so the deflection is only caused by earth’s gravity. From these simulations 
results the maximum deflection for each basic geometry and different lengths  is then 
summarized in one diagram. This diagram now enables to select a maximum deflection 
on the  axis and the  axis will then suggest a maximum length  for each basic 
geometry. Figure 7-2 also shows an example of a maximum deflection of 30 mm. 
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Figure 7-2: Design diagram for the arrangement of grippers based on pre-simulated 
basic geometries 

Based on the example in Figure 7-2 the different geometries should have following 
maximum length  to achieve a maximum deflection of 30 mm (Table 7-1). The 
information from Table 7-1 should now be used to generate an initial gripper 
configuration. Therefore, the basic geometries (Cantilever beam, rectangle, equilateral 
triangle) should be placed on the handling part in such a way, that most of the part is 
covered. At the same time the maximum length  of the basic geometries which are 
placed on the handling part should not be exceeded. 
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Table 7-1: Maximum length  for the different geometries and a maximum deflection of 
30 mm 

 

In Figure 7-3, this arrangement of the basic geometries is done on the part manually to 
elaborate if this approach can generate good results. The grippers are arranged in such 
a way that the nearest edge of the part is 65 mm away.  

 

Figure 7-3: Arrangement of grippers on a part to achieve a maximum deflection of  
30 mm 

The equilateral triangle is at the maximum dimension of 510 mm. The rectangle on the 
other side has with a length of 470 mm some reserves and should not be a problem. 
Since this approach is always using the largest deflection of all fiber orientations for one 
basic geometry and length (Figure 7-2) the gripper arrangement should work for all fiber 
orientations of the handling part. Accordingly, this configuration is now simulated for a 
fiber orientation of 0 ° and 30 °. The occurring deflections are presented in (Figure 7-4).  

Rectangle

Equilateral
triangle

= 510 mm

 Geometry Length  [mm] for a maximum deflection of 30 mm 

Cantilever beam 70 

Rectangle 540 

Equilateral triangle 510 
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Figure 7-4: Deflection of an initial gripper configuration with a fiber orientation of 0° (a) 
and 30° (b) 

The initial gripper configuration by pre-simulated basic geometries performs well for a 
fiber orientation of 0 ° (Figure 7-4, a). The deflection does not exceed the target value 
of -30 mm. For 30 ° (Figure 7-4, b) red zones appear in the simulation which indicate 
too large deflections. Primarily because these zones cannot be covered by the pre-
simulated basic geometries. Nevertheless, the solution in Figure 7-4 is a good initial 
gripper configuration. It is very well conceivable that the result can now be further 
improved by adjusting the position of the grippers using the information of the simulation 
results. 

A better initial gripper configuration without simulating the whole part would also be 
possible, if not only equilateral triangles are simulated but also triangles of any shape. 
With a major set of pre-simulated forms this approach would then also offer the 
possibility to perform the whole gripper configuration by using only pre-simulated 
geometries. This would also mean an increasing number of pre-simulated results which 
are necessary. The amount of simulations for the small example in this chapter were 
already 81 simulations. Nine simulations per basic geometry and length to simulate 
different fiber orientations, three different lengths (150 mm, 250 mm, 500 mm see in 
Figure 7-2) and three different basic geometries. One simulation run needs about 60 to 
90 seconds depending on the size of the geometry. The next step would be to automate 
the process of arranging the basic geometry elements on arbitrary shaped parts. 

a) 0 ° b) 30 °

Deflection too large

Deflection too large
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7.1.3 Initial gripper configuration by self-organizing maps algorithm 

The next approach is based on the principle of SOM or also Kohonen feature maps 
(Kruse et al. 2016, p 103). SOM are normally used to solve classification and clustering 
problems, but it is also possible to adjust them for optimization problems (Kruse et al. 
2016, p 109; Chen et al. 2013; Kohonen 1990, p 1464). Every SOM or SOM derivate 
gets at the beginning an input data set and is placing then the neurons according to 
specific rules. The input data set for the gripper placement problem are the points 
defining the part. These points are further abbreviated with . The gripper will take over 
the role of the neurons and are abbreviated with . Please note that the terms “gripper” 
and “neuron” will be used synonymously in the following. The mesh of points  defining 
the part is created by first generating a mesh with a specific grid spacing over the hole 
maximum dimension in the  and  directions and then sort out points which are not in 
the shape defining the part. The result of this process is pictured in Figure 7-5. 

 

Figure 7-5: Points defining the geometry of the part 

The normal SOM is just a mesh with a defined number of neurons (Kohonen 1990, p 
1466). The general idea of SOM is then improved by different approaches. Derivative 
are for example neural gas (NG) by Martinetz, Berkovich & Schulten (1993), growing 
cell structure (GCS) by Fritzke (1994) and the growing neural gas (GNG) by Fritzke 
(1995). These different derivatives are elaborated and summarized in Table 7-2. Please 
note that the SOM, NG, GCS and GNG algorithm are also explained in detail in chapter 
2.4. In the following only a short summary is given. 

 

Shape

Neurons

Input points

Connection
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Table 7-2: Comparison of different derivates of SOM 

 

The classic SOM has a fix number of neurons which are connected by a pre-defined 
structure (Prudent & Ennaji 2005, p 1212). Especially the inflexible structure will make 
it unsuitable to fit on different shapes. Furthermore, they are often arranged two-
dimensional (Kohonen 1982, p 61). However, since so many boundary conditions are 
already defined at the beginning, they have only a very small number of parameters.  

The NG on the other side is just working with vector quantization and does not create 
any topology or structure between the neurons (Fritzke 1994, p 1212). This makes the 
algorithm very flexible. On the other side the number of neurons is defined already at 
the start and no new ones are added in the process (Martinetz, Berkovich & Schulten 
1993, p 560). 

The GCS starts with an initial network structure which corresponds to the input data 
(Fritzke 1994, p 1442). It can add and delete points, which makes it in general flexible 
to fit different shapes. By this process the algorithm always keeps the structure of the 
network with hyper tetrahedrons (Prudent & Ennaji 2005, p 1212). This circumstance 
reduces the flexibility slightly. 

The GNG works in general like the GSC. The main difference is the structure of the 
network and the initial network at the start of the algorithm (Fritzke 1995, p 628).  The 
algorithm starts always with two neurons. In contrast to the GSC the structure is not 
defined, so that individual neurons can also be created with only a single connection to 
other neurons. This makes the realizable structure of the network very flexible. Using a 
GNG as developed by Fritzke (1995) will produce the following initial gripper 
configuration in Figure 7-6. The following GNG parameter set in Table 7-3 was used 
which was already explained in chapter 2.4.5. 

 Flexible shape Parameter values Flexible number of neurons 

SOM - + - 

NG + + - 

GCS o - + 

GNG + - + 
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Table 7-3: Parameter set for GNG to generate gripper arrangement in Figure 7-6 

 

 

Figure 7-6: Initial gripper configuration generated by using the GNG algorithm by 
Fritzke (1995) 

The initial gripper configuration generated by the GNG in Figure 7-6 looks generally 
similar to the solution in Figure 7-4. They differ mainly in the size of the triangle and 
rectangle. The GNG offers the possibility to create initial gripper configurations 
automatically, which can be similar to manually crated ones because the positions of 
the neurons depend on the geometrical input information of the part.  

Pre-studies using this method to generate gripper configurations by A_Abderrahman 
(2017) also revealed some problems with this algorithm for such a task. Grippers (or 
neurons) have often large distances to the edges of the part. This can be a critical point, 
because these spots will act like Cantilever beams and tend to cause large deflections 
(see Figure 7-2). Another problem are inner cut-outs in shapes like the extreme 
example in Figure 7-7 (A_Abderrahman 2017, p 48).  The algorithm tries to keep the 
distance to all points of the component as small in sum. This does not always lead to a 
good solution for the problem which should be solved here. Unfortunately, inner cut-
outs are often to be found because they improve the drapability and lead to a low 
formation of wrinkles during this process (Potter 2002, p 678; Robertson et al. 2000, p 

Parameter         

Value 0.01 0.0001 5 200 0.9 0.9 10 10 
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709). The GNG algorithm completely ignores such cut-outs and places the grippers in 
empty spaces, as shown in Figure 7-7.  

 

Figure 7-7: A shape with inner cut-outs causing problems for GNG 

A last issue is the high number of parameters the GNG uses compared to other 
algorithms and how they affect the result (A_Abderrahman 2017, p 27). If this algorithm 
should be used for this problem the influence of the different parameters must be 
investigated. 

7.1.4 Conclusion of the different approaches 

The presented approaches above have different advantages and disadvantages. For 
example, using a full-body gripping approach and optimize the problem using a discrete 
combinatorial optimization algorithm is already a method to find a final gripper 
configuration. Nonetheless, the disadvantage of this approach are larger parts which 
must be covered with a great number of grippers. This will result in large solutions space 
which can get problematic for the discrete combinatorial optimization since it is normally 
important to reduce the number of possible combinations (Balas 1965, 517-546; Suhl 
& Mellouli 2013, p 10).  Nevertheless, there are specialized algorithms for specific 
problems in combinatorial optimization that solve them with high efficiency (Korte & 
Vygen 2012, p 9). The real drawback is the need of discretization the problem. 
Especially for smaller parts the change in the deflection is huge when only one gripper 
alternates between two possible gripper positions. For smaller parts this approach will 
probably only generate inadequate solutions and for large parts there is the danger of 
long runtimes due to the large solution space. 

Using pre-simulated basic geometries led to a good result with a manual placement of 
the basic geometries on the part. This placement would still have to be automated. The 
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major drawback of this approach is the number of pre-simulations that has to be done. 
It would be an interesting approach if the same simulation results could be used over 
and over again. However, simply by changing for example the handling acceleration, it 
is necessary to calculate the whole set of simulations again. 

The GNG approach on the other side does not need pre-simulations and offers the 
possibility to place the grippers not only on discrete positions. The algorithm tries to set 
the grippers based only on the geometric input of the parts shape and thus generates 
appropriate arrangements. Open issues are dealing with cut-outs in the shape and 
bringing the gripper closer to the edges of the part. However, all of these points make 
the approach very interesting, especially since it promises to deal with a wide variety of 
shapes. The results of the algorithm depend on the input parameters and this issue will 
need further investigations. However, due to the promising results in the pre-
investigations by A_Abderrahman (2017), this approach will be further examined in the 
following chapters. 

7.2 Initial gripper configuration without specific deflection data of 
the shape 

This chapter will introduce necessary modifications to the standard GNG algorithm to 
adjust it for the generation of initial gripper configurations. After these adjustments are 
done an investigation on the different influences of the GNG parameters is performed. 
The general goal hereby is to identify values which perform well and will generate 
sensible solutions. 

7.2.1 Modification of GNG for initial gripper configuration 

As mentioned in chapter 7.1.3, the GNG algorithm generally performs well for creating 
initial gripper configurations but there are some issues: 

1. Large distances to the edges of the part 
2. Non-observance of cut-outs in parts 
3. Result quality depending on the GNG parameter setting 

Aside from the last point which will be discussed in chapter 7.2.2, adjustments must be 
made in the GNG to solve point one and two.  
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Large distances to the edges of the part 

The normal GNG algorithm is based on Equation 7-1 or Equation 7-2 depending if a 
gripper  is the nearest gripper to the point  or just a neighbor.  

 Equation 7-1 

 

 Equation 7-2 

Thereby every point  has the same weight and when a GNG is performed the grippers 
searching for a way to keep the smallest average distance to the points. Because the 
most points are located in the inner structure and not on the outside contour of the part, 
the grippers are placed also more towards the center.   

One solution is to distinguish between the different points and weight them differently. 
Points defining the outside contour  of the part will be assigned a higher weight 
than inner points . This is achieved by modifying Equation 7-1 or Equation 7-2 and 
adding a variable  which values depend on the point : 

 Equation 7-3 

 

 Equation 7-4 

By using this, points defining the outer couture can get more weight and will attract the 
grippers (aka neurons) more. If the same GNG as in Figure 7-6 is repeated using the 
same values from Table 7-3 but different weights  for inner and outer points the 
result is changing significantly. In Figure 7-8 the points on the outer contour  have 
a 120 times greater weight  then the points in the inside of the part and the 
points are nearer to the outer contour than in Figure 7-6. Therefore, this value controls 
how close the gripper is dragged to the outer couture. The ratio of  to  
should be represented by the parameter  and is defined by Equation 7-5, 

whereby  should always has a weighting of one. Hereby  is always 

equal . 

 Equation 7-5 
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Figure 7-8: Gripper configuration with higher weight of points defining the outer 
contour of the part 

  

Non-observance of cut-outs in parts 

This problem mainly occurs because grippers are attracted by points even if there is an 
outer contour between them. This effect could be demonstrated if one gripper should 
be placed in a part with a huge cut-out in the middle displayed in Figure 7-9 (a). The 
gripper tries to achieve the minimum average distance to the points and the logical 
answer is somewhere in the middle of the part. Unfortunately, this ideal spot for the 
minimum average distance is also a cutout. The solution is therefore inviolable for this 
kind of application. In order to avoid such behavior, the simplest solution is to implement 
a line of sight (LOS) condition in the algorithm. Every gripper is only attracted by points 
or considered as nearest gripper of a point if a LOS rule is existing. Through this 
condition, an adjustment step performed according to Equation 7-3 and Equation 7-4 
will never result in a gripper leaving the part (Figure 7-9, b). 
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Figure 7-9: Gripper placed by standard GNG (a) and by implementing a line of sight 
(LOS) rule (b) 

The same problem exists with the connection of two grippers. According to the rules of 
a normal GNG two neurons or grippers are connected to each other if they have at least 
one point in common where they are the closest or second closest grippers. This rule 
can result in a situation as displayed in Figure 7-10 (a). This becomes a problem if a 
new gripper should be added to the existing ones. This new gripper is placed between 
two existing ones with the highest error. If the position is not inside of the part the 
configuration will benefit from this gripper. To avoid this problem every step of a gripper 
is precalculated. If an adjustment step by Equation 7-3 and Equation 7-4 will result in 
breaking up the LOS between two grippers this adjustment step will be skipped. Due to 
this rule, the grippers will no longer move if their connection line is near the outer shape 
of the part. An example of this behavior is shown in Figure 7-10 (b).   

 

Figure 7-10: Connection of two grippers by standard GNG (a) and LOS rule (b) 

This rule must be applied at least until the maximum number of grippers is reached. 
The rule can then be overridden, since no new grippers have to be integrated. 

a) Without LOS b) With LOS

Position of 
new gripper

a) Without LOS b) With LOS
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Abort criterion, error calculation and adding grippers  

The classic GNG does not have an abort criteria in the usual way. At the start a 
maximum number of iterations is defined, which are then calculated. There are no 
criteria to terminate the calculation prematurely before this maximum number of 
iterations is reached. However, it is not possible to predict how many iterations are 
necessary to complete a gripper configuration, especially since this depends on the 
other GNG parameters. Accordingly, a criterion should be defined for canceling the 
process. The idea is to monitor the error of the gripper configuration and abort the 
process if no significant change between the iterations is detected anymore. 

The error  in a standard GNG is calculated by summarizing the closest square 
Euclidean distance between all neurons and its closest input points. This is done once 
for each point in an iteration. Hereby at the end of an iteration the total error of the 
current configuration is calculated. The algorithm to generate gripper configurations will 
use the rate of change of this total error in multiple ways. The normal GNG does not 
reset this error after an iteration run, but rather sums it up from one iteration to the next. 
To prevent the error from rising to infinity, this error is reduced in each iteration with the 
factor . This procedure is discarded for the problem presented here. 

As in the standard GNG in every iteration the error is calculated but it will start for every 
iteration at zero. The abort criterion will be depending on the change rate of the error 
between the different iterations. The idea is that a low error change rate indicates a 
stable gripper configuration solution. If the change rate will drop under a certain value 

 the algorithm will stop and the configuration is complete. The standard GNG on 
the other side defines the moment a new neuron is added to the configuration with the 
factor . Each time the number of iterations corresponds to a whole divisible of  a new 
neuron is inserted.  

Furthermore, many iterations can be passed if the algorithm already starts with the final 
designated number of grippers. This is not a good idea for a standard GNG but for this 
problem here where a certain number of grippers is aimed for, it is a good possibility to 
reduce iterations. Accordingly, that all grippers start at the same position and thus lie 
on top of each other at the beginning. Nevertheless, the rules of integrating new 
neurons/grippers according to the standard GNG is maintained for the case in which a 
gripper is deleted in the process and must be integrated again.   
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7.2.2 Influence of parameters on the initial gripper configuration 

Since several changes have been made to the existing GNG in the last chapter (7.2.1), 
this chapter will first provide a brief systematic overview of the procedure of the new 
algorithm to identify all relevant parameters for this chapter. This overview is presented 
in Figure 7-11.  

The parameters should be commented briefly in the following: 

Objekt.stl: Is the input file defining the geometry of the part by STL format. 

: This parameter defines how fine the mesh representing the part will be. If 

this parameter is set to 14 it means a mesh with a grid spacing of 14 mm will be used. 
The further figures will no longer show the individual points, since the representation 
becomes confusing. Accordingly, only the outer shape of the component is represented. 
Exceptions are explicitly mentioned.   

: In chapter 7.2.1 it was introduced to treat points on the outer shape of the 

part in another way than the inner points. An inner point has a weighting of 1. A point 
on the outer shape gets a higher weight by multiplying it with this factor.  

: Is a parameter taken from the normal GNG. It has an influence how large an 
adjustment on a winner neuron  is performed. 

: Is a parameter taken from the normal GNG. It has an influence how much an 
adjustment on a neighbor neuron  is performed. 

: Is just the start position of the grippers. 

: Is a parameter taken from the normal GNG. It represents a threshold after an existing 
link is deleted if it has not been renewed for a certain number of steps. A connection is 
always created or renewed if the two grippers connected by it still represent the two 
next neurons for an input point. 

 



Gripper configuration 105 
 

 

 

Figure 7-11: Flowchart to create initial gripper configurations 
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: This is a new parameter. The change rate of the error  in the gripper 
configuration is monitored every iteration step and an average error value is calculated 
over the last three iterations. If the change rate of this average error is falling below a 
certain value   a new neuron is added. If the maximum number of neurons is 
already reached the whole process is completed. The process will also come to an end 
if the maximum number of iterations is reached. However, this should be avoided if 
possible. 

: Is a parameter taken from the normal GNG. It defines the maximum number of 
neurons which can be used.  

: Is a parameter taken from the normal GNG. It defines the maximum number of 
iterations. As already mentioned, it should only play a secondary role here and only 
serve as the last termination criterion if a solution does not converge. 

It should now be investigated which different effects the parameters have on the result 
of the gripper configuration performed by the algorithm described in Figure 7-11.  

 

Presetting parameter values 

The first step is to reduce the number of parameters which have to be considered if 
meaningful values can be defined based on external boundary conditions. Such a value 
is for example the maximum number of iterations . The normal GNG aims to 
complete all iterations. By looking at the error development, it can be seen whether the 
distribution of the neurons can fulfill the self-imposed goals set by the parameter . This 
will not work for the problem here. In this case a certain number of grippers/neurons 
should be placed. How many iterations it takes is not of primary interest. Accordingly, 
the  is set for all configurations to a very high value (250). If this value is reached, 
the process is generally considered unsuccessful. This also limits the maximum time 
that can be used to generate a gripper configuration. 

Another parameter is the  value. This parameter should be the same for all 

of following considerations. The question is what could be a good value. Generally, the 
algorithm will be more accurate if this value is small, because then the component is 
represented very detailed. This will also mean that the algorithm has to deal with a large 
amount of points, which will take some time. In chapter 5.1.1 it was specified that parts 
can have dimensions of 1500 mm x 1500 mm. If a  of 1 mm is used this will 
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result in 2.250.000 input points in every iteration. A compromise is necessary. This can 
be developed by considering the size of the gripper. A gripper has a round gripper 
surface with a diameter of 40 mm. To grip parts with dimensions smaller than this 
gripper surface does not make sense. The value for  can therefore be as 

large as possible and still display the gripper surface in sufficient detail. In Figure 7-12 
a part with the dimension equal to the gripper surface is meshed with a  value 

of 10 mm. Thereby the surface is still represented by nine points which should be 
enough for such a small object. With this  value the biggest part with 

1500 mm x 1500 mm will still contain 22.500 points. 

 

Figure 7-12: Gripper surface represented by nine points 

Furthermore, the parameter  will be a constant value for all investigations. This 
value defines when a configuration process is completed. It will be set to 1 mm. The 
average value of the last three iterations may therefore only change within one 
millimeter for a process to be considered complete. Such a change is very small and 
shows that a stable solution has been achieved. 

 

Systematic analysis of parameters 

The remaining values (Object, , , , , , ) are now to be 

systematically examined. The most important parameter is , as it directly controls the 
adjustment steps of the grippers/neurons. Therefore, the investigation will start with this 
parameter. The plan for the parameter variation is displayed in Figure 7-13. 
Furthermore, comments are added in Figure 7-13 to explain the values. Three different 
values for  are chosen (0.5, 0.05 and 0.005). These different values for  will all be 
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tested with different  (1 and 10) and also different . The term "C" in 

Figure 7-13 indicate that the grippers are placed in the geometric center of the part at 
the beginning of the algorithm. It should be clarified once again that all grippers start at 
the same position and thus lie on top of each other at the beginning. The remaining 
parameters remain constant and are assigned only one value at a time. 

 

Figure 7-13: Variation of the parameters to investigate the influence of   

The results of these parameter setup are displayed in Figure 7-14. In the first line, it can 
be seen that the results for smaller  are becoming increasingly large. The fourth 
gripper moves to the middle of the part, which is certainly better for the gripper 
arrangement. This shows that  must be sufficiently small to obtain a good result. In 
the second row, the  is set from one to ten, whereby all results consequently 

deteriorate. The result for  0.005 in row two looks now very similar to the formal result 
for  0.05 in row one. 
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Figure 7-14: Results for parameter setup in Figure 7-13 to investigate the influence of 
 

This result is understandable, since in Equation 7-3 and Equation 7-4 the   and , 
which is equal the  (see chapter 7.2.1), are calculated directly with each 

other. In order to obtain stable results, again it is necessary to divide the  by the 
 factor. It can be shown that no reproducible results can be generated with 

too large   values. This correlation can be shown by the resulting error in the gripper 
distribution . For this purpose, three gripper configurations are generated for each 
different . In each case it is recorded, how the error develops over the iterations. The 
curves are shown in Figure 7-15. The three attempts with a high  (0.5) only needed 
five iterations, but they vary a lot regarding their find error. The other three attempts 
with a low  (0.005) need longer but also lie closer together. They even overlap and, 
their error is significantly smaller. In this case a good gripper distribution and a small 
error correlate. 
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Figure 7-15: Error of gripper configurations generated = 0.5 and = 0.005 (Number 
of iterations cut by 15) 

Conclusion from Figure 7-14 and Figure 7-15: From these first experiments it can be 
concluded that a low  value is necessary to get stable results. Also, a higher 

 value has a destabilizing effect. In addition, the start position of the grippers 

has an influence on the results. 

The next parameter that will be investigated is .  is responsible for the fact that 
neighbors can influence each other in a GNG. An input point always draws the next 
gripper with  towards its own position. The same point draws all neighbors of the 
gripper with . The general idea is that the gripper closest to the input point is also 
most affected. The effect on its neighbors, on the other hand, is expected to be less. 
For this reason, in the following  should always be used depending of  according to  
Equation 7-6. 

 Equation 7-6 

Correspondingly, not  but rather  must be examined. Since  should always be 

smaller as ,  must have a value smaller one or even smaller.  

To test  a  is defined with a value of 0.005 because this value has performed well 

so far. Weighting  is also kept constant at a value of one, because so far it 

is just destabilizing the results. However, in addition to a variation of , two different 

start positions are also used. They are the same as in the previous study of  (Figure 
7-14). It can be observed in Figure 7-16 that for a larger , the grippers move closer 

together than for a smaller . Furthermore, there is no difference between the 
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different start positions.  can therefore ensure that the solution no longer depends 

on the starting position. Moving the grippers together can have a negative effect, 
because the edges of the part will have large deflections. 

 

Figure 7-16: Variation of the parameters to investigate the influence of   

It should now be analyzed how the error develops depending on . For this purpose, 

three configurations with an  of 0 and three with an  of 0.1 are calculated. Each 

time a  of 0.005 is used. Furthermore, the start position is always the center of the 
part. Figure 7-17 shows the result. Using a  actually has a negative influence on the 

error. It becomes larger by using it a larger , which can be explained by the fact that 
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the grippers move closer together by  and thus move away from their ideal position 

with respect to the distance to the input points. 

 

Figure 7-17: Error of gripper configurations generated = 0 and = 0.1 

Conclusion from Figure 7-16 and Figure 7-17: From the variation of  it can be 

concluded, that  will make the results independent of the starting position. 

Furthermore,  arrange the grippers more symmetrically but it will also increase the 

error of the final result. 

 

So far it can be seen that  can destabilize the results because it indirectly 

increases . The general intention of   was to distinguish between inner and 

outer points. So, a negative effect on  can be prevented if  is divided by . 

Then  will still ensure that the inner points will have a smaller influence but 

it cannot destabilize the results anymore. Accordingly, Equation 7-3 and Equation 7-4 
are adjusted. These adjustments can now be seen in Equation 7-7 and Equation 7-8. 
This adjustment ensures that the solutions do not escalate even with a larger 

 but it will reduce the influence of the inner points and will drag the gripper 

further outwards. This has already been shown in Figure 7-14. 
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 Equation 7-7 

 

 Equation 7-8 

However, now this correlation is to be studied in further detail with the parameters 
selected so far and how the adjustments in Equation 7-7 and Equation 7-8 affect each 
other. The adjustments in Equation 7-7 and Equation 7-8 make the results stable. Using 
a  of 0.005 and a  of 0.1 will result now for a  of 10 or 100 in a 

reproduceable result. This was not the case without the adjustments before. 

Again, three passes were made of each configuration (Figure 7-18). Each result is now 
stable, which is a significant improvement relative to the first results in Figure 7-14. 
However, the gripper moves downwards in the middle for larger  values. 

 

Figure 7-18: Error of gripper configurations generated by  

The reason why the gripper moves out of the middle for large   is clearly 

visible in the Figure 7-19.  

= 100
= 10

E
rr

or
 

[m
m

]



114 Gripper configuration 
 

 

Figure 7-19: Gripper configuration using only points on the edge of the part (a) and all 
points (b) 

Here a gripper configuration is generated only by the points at the edge (a) and by the 
points inside (b). Each gripper must move as close as possible to the points, which is 
only possible if the gripper moves away from the center. However, for the later gripper 
distribution it is certainly often important to have a gripper in the middle of the part. This 
aspect of   can therefore be a disadvantage.  

Conclusion from Figure 7-18 and Figure 7-19: By the adjustments in Equation 7-7 and 
Equation 7-8 high  values can be used now without any destabilization. 

However, gripper from within the arrangement then also move to the edges for a large 
.   

The problem in this situation is that the grippers on the outside should spread widely 
and be near the edges of the part but still some grippers should remain on the inside. 
By slight adjustment on  and  this is possible even with a large . This 

is done by decreasing  (change from 0.005 to 0.0005) or slightly increasing . Just 

by testing values an increase of  from 0.1 to 0.11 was found to be enough. However, 

all these measures come at the cost of an increasing number of iterations. This can be 
seen in Figure 7-20. From an economical perspective, the best result is the 
configuration in the middle of Figure 7-20. The grippers are already quite widely 
distributed and with a number of only 36 iterations the effort is manageable. 

a) b)
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Figure 7-20: Variation of parameters to investigate the influence of  

Conclusion from Figure 7-20: Ultimately it has to be said that the method of weighting 
the boundary points differently works but must be used with care. Good results will need 
a high number of iterations. 
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Accordingly, something else has to be done to bring the grippers closer to the edge.  
( ) is primarily used to make the solution more independent of the starting position, 

but unfortunately also has the effect of bringing the grippers closer together. This also 
means that  is necessary at the start of the configuration but not at the end. Instead 
of applying a higher weighting for the points at the edge it is also possible to reduce the 
parameter  at the end of the process or even set it to zero. The end of the process 

is normally reached if the  is fulfilled the first time. However, instead of stopping the 
process at this time the  will be manipulated. Using the same logical also  will be 

reduced to ensure an accurate result. These parameters will be marked as  and 
. As in the previous investigations good results were achieved with a  

value of 0.005. A wider distribution is enabled when the  value (and therefore 

)  is set to zero at the end. This is tested in Figure 7-21 in the right configuration. 
 starts with a value of 0.11 at is reduced at the end to 0. The left and middle 

gripper configuration have already been shown before in Figure 7-20 and are here in 
Figure 7-21 for a comparison to the one on the right. Of the three gripper configurations, 
the right one managed to spread the grippers the most. At the same time the number 
of iterations is only slightly increased with 73 iterations. At the same time the exact value 
of  is now less important anymore as long as it is not to big (≤0.5) or too small (≥0.1). 

 

Figure 7-21: Test of the use of a final value  and  

The last parameter is  to analyse in this chapter. It defines when connections between 
the grippers have to be deleted. Previously, this value was set to infinity, which enabled 
this aspect to be omitted thus far. It should ensure that connections between two 
grippers are disconnected if they no longer have a common point. The value is set equal 
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to the number of points for all considerations. This ensures that a connection is 
maintained even if only one single point connects two grippers. For the object D400 this 
will result in the following gripper configuration in Figure 7-22. The parameter values in 
Figure 7-22 will also represent the final values of the parameter investigation in this 
chapter. Through the influence of , the connection between gripper one and two is 
deleted because gripper four is slightly too close to the lower edge and therefore there 
are no more common points for gripper one and two. 

 

Figure 7-22: Final parameter setting of this chapter and influence of the  parameter 

Since in the course of this chapter adjustments have again been made to the structure 
and sequence of the algorithm, the additions are shown in Figure 7-23 relative to Figure 
7-11. The changes are marked in blue. If now all conditions are met to complete the 
process the first time  and  are activated by just replacing the old  and 

 values. Also, the error of the configuration is manipulated so that the  is not 

fulfilled anymore and a new adjustment process with the new values  and 
 is executed. 
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Figure 7-23: Adjustments to the algorithm relative to Figure 7-23 (marked blue) 

7.2.3 Initial gripper configuration for use-cases 

The adjusted algorithm in Figure 7-23 with the final parameter set (Figure 7-22) will now 
be used to generate initial gripper configurations for the use-cases presented in 5.4. 
The different parts will be presented one after another with a different number of 
grippers (different ). The aim is to reflect whether the gripper configuration is a 
sensible configuration for each component that can be further improved by integrating 
simulation data.  

 

Use-case SMC: IR001 

Figure 7-24 shows gripper configurations for the first SMC use-case part IR001. Most 
configurations are plausible, whereby exceptions are the configurations C2 and C4.  
The distribution of three grippers on a rectangle is generally a difficult task. Whether the 
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distribution is so appropriate is difficult to answer and a human would probably tend to 
place one of the three grippers on the opposite side of the two grippers in the middle. 
However, in the C4 configuration it is definitely necessary to place one of the five 
grippers in the center and the others symmetrically around it in the corners.  This can 
still happen through the integration of simulation data in the next step. 

 

Figure 7-24: Generated initial gripper configurations for part IR001 with a different 
number of grippers 

 

Use-case SMC: IR002 

IR002 differs from IR001 only regarding the cuts-outs for a better draping behavior. The 
algorithm takes these differences into account by no longer arranging the grippers in a 
rectangle but in a diamond shape (C3) and then continuously expanding this (C4 - C6).  

The adjustments in chapter 7.2.1 show effect and no gripper is placed in the cut-outs. 
It is to be expected that the distributions will give good results. However, with the form 
IR002 all configurations of IR001 could also work well because the cut-outs are very 
small, and the grippers could also bridge them. 

 

Figure 7-25: Generated initial gripper configurations for part IR002 with a different 
number of grippers 
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Use-case RTM: H003 

The algorithm arranges the grippers for part H003 (Figure 7-26) in the configuration C3 
to C7 well and in a symmetrical way. Only their spreading over the component can be 
mentioned here as something to be improved. Furthermore, in C1 the form is correct, 
but not the spreading. Asymmetric occurs only in C2. Here it is uncertain whether this 
distribution is worthwhile for a further improvement by a simulation. 

 

Figure 7-26: Generated initial gripper configurations for part H003 with a different 
number of grippers 

 

Use-case RTM: H003_1L & H003_1R 

The parts H003_1L and H003_1R are basically identical but are mirror-inverted to each 
other. For this reason, only the part H003_1L is shown here in Figure 7-27. Since the 
component is not very wide, the algorithm distributes all grippers to be distributed into 
one line. Each of the distributions therefore represents a useful initial gripper 
configuration. 
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Figure 7-27: Generated initial gripper configurations for part H003_1L with a different 
number of grippers 

 

Use-case RTM: H003_2 & H003_3 

The last two parts H003_2 and H003_3 have the same characteristic as the previous 
part H003_1L. They are not wide and therefore only a gripper arrangement along a line 
makes sense (Figure 7-28).  

 

Figure 7-28: Generated initial gripper configurations for part H003_2 and H003_3 with 
a different number of grippers 

 

“Randomized” part: RA001 

The last part on which the algorithm is to be tested is not part of a use-case but has a 
balanced mixture of flat and thin geometric features. Figure 7-29 shows arrangements 
for a different number of grippers, all of which are all suitable as initial gripper 
configuration. 
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Figure 7-29: Geometry and generated initial gripper configurations for part RA001 with 
a different number of grippers 

7.2.4 Conclusion for initial gripper configuration 

In this chapter, an algorithm has been developed that aims to generate initial gripper 
configurations for two-dimensional parts using different numbers of grippers. For this 
purpose, the GNG approach was selected and adapted to the problem. As in chapter 
7.2.3, the resulting algorithm produces good results in most cases and generates 
sensible gripper arrangements. Only one of 36 gripper arrangements is questionable 
(H003 C2 in Figure 7-26). However, it is quite conceivable that the systematics shown 
here can deliver good results for a variety of different forms. This should be shown 
especially by applying the algorithm to different shapes in chapter 7.2.3. The 
implementation of the widest possible distribution is still an issue for some shapes.  

7.3 Adjustment of gripper configuration with deflection data 

Since initial gripper configurations are available through chapter 7.1, they can now be 
simulated. The simulation results will provide information on where problem areas are. 
However, it is clear that the grippers are not yet correctly arranged in the initial gripper 
configurations. This cannot be the case because neither the material data or fiber 
orientation were taken into account during generation. The task is now to adjust the 
previously placed grippers in such a way that the deflection is reduced. Only if no 
improvement of the deflection can be achieved with the existing grippers anymore a 
statement can be made whether an additional gripper is necessary to achieve the target 
deflection or not. An approach is therefore needed to improve the existing gripper 
configuration. 

A large deflection at a specific point can usually be reduced by bringing an existing 
gripper from the configuration closer to it. Intuitively, one would select the gripper that 

C1 C2 C3 C4
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is closest to this point, as this would require the slightest change in the configuration. 
The systematic steps to make these adjustments are: 

1. Identify points with a too large negative deflection 

2. Select a gripper closest to this point and drag it towards this position 

3. Check the result of the adjustment 

 

This means that the same algorithm used to generate the initial gripper configuration 
can also be used to adjust it. However, there is a significant difference between the two 
tasks. The input data representing the part was previously only described in two 
dimensions (  and ). Based on this information, the position of the grippers was then 
also determined in two dimensions. In addition, the information was previously static 
and thus unchanged throughout the entire process. Since simulations are now 
performed and the part is deformed, the positions of the input points describing the part 
will change therefore in three dimensions. Furthermore, the input data will no longer be 
static about the process, because with every small change in the gripper positions, the 
deformation of the component will also change. However, the grippers still only have to 
be arranged in two dimensions, given that the component is to be picked up on a flat 
surface. Accordingly, the third dimension ( ) must always be zero for the grippers. 

7.3.1 Modification of GNG for the gripper configuration adjustment 

Since the boundary conditions of the problem change, the algorithm must also be 
adapted again. The adjustments in the previous Equation 7-7 and Equation 7-8 were 
dependent on  (or ), the weighting  of the respective point and the distance 
between the gripper  and the point . The direction of the adaptation was defined by 
the vector between the input point  and the gripper .  

The input points describing the part are shifted in three dimensions by the deformation 
in the simulation. For each undeformed point  it is calculated by the simulation how it 
is moved by the deflection in the different directions ,  and . If these 
shifts are now applied to the point  to calculate a deformed , the gripper would also 
be shifted into three dimensions by the adaptation vector . However, it has 
already been mentioned that only two-dimensional displacements are permissible for 
the grippers. Therefore, the displacements are not applied to the vector itself, but only 
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the , is calculated as a weighting like before. The shifts  and 

 should be ignored in this analysis. Large deformations in  are often 
accompanied by large deformations in  and . Accordingly, a deformed part 
has a different outer contour than the undeformed part when viewed from above. 
However, the aim is to bring the grippers to critical  and  positions on the still 
undeformed part, to avoid these strong deformations later. Accordingly,   and 

 must be ignored. 

The direction of the adjustment should still be maintained, although the distance 
between the gripper  and the input point  is no longer important because the 
important value is now the deflection . For this reason, the vector is now 
normalized by its magnitude in Equation 7-9 and Equation 7-10. Instead of the weight 

, the deflection of the part in -directions is considered in .   

Equation 7-9 

 

 Equation 7-10 

Another important fact is that the value of the input points change depending on the 
adjustment movements of the grippers. Therefore, after each adjustment step, a new 
simulation must be carried out. Each simulation can take a few minutes. This makes 
every step very time-consuming. Accordingly, it is important that there is always an 
improvement through the adjustment. Misadjustments must be avoided or their 
consequences reduced as far as possible. It is unlikely that an adjustment step takes 
exactly the right measure the first time. Generally, two scenarios can occur: 

1. The adjustment step led to an improvement but did not go sufficiently far enough. 

2. The adjustment step was too large. Although it was possible to eliminate a large 
deflection at a spot, but a new deflection was created due to the large adjustment step. 

The first scenario is not a problem. The result was a step in the right direction and can 
therefore be accepted. Even the next step in this direction can be enlarged a little. In 
the second scenario, the adjustment has overstepped the mark. The result is therefore 
useless. Here, it becomes necessary to reload the initial situation and try again with a 
smaller step. All of these described adjustments can be seen in Figure 7-30.  
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The process is repeated until the rate of change deflection falls under a criterion 
.The process starts with loading the initial gripper configuration and the first 

simulation of the deflection. The important values  and  are stored and the 
abort criterion is checked. If there was already a previous step it will be checked whether 
it was good and could improve the result. The  is then increased or reduced 
according to the evaluation. The increase or reduction of  is done by multiplying 

 by the factor  or . If the last step led to larger deflection, the last 

good configuration is loaded. As with the initial gripper configuration, the input data from 
the simulation are to weight, whereby this topic will be discussed in detail later. The 
following procedure for performing the adjustment steps corresponds exactly to the 
system already described for the initial gripper configuration (page 105). However,  
is no longer used in this process. This is to be justified by the fact that  always leads 
to a reduction of the distribution and thus would prevent the grippers from migrating to 
the problem areas. This could already be shown in Figure 7-15. 

A new element in Figure 7-30 is the decision concerning whether a step was good or 
not. Since the goal of the algorithm is to minimize the negative amount of deflection, a 
good step is logically associated with reducing the amount of deflection relative to the 
previous one. The goal is therefore generally always to take steps in the right direction. 
Adjustments that reduce the average deflection are also considered to be a step in the 
right direction, as there is a chance of reducing the amount of negative deflection in the 
next steps. Depending on this evaluation, the  is enlarged or reduced in the next 
step. A value for   of 1.5 and   of 0.5 is specified for all considerations. 

Depending on the boundary conditions of the task, other values can lead to a good 
result more quickly. However, a more detailed examination should not be done, 
because it is assumed that it will only influence the number of iterations, but not on the 
final result. 
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Figure 7-30: Flowchart for making adjustments to gripper configuration 
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For the generation of the initial gripper configuration in chapter 7.2, the points at the 
edge of the part were weighted differently from those in the inner of the part. Such a 
distinction is no longer necessary here, but each point now has an individual weighting 
in the amount of . This  can vary during the adjustment of the gripper configuration. 
Especially in the first simulation very large deflections of up to 250 mm and more can 
occur. If the gripper configurations are then adjusted, the deflections are also reduced. 
Nevertheless, the algorithm should be able to improve a configuration with only low 
deflections just as well as with large ones. To achieve this, the  from the simulation 
is first normalized by the largest deflection in terms of amount (Equation 7-11). 

Equation 7-11 

In order to ensure that the algorithm can concentrate on the current problem areas in 
each iteration and is not held back by unproblematic points, a limit value filtering is also 
used. This limit filter sets any value zero whose value is greater than . 

 is calculated from the average deflection in -direction and the maximum 
value of  in negative direction according to Equation 7-12. 

Equation 7-12 

A simple example illustrates the effects of the adjustments above. The example is a 
small rectangular blank with a dimension of 250 mm x 25 mm in Figure 7-31. When 
meshing the component, a grid spacing of 10 mm is still used, which is why the width 
of the component is not 100 percent correctly approximated through the grid. 
Subsequently, the initial gripper configuration for two grippers is calculated as a first 
step.  Each point has a weighting of -1, which can be seen from the color coding. Step 
two in Figure 7-31 represents the result of the first simulation. There is a very small 
deflection between the grippers while the freely suspended ends of the part have the 
largest deflection. In the illustrations is marked with an x symbol which points fulfill the 
criterion  and therefore have an influence on the grippers.  

In the third step, the grippers have obviously moved too far outwards and the largest 
deflection is now formed in the middle of the component. However, since the deflection 
has improved relative to step two,  has decreased and points with a 
deflection up to -0.45 mm are now also taken into account. This causes the grippers to 
move back again until a balanced condition prevails in the fourth step. 
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Figure 7-31: Adjustment steps to an initial gripper configuration 

A deflection of approx. -0.5 mm now occurs on both insides at the freely-hanging edges. 
The color coding used in the MATLAB surf plot shows this only partially correct. The 
color of a rectangular area element is always selected based on the value of the lower 
left point. Due to the few rectangular surface elements, it may look as if the right side 
deflects slightly less than the left side in step four. To illustrate this, Figure 7-32 shows 
a side view of step four in Figure 7-31. 

 

Figure 7-32: Side view on the part in Figure 7-31 step four 

In the chapter before it was important to find a good value for . It could also be shown 
that a too large  has a bad influence on the generated configurations. This can be 
explained by the fact that a non-standardized vector was used for the initial gripper 
configuration. If a non-standardized vector is used, an  of one means that the gripper 
takes a complete step to the point to which it is to be adapted. The  is also still used 
to adapt the gripper configuration. However, the vector between the input point and the 
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gripper is only used in a normalized way and whether an adjustment was good or bad 
can be decided directly by a simulation. An adjustment of  depending on the 
simulation result has already been introduced. 

For these reasons, all gripper adaptations will therefore start with an  of one. In 
Figure 7-33 it can be seen how the  and the negative deflection between the 
different steps for the example from Figure 7-31 develop. Note that there is sometimes 
more than one simulation between the different steps. This is the case if a step has not 
led to an improved result and therefore the  is reduced and the step must be 
repeated. 

For example, it takes four simulations to get from step 3 to step 4. In Figure 7-33 the 
 starts with the value 0.005 for the initial gripper configuration, since this was used 

for the creation of the initial gripper configuration. After the first simulation, the value of 
 is then switched to 1 and the actual adjustment of the configuration begins. Since 

the adjustment between step 1 and 2 improved the result, the value for  is 
increased to the value 1.5 by multiplication with . The next step between step 2 

and 3 is then too large in a series of adjustments and lead to worse results. Therefore, 
the  value is iteratively reduced with  until a good result is achieved with 

an  of 0.1875. However, in the diagram at step 3 a value of 0.2813 is shown, since 
the successful value of 0.1875 is calculated immediately after the successful step with 
the . The same happens between step 3 and step 4. 

 

Figure 7-33: Development of  and deflection in -direction 
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The benefit of  in the adjustment process can be shown when three grippers 
are arranged on a triangle (Figure 7-34). The gripper arrangement on the left triangle 
(Figure 7-34, a) in Figure 7-34 is using a  as described in Equation 7-12. By 
the adaption of the other gripper arrangement (Figure 7-34, b) all points have an 
influence.  

 

Figure 7-34: Gripper arrangement with the use of  (a) and without (b) 

This also means that the point in the middle of the triangle try to pull the grippers to their 
own position. They may have only small deflection and have therefore only a small 
influence. However, their larger numbers compensate the few points on the edge with 
large deflections. This effect keeps the grippers closer to the middle of the part which 
causes higher deflections on the edges. 

7.3.2 Gripper configuration for use-cases 

The method presented in Figure 7-30 is now applied to improve the generated initial 
gripper configurations from chapter 7.2.3. As shown in Figure 7-30 the algorithm will not 
add new grippers but will try to arrange the existing grippers in such a way that the 
amount of deflection is reduced. The configurations for part H003 configuration C1 and 
C2 on page 120 can be described as difficult. Configuration C1 is symmetrical and 
makes sense in terms of the type of arrangement, but not sufficiently distributed over 
the part to be good. The question is now whether the algorithm for the adjustment 
manages to create a good configuration even from a less favorable initial gripper 
configuration. Figure 7-35 shows different steps of adjustment by the algorithm.  

a) -11.6 mm b) -15.7 mm
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Figure 7-35: Adaptation of the gripper configuration for three grippers for part H003    

S1 represents the first simulation of the initial gripper configuration. Black x symbols in 
each step indicate the points that meet the  criterion to which the grippers 
will respond. It should be noted that there are several simulations and adjustments 
between the different representations in Figure 7-35. A total of 39 adjustments and 
simulations were required to move from the initial gripper configuration to the result S5. 
First, between S1 and S2, the grippers spread in all directions. Gripper 2 in S2 is not 
positioned exactly in the middle, which means that the right side of the component is 
deflecting more. In S3, gripper 2 reacts to this deflection in S2 by moving there and 
creating a larger deflection on the other side. This shows a complexity with the part 
H003, even a slight non-symmetrical arrangement leads to a folding down of one of the 
edges. Nevertheless, after several adjustments of the step size, the algorithm finds a 
configuration with an equilibrium at both edges. After 39 adjustments and simulations, 
the maximum deflection in the negative  direction is reduced to -105 mm.   
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Another difficult configuration is part H003 with four grippers (Figure 7-36). In the initial 
gripper configuration, the distribution of the grippers is already asymmetrical and too 
small distributed across the component.  

 

Figure 7-36: Adaptation of the gripper configuration for four grippers for part H003 

Here too, the grippers are first distributed over the component from S1 to S2. In step 
S3 the configuration then comes to a stop. The configuration is very similar to the 
configuration before (Figure 7-35), only the gripper four was integrated between gripper 
2 and 3, which corresponds to the internal logic. The additional gripper relative to Figure 
7-35 reduces the deflection in the negative Z direction to -91 mm. The two lateral 
corners are still responsible for the major part of the deflection.    

For the next configurations of H003, only the final results will be presented in Figure 
7-37.  
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Figure 7-37: Adaptation of the gripper configuration for part H003 with different 
number of grippers 

The arrangement of the grippers is reasonable. The gripper configuration with nine 
grippers the placement of the central gripper seems improvable. This gripper is stuck 
between two grippers. These two grippers deal with every critical deflection. Because 
of that the gripper in the middle does not move and stays at the same position. 
Furthermore, in the configuration eight, nine and ten grippers the largest negative 
deflections are always on the same spot and is not improving anymore. This is due to 
the fact that the gripper closest to these the largest negative deflections is held back by 
a large number of points with smaller deflections values. This effect was already 
explained and illustrated in Figure 7-34. 

It is also important to mention that all improved gripper configurations are keeping the 
general shape of the initial gripper configuration. Every gripper in this configuration is 
adapting its position in order to reduce the deflection but there are no major shape 
changes relative to the initial gripper configuration in Figure 7-26. Therefore, the 
algorithm is optimizing the gripper configuration, but it is not clear if it is towards a global 
or local optimum. For a small number of grippers (five to eight) it is more or less obvious 
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that the general arrangement of the grippers is the most efficient one. With an 
increasing number of grippers there are also more possibilities how this arrangement 
can be done. 

Relative to H003 the remaining geometries do not have different ways to place the 
grippers. Because H003_1L, H003_2 and H003_3 have slim profiles grippers can just 
be arranged in one line (Figure 7-38). Here the algorithm is working towards a global 
optimum. How close the solution gets to the optimum is mainly depending on 

 as already described in chapter 7.2.1. 

 

Figure 7-38: Adaptation of the gripper configuration for part H003_2 (a), H003_1L (b) 
and H003_3 (c) with different amount of grippers 

Finally, the gripper configuration for the SMC material is displayed in Figure 7-39. The 
gripper arrangement for the IR001 part (Figure 7-39, a) performs well with -0.3 mm. 
Because of the cut-out in IR002 (Figure 7-39, b) the grippers are not placed like by 
IR001. This causes with -1.8 mm a slightly larger negative deflection. There is a light 
asymmetrical deflection for IR002 due to inaccuracies in the calculation. The color 
coding represents this circumstance more serious than it is, since the color of an 
element depends on the value of the lower left node. 

-85 mm -3.5 mm

-23 mm -2.3 mm

-33 mm

-17 mm

Deflection [mm] Deflection [mm] Deflection [mm]
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Figure 7-39: Adaptation of the gripper configuration for part IR001 (a) and IR002 (b) 
with four grippers 

7.3.3 Conclusion for gripper configuration adjustment 

The examples in 7.3.2 show that the gripper configurations can be considerably 
improved with the method presented. It should be noted, however, that the general 
shape of the gripper configuration does not change in this adjustment process. Also, 
the algorithm adjusts the gripper configuration towards a local optimum without reaching 
it. This effect was already explained and illustrated in Figure 7-34. 

7.4 Number of grippers to maintain a user defined deflection 

The implemented gripper configuration process is now able to place a defined number 
of grippers on an any shaped part and generate an initial gripper configuration by the 
algorithm in Figure 7-11. This initial gripper configurations then improved by the 
algorithm in Figure 7-30. How many grippers must be used in the initial gripper 
configuration to maintain a user defined amount of deflection depends on the geometry 
of the part and its material. This necessary number of grippers is therefore difficult to 
estimate at the beginning of the gripper configuration process.  

In order to determine the necessary number of grippers, the procedure presented here 
start with the smallest possible number of two grippers. For these two grippers an initial 
gripper configuration is at first generated by the algorithm in Figure 7-11 and then 
improved by the algorithm in Figure 7-30. If the amount of deflection is not in the limits 
defined by the user, the whole procedure is repeated with an additional gripper. 

Deflection [mm]

-0.3 mm -1.8 mma) b)

-1.3 mm
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8 Solution composition 
The last steps in the generation of a finished handling solution are the combination of 
the different solutions into one and the implementation of these on the modular handling 
device from chapter 5.1. As already mentioned before the handling device should be 
able to transport the different parts one after another. Therefore, it must be possible to 
combine the gripper configurations in such a way the same grippers are used in as 
many gripper configurations as possible to minimize the total number of grippers.   

8.1 Combination of solutions to one gripper configuration 

For this process a master configuration is defined. This master configuration is the 
configuration containing the most grippers. An example of a set of different parts and 
their gripper configurations is shown in Figure 8-1. 

 

Figure 8-1: Master and slave configurations  

Now the slave configurations will be aligned to the master configuration to find a 
compromise. The aim is to combine as many grippers as possible. The first step in this 
process is to find out how the master configuration could be matched with the individual 
slave configurations. However, for this task some boundary conditions must be defined. 

The modular handling device is mounted on the end effector of the robot in such a way 
that its reach is not affected negatively. On the other hand, this limits the freedom of 
rotation over the cut layers. It is therefore assumed that the handling device always 
grips the parts from the same orientation. This means that the parts always remain in 
the same orientation relative to the handling device. Thus, only translations have to be 
carried out but no rotations. 

Master configuration
(H003)

Slave configuration

H003_1R
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The following considerations should be discussed using the example in Figure 8-1. In 
this example, part H003 with five grippers should be combined with part H003_1R with 
three grippers.  

Accordingly, the first attempt is to fit the three grippers of the slave configuration to the 
master. For this it must be decided on which three grippers of the master configuration 
it should be fitted. It would not be a problem for a human to identify suitable grippers at 
a glance. However, since this process should also be programmable and automatable, 
the computing power is used to test all possible variations. For this purpose, all 
variations for three out of five are calculated for the grippers of the master. This results 
in ten different combination possibilities which now have to be tested. Figure 8-2 shows 
three of them.  

 

Figure 8-2: Three of ten different variation of the master configuration 

The slave grippers must now be fitted to each of these possible variations. This fitting 
is done using vector quantization. Each gripper of the master configuration identifies 
the slave gripper that is closest and the slave gripper is then pulled towards this master 
gripper according to Equation 2-3. Likewise, all other grippers of the slave configuration 
are now moving in the same direction as well. All adjustments are done with the same 
vector. This action has the effect that the arrangement of the slave grippers, in regard 
to each other, does not change. The process is performed a defined number of 
iterations and then terminated. Then an error value is calculated based on the remaining 
distance between the closest slave and master gripper. Using this error, the different 
variations can be compared with each other.  

This procedure is carried out for the ten possible variations for “H003 + H003_1R”, 
where the three variations shown in Figure 8-2 are presented with a fitted slave 
configuration in Figure 8-3 as an example. The best combination is the one with the 
smallest summarized distance between the gripper of the master and slave 
configuration. In Figure 8-2 the best combination is the one on the right side. 
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Figure 8-3: Three of the ten different variation of master configuration with a fitted 
slave configuration 

Nonetheless, even with the best fitting, the grippers of the two configurations remain 
too far apart from each other. Therefore, the process has to be repeated, but this time 
only two grippers of the slave configuration are fitted to the master in order to achieve 
a better match. This is done by determining all variations two out of five in the master 
configuration and repeating the process the same way as before. The result of this is 
displayed in Figure 8-4 for H003_1L, H003_1R, H003_2 and H003_3 for H003. At the 
same time alternative gripper positions are generated by calculating the mean values 
between the nearest master and slave gripper. 

The gripper configurations must now be combined. This combination process starts with 
a gripper configuration that requires only small adjustments. A gripper configuration is 
only considered as valid for a combination if the calculated alternative gripper position 
of each gripper in the configuration is less than half a gripper diameter away. In Figure 
8-4 an evaluation of the different fittings has been made and highlighted by color. 

The handling of configurations in which two or more grippers of master and slave do 
not fit together remains open until now. In such a situation, only one gripper in each 
configuration from master and slave can be brought together. It must therefore be 
decided which gripper is selected for this in each configuration. To decide this, the 
matching result of the slave part in question and the master with the most grippers is 
selected. In this situation, the largest number of grippers was tried to match, resulting 
in a very large overlap between the two parts.  

Thus, the gripper of the slave configuration with the largest error is selected and fitted 
onto the master gripper, which has the smallest distance to it. This procedure ensures 
that the non-fitted grippers of the slave configuration are significantly away from the 
existing grippers of the master configuration. These grippers of the slave configuration 
must be integrated to the master configuration as new grippers and must not be located 
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too close to existing grippers, otherwise implementation may become difficult or even 
impossible. The results of this method applied to all gripper configurations from Figure 
8-1 is shown in Figure 8-4. 

  

Figure 8-4: Best fitting of H003 with different other gripper configurations using two 
and three grippers 

The result with the smallest error between the master and slave configuration must now 
be selected from the matching in Figure 8-4. It is assumed that at least a smaller error 
than half a gripper diameter per gripper must be reached for a combination to make 
sense at all. First, the matching results with only one gripper from master and slave are 
ignored, since they can generally always be integrated and thus are uncritical.  

In Figure 8-4 the best matching result is between “H003 + H003_1R” with two grippers 
(Matching 2 in Figure 8-4). The necessary adjustments between the two configurations 
are only a few millimeters and can be implemented almost without hesitation. The third 
gripper of the slave configuration has not been fitted and thus can be used as a new 
gripper. The advantage is that it is located on both H003 and H003_1R and can be used 
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to transport both parts in the future. The new gripper configuration as a result of the 
combination is shown in Figure 8-5. 

 

Figure 8-5: Combination of best match between H003 and H003_1R 

The changes of both gripper configurations for the result in Figure 8-5 are very small 
and therefore it can hardly be assumed that the deflection will change significantly. 
Nevertheless, after each combination of gripper configurations, the deflection is 
simulative checked within a systematic process to determine whether a critical value is 
exceeded while creating the gripper configuration. This is not the case here.  

The process is now repeated for the remaining slave configurations, but the new 
combination of "H003 + H003_1R" serves as new master configuration. One after 
another, the remaining slave gripper configurations are integrated by the same 
procedure. The last one is H003_2 since it has in every variation the largest error. Due 
to the various adjustments that the master configuration undergoes by integrating the 
other slave gripper configurations (H003_1L and H003_3), H003_2 can also be 
integrated into the gripper configuration with a minimum of error. Figure 8-6 shows the 
matching of H003_2 and the final master gripper configuration. 

 

Figure 8-6: Last matching of master conf. (a) with H003_2  
and the final master conf. (b) 

 

H003 + H003_1R H003_1RH003

a) Master conf. + H003_2 b) Final master conf.
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8.2 Implementation on the modular handling device  

With the procedure described in chapter 8.1 it is now possible to combine different 
gripper configurations with each other. These gripper configurations must now be 
implemented on the modular handling device from chapter 5.1. The modular handling 
device is divided in a basic frame element and an adjustable one (Figure 5-6). 

How the gripper configuration can be implemented on the modular frame depends on 
the geometry and kinematic of the gripper module. In Figure 8-7 the geometry and 
kinematic of the gripper module is simplified by a two-dimensional representation. 

 

Figure 8-7: Two-dimensional representation of the gripper module 

In Figure 8-8 (a) a gripper module is pictured from below together with the two-
dimensional representation. The gripper module is fastened on the frame element. 
From this frame fastening point the rotational joint is 35 mm away. With the rotational 
joint the gripper center can be rotated freely in the plane. The radius of the rotation is 
55 mm. With these dimensions in mind an arrangement element for the frame is 
designed (Figure 8-8, b). It has a square dimension of 180 mm x 180 mm. Because a 
gripper module has a maximum reach of 90 mm all points in this arrangement element 
could be reached. Since the gripper module can not only be placed in the center of 

Rotational joint

Frame element

Gripper center

Frame fastening point

Two-dimensional representation 
of gripper module  
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every frame element, it is also possible to place the gripper center in the corner of the 
arrangement element.  

 

Figure 8-8: Geometry of a gripper module (a) and arrangement element (b) 

The frame structure of the modular handling device is now divided into sections of these 
arrangement elements (Figure 8-9). An arrangement section is defined by the frame 
points on the edge, the ideal gripper point in the middle and the ideal fastening points 
in the middle of each frame element. Now the gripper configuration from Figure 8-6 can 
be implemented on the frame.  

 

Figure 8-9: Arrangement element (a) and modular handling device divided into 
arrangement elements sections (b) 
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The modular handling device has hereby a “dead zone” in the middle of the structure. 
This is because an additional frame element in this area adds stiffness to structure and 
is therefore occupying this space (see Figure 5-6 for details). 

A first alignment is done of frame and gripper configuration by aligning the  center of 
gripper arrangment and frame. The  center of the gripper arrangment is the mean 
value of all grippers in the arrangement. Likewise, all grippers of the gripper 
configuration are displaced in such a way that the smallest  value in the gripper 
configuration is 90 mm. The result of this process is displayed in Figure 8-10.  

 

Figure 8-10: Result of a first alignment of gripper configuration and frame 

The next step is fitting grippers of the gripper configuration to the ideal gripper positions 
of the modular handling device. For each gripper in the gripper configuration the 
distance to each ideal gripper spot is calculated. The gripper with the closest ideal 
gripper spot adjusts its own position first and also the position of every other gripper, by 
using Equation 2-3.  
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Figure 8-11: Result of the adjustment of the gripper position by fitting them to the 
closest ideal gripper spot of the handling device 

In every iteration a gripper, as well as an ideal gripper spot, can just be selected once. 
This process is repeated for a defined number of iterations. For this example 100 
iterations are used. Since every gripper is looking for the closest ideal gripper spot the 
adjustments made to the positioning of the grippers are rather small (adjustment for : 
-3.2 mm, : 2.6 mm). Now it has to be decided on which frame element a gripper module 
should be fastened. Therefore, every gripper identifies the closest ideal frame fastening 
point (Figure 8-12).  

 

Figure 8-12: Grippers and the closest ideal frame fastening point 

In this selection those must be preferred, which are already implemented by a frame 
element. In Figure 8-12 some of these selected frame fastening points have already 
existing frame elements and some do not. The ideal fastening point does not define the 
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Used frame points

Possible ideal frame 
fastening point

Selected possible frame 
fastening point 
(frame element existing)

Selected possible frame 
fastening point 
(no frame element)

Detail in next figure
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exact position of the gripper module, it just defines the frame element section on which 
the gripper module will be placed.  

Figure 8-13 is a detail view of Figure 8-12. A gripper point should be implemented by 
installing a gripper module on the marked frame element section. The gripper position 
is known and so is the kinematic of the gripper module. The marked frame element 
section then represents the possible solution space for an inverse kinematic problem. 
By solving this, the fastening point is calculated.   

 

Figure 8-13: Installing of gripper module on the frame to implement a gripper point 

When all gripper modules are placed that can be placed to the existing frame, new 
elements are added to the handling device which were not considered so far. These 
elements are diagonal stiffening frame elements which are necessary so that the far out 
hanging frame elements do not vibrate due to fast acceleration and deceleration in the 
handling process. These elements are added at the second last frame point of the frame 
elements (Figure 8-14). Since they are made out of the same aluminum profiles used 
for the rest of the frame, grippers can be fastened on them too (“New gripper position 
for module” in Figure 8-14). In this case one more gripper module can now be 
implemented. The remaining gripper point is slightly too far away from the new frame 
elements so it could not be implemented.  

Frame element section chosen for fastening
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Figure 8-14: Adding diagonal stiffening frame elements to the handling device 

The next step is adding additional new frame elements, so that the remaining not 
connected fastening point in Figure 8-14 can be connected to the handling device. This 
is done by searching the shortest way through the defined frame points until an already 
connected frame point is reached (Figure 8-15). In this process already installed 
grippers with their body dimensions have to be considered, because fastening points 
could be blocked. 

 

Figure 8-15: Installation of gripper modules on the modular handling device 

This configuration was implemented on the modular handling device (Figure 8-16) to 
test the usability of the discussed systematic presented in this chapter. In addition, the 
reference objects are placed on the frame in Figure 8-16.   

New position for gripper module Remaining gripper point
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Figure 8-16: Implementation of the presented gripper configuration on the modular 
handling device 

Reference 2

Reference 3

Reference 1
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9 Summary and Outlook 

9.1 Summary and conclusion 

The automation of production processes is crucial for the economic production in high 
developing countries. Usually a product must go through several process steps which 
add value to the product by generating features. Such process steps are executed by 
different machines and could include an assembly step, milling, welding, heat treatment, 
painting and many more. An automated production on the other side also needs 
machines which link the different value-adding machines together. 

This so-called handling process is often performed by industrial robots with a handling 
device on the TCP. The handling device can be realized with a wide range of different 
gripper technologies. Which gripper technology should be used, how much grippers are 
necessary and where the grippers should hold the object is mostly influenced by the 
geometry and properties of the object. The larger the object is and the lower the stiffness 
of the material used, the easier it can lead to deflections in the handling process. This 
is especially the case with flat objects like textiles, since they have only a small 
expansion in the thickness direction. As a result, the arrangement of the grippers on 
such an object is important to avoid unwanted deflections of the object which could lead 
to collisions with surrounding or folding edges. 

The dimensioning of such a handling device can therefore become complicated and is 
often driven by human intuition. In such a situation human tend to add more grippers 
than necessary and the result is an oversized handling device. At the same time this 
increases the weight which causes the robot to consume more energy. Also, the 
handling device itself will need more energy to operate the grippers. Furthermore, it is 
not sure if the handling device will fulfill defined target conditions like a maximum 
amount of deflection of the handling part. If the same handling device should be able to 
handle different parts the design of the handling device becomes even more 
complicated. This thesis has therefore presented a systematic and also programmable 
approach to design handling devices which considers all these conditions. The result of 
this approach is a gripper arrangement on a modular handling device which is using a 
reduced number of grippers to fulfill the handling task of different shaped parts. 

To achieve this at first a modular handling device was developed in chapter 5. The 
development was hereby based on the boundary conditions of the lightweight 
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productions process using SMC and RTM. This handling device allows the free 
arrangement of gripper modules on a frame, to enable a wide range of different gripper 
arrangements. Also use-cases for the RTM and SMC process were defined to verify the 
next steps. 

To consider the deflection of the part in the handling process a simulation model was 
implemented in chapter 6 which can interact with a design logic for the gripper 
arrangement. This design logic for the gripper arrangement is then working in four 
different steps.  

The first step in the investigation for a systematic and programmable approach was to 
find a way to arrange grippers on a part considering only the shape. The general goal 
was to produce so-called initial gripper configurations. Various approaches were 
considered and evaluated for this purpose. The selected approach was based on the 
GNG algorithm. This algorithm enables to place a specific number of grippers on a 
randomly shaped part but tends to set grippers in cut-outs. This algorithm was then 
improved adding LOS checks so that no grippers are placed in cut-outs anymore. Also, 
since the GNG has a large number of parameters influencing the result of the gripper 
arrangement a systematic analysis of the GNG parameters and their influence on the 
result was performed.  

The result of this investigation was a set of parameter values that were applied to 
different use-cases defined in in chapter 5. The algorithm can create gripper 
configurations for a wide set of different shapes and gripper numbers. Especially for a 
small number of grippers the algorithm sometimes tends not to distribute the grippers 
wide enough to cover the whole part with the initial gripper configuration. 

The second step was the improvement of the initial gripper configuration considering 
the deflection. In this improvement step, each gripper represents a design degree of 
freedom, which makes the improvement task complex. Therefore, an iterative process 
of simulations and adaption steps was developed. The adaptation steps follow the rules 
of SOM and GNG using competitive learning, vector quantization and Hebbian learning. 
This process continues until a defined user-defined deflection value is reached or the 
arrangement cannot be further improved. With this process initial gripper configurations 
for different parts could be improved.  

The examples with the use-cases from chapter 5 show that the gripper configurations 
can be considerably improved with the method presented. However, the general shape 
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of the gripper configuration does not change in this adjustment process. Also, the 
algorithm adjusts the gripper configuration towards a local optimum without reaching it.  

The third step was the development of a systematic method for the combination of 
different gripper arrangements to one final gripper arrangement. To achieve this an 
algorithm fits the different gripper configuration is such a way, that only small changes 
on each gripper configuration are necessary to combine them. 

This method was tested with the defined RTM use-case. It was assumed that the 
components would always be picked up from the cutter table with the same orientation. 
Actually, the parts on the cutter table cannot be provided in any orientation, since the 
fiber orientation of the parts is important for the mechanical properties. For a plain 
weave fabric, however, changes in 90° steps are possible and for a UD fabric in 180° 
steps. This is not covered by the method so far. 

The last and final step was the development of an implementation method for the final 
gripper arrangement on the modular handling device which was developed at the start 
of this thesis. Therefore, the modular handling device is divided into gripper 
arrangement elements. These gripper arrangement elements consider the dimensions 
and kinematic of the gripper modules which are fastened on the handling device frame. 
Every gripper arrangement element is defining ideal gripper points which can be fitted 
with the real gripping points of the final gripper arrangement. After this fitting the gripper 
module position on the frame can be calculated and the configuration process of the 
handling device is finished.  

The planned gripper configuration was then implemented on the real handling device 
and worked well for the RTM use-case. However, it is conceivable that the algorithm 
could place grippers in the “dead zone” for other applications, so that a gripper 
configuration cannot be implemented. In the presented use-case this did not occur but 
cannot be excluded for any case. 

In summary, a systematic and thus programmable method was developed and tested 
for each necessary sub step of the configuration of customized handling solutions on a 
modular handling device. 
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9.2 Outlook 

The used simulation model in this thesis which predicts the deflection of the handling 
part is using a set of simplifications to describe the material behavior. These 
simplifications cause for larger deflections differences between reality and simulation. 
For this thesis these differences are not critical because deflections with a significant 
error are also indicate spots with such a large deflection that it is a general problem for 
the handling process. However, the interface between MATLAB and ABAQUS used in 
this thesis allows the adaption and extension of simulation models without problems, 
which is important for further developments. Also, the model calculates not the influence 
of the draft and was so far only tested for vertical accelerations. This aspect of draft 
could be improved by adding a CFD simulation. For all these simulative improvements, 
however, the relationship between effort and benefit must always be taken into account. 
Especially when the simulation is used iteratively like in chapter 7.3 it is important that 
a single simulation does not take hours to calculate. Most of the simulative calculation 
presented here need only a few minutes depending on the size of the part. Last but not 
least the simulation so far is based on a completely linear elastic material behavior. The 
measurements in Figure 6-3 have already shown that this is a simplification which 
cannot be accepted for higher accelerations. Accordingly, a further development of the 
model would make sense. 

Another important aspect for the gripper arrangement is the gripping force. Already 
today the simulation model can predict the gripping force which is at least necessary to 
hold the part. What is missing is the relationship between the simulated necessary 
gripping forces and realizable gripping forces by the real low-pressure surface grippers. 
This relationship would then allow to adjust the gripping force at the low-pressure 
surface grippers in such a way that they would also consume only a minimum of energy. 
Also, the contact between the gripper and the part is modelled as a fixed interaction. 
Therefore, there is now shifting between the gripper and the part due to handling forces. 
But especially for lower gripping forces this could be an issue and should considered in 
further investigations. In addition, the systematic presented here could be extended to 
other grippers and materials. Larger adjustments would be necessary in the simulation 
but not in the general systematic. 

The method shown here can create gripper configurations for various parts. However, 
the process can take up a large amount of time due to the necessary simulations. One 
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main reason for this is that the number of necessary grippers is not estimated in 
advance. Up to now, the method starts with the lowest number of grippers (two) 
improves the gripper arrangement and increases the number of grippers if the improved 
gripper arrangement is not maintaining a user-defined deflection value.  Here there is a 
great potential to save simulations by using a method lto predetermine a rough guide 
value of necessary grippers. On the other side in each iteration step evaluable 
information is generated. The part shape, arrangement of the grippers and the material 
data are already available machine-readable. Together with the simulation results the 
arrangement of the grippers can be quantitatively evaluated. Thus, the method 
generates a large amount of rated data material with which other neural networks can 
be trained. Therefore, this method would then enable other neuronal networks to solve 
the problems described here even faster in the future. 

So far, the systematic reduces the overall deflection of the gripped part. This is because 
the weight of a point defining the part depends on the deflection in the negative  
direction relatively to a target value zero. But not in every case deflection is unwanted. 
Especially for the draping process it could be interesting to deform the part already in 
the handling step. In further development it must be tested if the systematic can also 
find gripper arrangements for such a case by defining different target values for every 
spot of the part not equal to zero. 

This work was part of the international research and training group “Integrated 
engineering of continuous discontinuous long fiber reinforced polymer structures” GRK 
2078 presented within Kräger et al. (2015).
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Appendix 
gng.m 

function net = 
gng(PP,XinReal,params,ot,GNGDir,AppDir,HistoryOfConfig,Experiment,setting) 
 
    TargetValue = params.TargetValue; 
     
    %% Load Data 
    XData = XinReal; 
    XDataZmax = max(XData(:,3)); 
    XDataZmin = min(XData(:,3)); 
 
    nData = size(XData,1); 
    nDim = size(XData,2); 
 
    ShuffelSeed = randperm(nData); 
    XData = XData(ShuffelSeed, :); 
     
    if ot >= 2 
        for i = 1:size(HistoryOfConfig,2) 
            HistoryOfConfig(1).deflection = … 
HistoryOfConfig(1).deflection(ShuffelSeed); 
        end 
    end 
     
    %% Parameters 
    GripperExisting = params.GripperExisting; 
    ErrorCritAbort = params.ErrorCritAbort; 
    N = params.N; 
    MaxIt = params.MaxIt; 
    E_Alternativ_Try = params.E_Alternativ_Try; 
    epsilon_b = params.epsilon_b; 
    epsilon_n = params.epsilon_n; 
    epsilon_n_UR = epsilon_n; 
    epsilon_b_UR = epsilon_b; 
    params.epsilon_n_in_use = epsilon_n; 
    params.epsilon_b_in_use = epsilon_b; 
    PointWeight = params.PointWeight; 
    alpha = params.alpha; 
    delta = params.delta; 
    T = params.T; 
    GripperNextID = params.GripperNextID; 
    AdjENatEnd = params.AdjENatEnd; 
    AdjEBatEnd = params.AdjEBatEnd; 
     
    %% Initialization 
    Ni = size(GripperExisting,1); 
    w = zeros(Ni, nDim+1); 
    E = zeros(Ni,1); 
    for i = 1:Ni 
        w(i,:) = GripperExisting(i,:); 
    end 
    C = params.C; 
    t = params.t; 
 
    warning('off') 
    poly = polyshape(PP); 
    warning('on') 
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    %% Loop 
    nx = 0; 
    ErrorCrit = inf; 
    TriggerReduceP = 0;  
     
    % Update weight 
    [XDataWeight,DifferenceSum] = weightData(XData,TargetValue,ot); 
     
    for it = 1:MaxIt        
        TextInCommand = ['Iteration GNG: ' num2str(it) '\n']; 
        fprintf(TextInCommand)    
        tic 
         
        E_Alternativ_Try = zeros(size(w,1),1); 
        EReal = zeros(N,1); 
         
        for l = 1:nData 
            if XData(l,3)~= 0 
                nx = nx + 1; 
                x = XData(l,:);  
                x(3) = 0;      
                d = pdist2(x, w(:,1:3)); 
                [~, SortOrder] = sort(d); 
                 
                if setting.StandardGNG == false 
                    % Test of LineOfSight between X and all grippers 
                    i = 0; 
                    %Groersse = size(SortOrder,2) 
                    while i < size(SortOrder,2) 
                        i = i + 1; 
 
                        lineseg = [x(1) x(2);w(SortOrder(i),1) w(SortOrder(i),2)]; 
 
                        [in,out] = intersect(poly,lineseg); 
 
                        if isempty(out) 
                            % Nothing 
                        else 
                            SortOrder(i) = []; 
                            i = i - 1; 
                        end 
                    end 
                end 
                 
                 
                if size(SortOrder,2) >= 1 
                    s1 = SortOrder(1); 
                     
                     
                    if size(SortOrder,2) >= 2 
                        s2 = SortOrder(2); 
                    end 
 
                    t = t + 1; 
                     
                    % Adaptation  
                    Deflection = XDataWeight(l,3);            
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                    if ot < 2 % Normaly first round without sim results 
                        epsilon_b_weight = epsilon_b/PointWeight * … 
                                         d(s1)^2; %d(s1)*  UserValue * Distance *…        
                                         Deflection(relativ to TargetValue) 
                    else % With simulation results 
                        epsilon_b_weight = epsilon_b/PointWeight * Deflection; 
                    end 
                     
                    E_Alternativ_Try(s1) = E_Alternativ_Try(s1) + … 
                                         ((epsilon_b_weight/epsilon_b)); 
                    E(s1) = E(s1) + d(s1).^2; 
                     
                    epsilon_b_result = epsilon_b_weight*(x-w(s1,1:3))/… 
                                     norm((x-w(s1,1:3))); 
                    w(s1,1:3) = w(s1,1:3) + epsilon_b_result; 
 
                    if setting.StandardGNG == false && size(w,1) < N 
                        Ns1 = find(C(s1,:)==1);   
                        for j=Ns1 
                            lineseg = [w(s1,1) w(s1,2); w(j,1) w(j,2)]; 
                            [in,out] = intersect(poly,lineseg); 
                            if isempty(out) 
                                DoN = 1; 
                            else    
                                DoN = 0; 
                                w(s1,1:3) = w(s1,1:3) - epsilon_b_result; 
                            end 
                        end 
                    else 
                        DoN = 1; 
                    end 
 
                     
                    if DoN == 1 
                        Ns1 = find(C(s1,:)==1);           
                        for j=Ns1 
                             if ot <= 2 
                                epsilon_n_weight = epsilon_n/PointWeight*… 
                                                 d(j)^2;  
                                epsilon_n_result = epsilon_n_weight*(x-w(j,1:3))…         
                                                 /norm((x-w(j,1:3))); 
                             else % 
                                epsilon_n_weight = epsilon_n/PointWeight*… 
                                                 Deflection; 
                                epsilon_n_result = epsilon_n_weight*(x-w(j,1:3))… 
                                                 /norm((x-w(j,1:3))); 
                             end 
                             w(j,1:3) = w(j,1:3) + epsilon_n_result; 
                             lineseg = [w(s1,1) w(s1,2); w(j,1) w(j,2)]; 
                              
                             if setting.StandardGNG == false 
                                 [in,out] = intersect(poly,lineseg); 
                                 if isempty(out) 
                                    % Nothing 
                                 else 
                                    w(j,1:3) = w(j,1:3)  - epsilon_n_result; 
                                 end   
                             end 
                        end 
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                        % Create Link 
                        if size(SortOrder,2) >= 2 
                           C(s1,s2) = 1; 
                           C(s2,s1) = 1; 
                           t(s1,s2) = 0; 
                           t(s2,s1) = 0; 
                        end 
 
 
                        % Remove Links if to old 
                        if size(w,1) >= 2 
                            C(t>T) = 0;  
                            t(t>T) = 0;     
                            nNeighbor = sum(C); 
                            AloneNodes = (nNeighbor==0); 
                            C(AloneNodes, :) = [];    
                            C(:, AloneNodes) = []; 
                            t(AloneNodes, :) = []; 
                            t(:, AloneNodes) = []; 
                            w(AloneNodes, :) = []; 
                            E_Alternativ_Try(AloneNodes) = [];  
                            E(AloneNodes) = []; 
                        end 
                end     
                else 
                    % Nothing   
                end 
            end 
        end 
   
         
        % Add New Nodes 
        if size(w,1) < N && ErrorCrit <= ErrorCritAbort  
            [~, q] = max(E_Alternativ_Try); 
            [~, f] = max(C(:,q).*E_Alternativ_Try); 
            r = size(w,1) + 1; 
            w(r,:) = (w(q,:) + w(f,:))/2; 
            w(r,4) = GripperNextID; 
             
            C(q,r) = 1;   
            C(r,q) = 1; 
            C(r,f) = 1;   
            C(f,r) = 1;           
            t(r,:) = 0;   
            t(:, r) = 0; 
            E_Alternativ_Try = zeros(size(w,1),1); 
            ErrorCrit = inf; 
            E(q) = alpha*E(q); 
            E(f) = alpha*E(f); 
            E(r) = E(q); 
            GripperNextID = GripperNextID + 1; 
        end 
         
        % Decrease Errors 
        E = delta*E; 
         
 
        % Calc Error real 
        for i = 1:nData 
            x = XData(i,:); 
            d = pdist2(x, w(:,1:3)); 
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            [~, SortOrder] = sort(d);  
            s1 = SortOrder(1); 
            EReal(s1) = EReal(s1) + (d(s1)*XDataWeight(i,3)); 
        end 
         
         
        % Calc Error crit 
        EAlternativHistory(it) = sum(E_Alternativ_Try(:)); 
        EOriginalHistory(it) = sum(E(:)); 
        ERealHistory(it) = sum(EReal(:)); 
        params.ERealHistory = ERealHistory(it); 
         
        if it > 3     
            AverageErrorPast3 = (EAlternativHistory(it-3) + … 
                              EAlternativHistory(it-2) + … 
                              EAlternativHistory(it-1))/3; 
            ErrorCrit = abs(abs(AverageErrorPast3) – … 
                      abs(EAlternativHistory(it))); 
        end 
 
        if AdjENatEnd < 1 && ot < 2 
             
            if ErrorCrit <= ErrorCritAbort && size(w,1) == N && … 
                         epsilon_n ~= AdjENatEnd*epsilon_n_UR 
                ErrorCrit = ErrorCritAbort + 1; % Prevent abort 
                epsilon_b = AdjEBatEnd*epsilon_b; 
                epsilon_n = AdjENatEnd*epsilon_n; 
                params.epsilon_n_in_use = epsilon_n; 
                params.epsilon_b_in_use = epsilon_b; 
            end 
        end 
         
        if setting.PlotByStep == true | it == MaxIt | (size(w,1) == N && … 
                              ErrorCrit <= ErrorCritAbort)  
            close all 
            if setting.PlotFlag == true 
                figure('visible','on'); 
            else 
                figure('visible','off'); 
            end            
             
            State = 'GNG'; 
                          
            plotResultsGNG(XinReal,XDataWeight,w,C,it,ot,Experiment,State,… 
            params,setting); 
 
            if setting.PrintFlag == 1 
                cd(GNGDir) 
                TimeSig = datestr(now,'ddmmyyyyHHMMSS'); 
                imgname = strcat(TimeSig,'.png'); 
                img = imgname; 
                 
                try 
                 s=hgexport('readstyle',setting.PlotStyle); 
                 fnam=img; % your file name 
                 s.Format = 'png'; 
                 hgexport(gcf,fnam,s); 
                 figname = strcat(TimeSig,'.fig'); 
                 savefig(figname); 
                catch 
                end 



Appendix XXVII 
 

 

          end 
          cd(AppDir) 
        end 
         
        TimeForIrreration(it) = toc; 
        TextInCommand = ['--> Time for itteration needed: ' …           
                      num2str(TimeForIrreration(it)) '\n']; 
        fprintf(TextInCommand) 
        ErrorCritProgress = 100*(ErrorCritAbort/ErrorCrit); 
        if ErrorCritProgress >= 100 
            ErrorCritProgress = 100; 
        end 
        TextInCommand = ['--> Epsilon B used: ' num2str(epsilon_b) '\n']; 
        fprintf(TextInCommand)         
        TextInCommand = ['--> Epsilon N used: ' num2str(epsilon_n) '\n']; 
        fprintf(TextInCommand)        
        TextInCommand = ['--> TargetValue used: ' num2str(TargetValue) '\n']; 
        fprintf(TextInCommand)               
        TextInCommand = ['--> ErrorCrit progress: ' … 
                      num2str(ErrorCritProgress) '\n']; 
        fprintf(TextInCommand) 
        TextInCommand = ['--> Gripper: ' num2str(size(w,1)) '\n']; 
        fprintf(TextInCommand) 
         
         
        %% Export Results 
        if ErrorCrit <= ErrorCritAbort && size(w,1) == N   
            wg = w; 
            net.w = wg; 
            net.C = C; 
            net.t = t; 
            net.it = it; 
            net.E_Alternativ_Try = E_Alternativ_Try; 
            net.E = E; 
            net.GripperNextID = GripperNextID; 
            net.ERealHistory(:,1) = ERealHistory; 
            net.EOriginalHistory(:,1)  = EOriginalHistory; 
            net.EAlternativHistory(:,1) = EAlternativHistory; 
            net.epsilon_b = epsilon_b; 
            net.epsilon_n = epsilon_n; 
            return    
        end  
    end 
 
     
    %% Export Results 
    wg = w; 
    net.w = wg; 
    net.C = C; 
    net.t = t;   
    net.it = it; 
    net.E_Alternativ_Try = E_Alternativ_Try; 
    net.E = E; 
    net.GripperNextID = GripperNextID; 
    net.ERealHistory(:,1) = ERealHistory; 
    net.EOriginalHistory(:,1)  = EOriginalHistory; 
    net.EAlternativHistory(:,1) = EAlternativHistory; 
    net.epsilon_b = epsilon_b; 
    net.epsilon_n = epsilon_n; 
    return    
end 
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