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Zum Buch

Hybrid fiber-reinforced components made of Long-Fiber-reinforced Thermoplastic 
(LFT) and unidirectional continuous fiber reinforced tapes (UD-tape) offer great 
opportunity to reduce weight while saving manufacturing cost compared to 
monolithic UD-tape components. In such a combination, the excellent formability 
of LFT is used for filling corners, ribs, and other geometrically complex areas of 
the component while the UD-tape increases strength and stiffness. Preforming 
continuous fiber materials, like UD-tape, is a costly step in manufacturing fiber-
reinforced polymer (FRP) components. The effort for preforming should be 
minimized to further improve the competitiveness of the hybrid design. Current 
preforming processes do not fit the requirements of reinforcement structures. 
Therefore, they require additional handling steps for positioning the material 
and costly tooling for controlling the forming of the material. At the same time, 
the existing processes offer high capability for workpiece complexity, which is not 
needed as the complex areas in hybrid components are formed by LFT. 

In this thesis, a process for the flexible preforming of linear reinforcements 
from UD-tape strips is designed, commissioned, and optimized. An algorithm 
for adjusting the preform shape to the preforming process restrictions while 
maintaining the general shape is presented. Using the novel preforming process, 
cost for component specific preforming tools can be avoided and deviations in 
subsequent process steps can be compensated for during running manufacturing.

Daniel Kupzik
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Abstract 

Hybrid fiber-reinforced components made of Long-Fiber-reinforced Thermoplastic 
(LFT) and unidirectional continuous fiber reinforced tapes (UD-tape) offer great oppor-
tunity to reduce weight while saving manufacturing cost compared to monolithic UD-
tape components. In such a combination, the excellent formability of LFT is used for 
filling corners, ribs, and other geometrically complex areas of the component while the 
UD-tape increases strength and stiffness. Preforming continuous fiber materials, like 
UD-tape, is a costly step in manufacturing fiber-reinforced polymer (FRP) components. 
The effort for preforming should be minimized to further improve the competitiveness of 
the hybrid design. Current preforming processes do not fit the requirements of rein-
forcement structures. Therefore, they require additional handling steps for positioning 
the material and costly tooling for controlling the forming of the material. At the same 
time, the existing processes offer high capability for workpiece complexity, which is not 
needed as the complex areas in hybrid components are formed by LFT.  

In this thesis, a process for the flexible preforming of linear reinforcements from UD-
tape strips is designed, commissioned, and optimized. An algorithm for adjusting the 
preform shape to the preforming process restrictions while maintaining the general 
shape is presented. Using the novel preforming process, cost for component specific 
preforming tools can be avoided and deviations in subsequent process steps can be 
compensated for during running manufacturing. 

After literature reviews, sequential swing folding of the tape was selected as forming 
mechanism. All preform geometries can be created by combining simple bends at dif-
ferent areas of the strip. This way, companies can avoid component-specific tooling and 
a component-specific parameter selection. Furthermore, preforming and handling are 
combined to create synergic effects. 

For the implementation of the process, a manufacturing cell is designed and imple-
mented. The cell consists of an industrial robot, an end effector that grips and heats the 
tape, and a supply unit that unreels and cuts the tape. With the help of this cell, param-
eters for the robot movement and the temperature control of the bending zone are de-
rived. A kinematic movement model for linking the bending angle and the robot move-
ment is developed. Heating parameters are selected based on the requirement to melt 
the bending zone before the movement, maintain its temperature during bending, and 



 

cool it before its release. For the two investigated thermoplastic UD-tapes, suitable pa-
rameter sets were identified. Geometry analysis and evolutionary optimization are used 
to adapt the preform geometry to the process while maintaining a near-net-shape form. 
For the user-friendliness of the found method, a graphical toolbox is designed. 

  



 

Kurzfassung 

Hybridbauteile aus Langfaserverstärktem Thermoplast (LFT) und unidirektional endlos-
faserverstärkten (UD-) Tapes bieten die Möglichkeit zur Gewichtseinsparung bei gerin-
geren Fertigungskosten gegenüber reinen UD-Tape-Bauteilen. In hybriden Bauteilen 
wird die einfache Verarbeitung des LFT genutzt um Ecken, Rippen und weitere geo-
metrisch anspruchsvolle Bauteilbereiche zu füllen, während Steifigkeit und Festigkeit 
durch das UD-Tape erhöht werden. Das Preforming ist der aufwändigste Schritt in der 
Verarbeitung des endlosfaserverstärkten UD-Tapes. Um die Wirtschaftlichkeit hybrider 
Bauteile zu erhöhen, muss dieser Aufwand minimiert werden. Bisherige Prozesse für 
das Preforming sind nicht an die Anforderungen von Verstärkungsstrukturen in hybri-
den Bauteilen angepasst und benötigen daher zusätzliche Handhabungsschritte um 
das Material bereit zu stellen, und teure, bauteilspezifische Werkzeuge, um das Mate-
rial zu formen. Gleichzeitig bieten sie große Möglichkeiten bei der Bauteilkomplexität 
die nicht benötigt werden, da komplizierte Bauteilregionen in hybriden Bauteilen durch 
LFT abgebildet werden können. 

In dieser Arbeit wird ein Prozess für das flexible Preforming linearer Verstärkungsstruk-
turen aus UD-Tape-Streifen entwickelt, in Betrieb genommen und optimiert. Zusätzlich 
wird ein Algorithmus vorgestellt, mit dem die Preformgeometrie an die Prozessrestrikti-
onen angepasst wird. Durch den neuen Prozess können Kosten für bauteilspezifische 
Preformwerkzeuge vermieden werden und Abweichungen in folgenden Prozessschrit-
ten können in der laufenden Produktion bei folgenden Werkstücken kompensiert wer-
den. 

Basierend auf einer Literaturrecherche wurde das sequentielle Schwenkbiegen des Ta-
pes für die Umformung ausgewählt. Alle Preformgeometrien können erzeugt werden, 
indem einfache Biegungen an den verschiedenen Stellen des Bauteils kombiniert wer-
den. Auf diese Art werden bauteilspezifische Werkzeuge und eine komplizierte Para-
meterauswahl bei neuen Bauteiltypen vermieden. Weiterhin sind Handhabung und Pre-
forming kombiniert, um Synergieeffekte zu nutzen. 

Um den Prozess umzusetzen, wurde zuerst eine initiale Roboterzelle entworfen und 
aufgebaut. Diese besteht aus einem Industrieroboter, einem Endeffektor, welcher das 
Tape greift und temperiert, sowie einer Bereitstellungseinheit, die das Tape abrollt und 
zuschneidet. Mithilfe dieser Roboterzelle wurden Parameter für die Roboterbewegung 
und die Heizung der Biegezone untersucht. Für die Bewegung wurde ein kinematisches 



 

Modell hergeleitet, welches Biegewinkel und Roboterbewegung in Verbindung setzt. 
Die Heizparameter wurden so gewählt, dass die Biegezone vor der Bewegung ge-
schmolzen wird, während der Bewegung geschmolzen bleibt und vor dem Öffnen des 
Handhabungsgreifers wieder erkaltet. Für die beiden untersuchten Tapetypen konnten 
geeignete Parameter gefunden werden. Geometrieanalyse und evolutionäre Optimie-
rung wurden genutzt, um die Preformgeometrie an den Prozess anzupassen und dabei 
eine endkonturnahe Geometrie beizubehalten. Für den einfachen Einsatz der Methode 
wurde eine grafische Nutzeroberfläche implementiert. 
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Abbreviations and Terms 

Term Description Unit 
ANOVA Analysis of Variance  
Co Continuous (fiber-reinforced material)  

Co-molding Combined molding of UD-tape and flowable 
component 

 

DiCo Discontinuous (fiber-reinforced material)  
FRP Fiber-reinforced Polymer  
GUI Graphical User Interface  
LHS Latin Hypercube Sampling  
LFT Long-fiber-reinforced Thermoplastic  

LFT-D Directly processed Long-fiber-reinforced Ther-
moplastic 

 

PA Polyamide  
PEEK Polyether Ether Ketone  
PP Polypropylene  
TCP Tool Center Point  
UD Unidirectional (fiber-reinforced tape)  
   
a1, a2 Cutting gaps mm 
α  The skewness of the bend on a tape ° 
β  Amount of bending in a bend ° 
b0 Set size of the bending zone in the longitudinal 

direction of the tape 
mm 

b0m Measured actual molten length available for b0 mm 
COSglobal Coordinate system of the .stl file  
COSprepoc Coordinate system which is oriented according 

to the component in the .stl file 
 

COStape Coordinate System in the tape in the prepro-
cessor 

 

Dlt Distance from lamp to tape mm 
Dlr Distance from lamp to reflector mm 
Dta Distance from tape to aperture mm 
Δα  Error in α  ° 



 

Δβ Error in β  ° 
  The calculated optimum length for a tape in the 

Shape Optimization 
mm 

li Length of a segment of the preform mm 

  Longitudinal vector of a segment of the preform  

MAE Mean Absolute Error ° 
mmat Matrix material type  

  Normal vector of a segment of the preform  
Ω Blade rotation ° 

  The end point of the tape in the shape optimi-
zation 

 

  Set end point for an optimal tape  

  The start point of the tape in the shape optimi-
zation 

 

  Set start point for an optimal tape  

PT Pre-tensioning distance mm 
 Movement to the gripping position  
 Bending movement  

R(t) Bending radius at the current β(t) mm 
  Rotation around   

  Rotation around   

s0 Tape thickness mm 
t0 TCP offset mm 
tc Cooling time sec 
tcph Preheating time with the contact heating sec 
Tch Contact heating temperature °C 
trph Preheating time with the radiation heating sec 
trh Heating time with the radiation heating sec 

, ,  Variation of the start point in shape optimiza-
tion 

 

, ,  Variation of the start direction in shape optimi-
zation 

 

  Bending edge vector of a bend of the preform  
  Tape width mm 

Wa Aperture width mm 
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1 Introduction 
1.1 Motivation 
Fiber-reinforced polymers (FRP) offer excellent opportunities to fulfill the global mega-
trend of efficient transportation (Ahmad & Markina et al. 2020). Light-weighting moved 
structures reduces energy consumption to overcome friction and inertia (Ministry of Nat-
ural Resources Canada 2014; Bandivadekar & Bodek et al. 2008). Therefore, the use 
of FRP in the automotive and aerospace sector is increasing (Holmes 2014). 

The transition to electric mobility poses new challenges for the application of FRP. 
Firstly, the ability to recuperate a portion of the energy during deceleration decreases 
the influence of the vehicle weight on the acceleration effort in stop-and-go traffic. Sec-
ondly, the challenging economic situation of the automotive market increases demands 
for lower manufacturing costs. Automotive firms and research programs had to redirect 
their investments towards electric drive solutions, which decreases the funding for FRP 
solutions. 

However, heavy battery systems and increasing safety requirements demand a more 
efficient material use in vehicle structures to prevent the vehicle weight from increasing. 
In electrically driven vehicles, the vehicle's weight influences the range. Studies showed 
that increased vehicle weight led to a significant decrease in range (Joost 2012). Fur-
thermore, other studies illustrate that only 12.6% to 33.4% of the kinetic energy could 
be recuperated during braking in real-world driving (Sun & Wen et al. 2020; Björnsson 
& Karlsson 2016). Compensating the loss in range by adding battery capacity increases 
cost, causes emissions during manufacturing (Ellingsen & Singh et al. 2016), and fur-
ther increases the vehicle weight leading into a vicious circle, making lightweight man-
ufacturing equally important for electric vehicles. FRPs have the potential to reduce 
vehicle weight, however, cost still prevents them from being widely used in car body 
manufacturing (Heuss & Müller et al. 2012; Mascarin & Hannibal et al. 2016). 

To overcome these challenges, cost efficiency in manufacturing FRP components must 
be improved. FRPs can be classified according to their fiber length. Fibers longer than 
50 mm are called continuous fibers, while fibers below that threshold are called discon-
tinuous fibers (Chawla 2019). Hybrid components from discontinuous fiber-reinforced 
(DiCo) material and high-performance continuous fiber-reinforced (Co) material have 
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the potential to be cheaper than Co-components while having weight advantages com-
pared to purely DiCo-components (Wulfsberg & Herrmann et al. 2014). They can be 
made with either thermoset or thermoplastic matrix material. Thermoplastic materials 
offer better impact properties (Verrey & Wakeman et al. 2006) and cycle times than 
thermoset FPR. In this thesis, Long-fiber-reinforced Thermoplastic (LFT) is used as 
DiCo-material, and thermoplastic unidirectional tape (UD-tape) is used as Co-material. 
One reason for the significant difference in manufacturing cost is the preforming step. 
Co-materials must be carefully draped into shape during the preforming step to enable 
the molding process and maintain the optimal fiber direction. Studies showed that the 
preforming step of Co-components causes up to 50% of the manufacturing cost 
(Weiland & Weimer et al. 2013; Verrey & Wakeman et al. 2006). Preforming Co-material 
is especially challenging for corners and areas that are curved in multiple directions 
(Lightfoot & Wisnom et al. 2013). The cost of preforming is increased by tooling cost, 
commissioning cost, and the effort for non-value-adding handling steps (Fleischer & 
Teti et al. 2018; Kropka & Muehlbacher et al. 2017). DiCo-materials are easier and 
therefore cheaper to form compared to Co-materials. LFT material chunks are even 
able to flow into the final shape during molding. The properties of LFT depend on the 
fiber length (Morii & Jumonji 2009). 

Multi-material approaches proved advantageous for metal constructions (Hirsch 2011) 
or metal-FRP-combinations (Fleischer 2021) to exploit the specific advantages of the 
materials. If wisely selected, the same exploitation of advantages is possible for FRP 
(Kropka & Muehlbacher et al. 2017). DiCo-material fills geometrically complex areas of 
the component, while the Co-material is placed along the component to transmit loads. 
This approach still requires the preparation of Co-reinforcements. However, these are 
less complex and have a simpler orientation layup compared to pure Co-components 
without DiCo-zones. 

To fully exploit the cost reduction potential, a process for preforming the Co-material, 
adapted to the specific task of making reinforcements, has to be developed. During the 
development, tooling cost, commissioning effort, and the effort for non-value adding 
process steps will be regarded. Flexibility in the process can accelerate the adaption to 
new components or improve the quality during manufacturing by adjusting the reinforce-
ment shape without significant interruptions. To avoid tooling costs, the process shall 
be designed to work without component-specific tooling. Therefore, the process shall 
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be designed to work flexibly without component-specific tooling. Most conventional pre-
forming processes need an experience-based iterative adjustment or a systematic op-
timization before manufacturing new shapes (Coutandin & Brandt et al. 2018) to mini-
mize defects (Kunze & Böhm et al. 2019). This effort could be avoided by exploiting the 
less complex shape of reinforcement geometries. A universal catalog of process pa-
rameters that suits all reinforcement preform geometries shall be found for this. 

Furthermore, preforming requires additional handling steps for loading and unloading 
raw material in the preforming device. By combining the forming and handling devices, 
these additional steps could be minimized. A literature review for flexible, handling-in-
tegrated preforming methods showed that no process adapted to reinforcement struc-
tures of continuous unidirectional thermoplastic material exists. This thesis therefore 
aims to develop a process for the flexible preforming of UD-tape reinforcements with an 
adapted handling device. 

1.2 Structure of the Thesis 
This thesis describes the development of a procedure for the preforming of UD-tapes 
through sequential swing folding.  

In Chapter 2, the literature review is presented. First, existing manufacturing processes 
and the used materials are described. Afterward, already existing methods for preform-
ing are presented. The focus is set on methods that allow the flexible forming of the 
material to avoid tooling costs and additional process steps. From these methods, a 
deficit in the state of the art for preforming thermoplastic UD-tapes is derived. Based on 
a screening of available forming methods, bending is selected for preforming the rein-
forcement geometries. The requirements on the process are derived from the material 
properties and challenges with other preforming processes. Particularly significant fac-
tors are the handling of the tack of the molten material and proper temperature control. 
Available forming mechanisms are screened, and localized bending Is selected as form-
ing mechanism. 

In Chapter 3, the bending-based preforming process is designed. Swing folding is se-
lected as the most promising bending method. A way of combining bends to create 
complex shapes is developed. A study on the expected behavior of the process is briefly 
presented. Available materials for experimentation, expected influencing factors, bend-
ing and geometrical limitations of the workpieces are named. 
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In Chapter 4, the hardware for the experimental setup is designed. The test rig will serve 
as a prototypical model for later manufacturing stations and be used for parameter val-
idation and optimization and the final validation of the process. The design process 
starts with analyzing the necessary functions based on a representation of the process. 
Afterward, units for the kinematics, force introduction, heating, tape supply, and control 
are designed. Finally, the commissioning and improvements during the testing are de-
scribed. 

In Chapter 5, the process parameter variation and process optimization are described. 
The domain in which parameters should be located is defined and optimizations in 
terms of process and hardware are implemented. Finally, the process limitations re-
garding accuracy are validated with a design of experiments. 

In Chapter 6, the transformation method for a process-compliant geometry is devel-
oped. Its aim is to derive a process-compliant near-net-shape UD-tape preform geom-
etry from the CAD data of the finished part. First, the task is set based on the necessities 
of the bending and subsequent molding step. Next, the optimization loop is introduced. 
A universal description of all process-compliant geometries, an evaluation function, and 
a module for target-oriented parameter adaption, are developed. For parameter adap-
tion, both evolutionary and gradient descent-based methods are tested. Finally, the in-
tegration of the developed methods into a graphical program is described. 

In Chapter 7, the development of the novel bending process is summarized and an 
outlook on the further processing is given. 
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2 Background and State of the Art 
In the following section, the relevant background for this thesis and state-of-the-art in 
the field of this thesis are presented. Regarding the development of a new process 
chain and its steps, background on fiber-reinforced thermoplastics and their manufac-
turing processes is given. 

2.1 Manufacturing of Thermoplastic FRP Components 
In this section, the characteristics of unidirectionally reinforced tapes (UD-tape) and 
long-fiber-reinforced-thermoplastics (LFT), as well as the processes from raw material 
to a finished component are presented. A particular focus is set on the peculiarities of 
hybrid components consisting of LFT with local reinforcements from UD-tape. 

2.1.1 Characteristics of the Used Materials 

In the following section, the characteristics of the used materials are explained to gen-
erate a base for understanding this thesis. A thermoplastic matrix is used as it offers 
better impact properties, lower cycle times in manufacturing, and better recyclability 
than duroplastic materials (Verrey & Wakeman et al. 2006; Fleischer & Teti et al. 2018). 
However, thermal creep may occur, and strength and stiffness are generally lower. 
From the wide variety of thermoplastic semi-finished materials (Henning & Moeller 
2011; Chawla 2019), LFT and UD-tape were selected for manufacturing hybrid compo-
nents in this thesis project due to their adaption to the specific requirements of the DiCo 
and Co phase. The most common types of matrix and fiber materials are listed below 
together with the topologies used in this thesis (LFT and UD-tape). 

2.1.1.1 Matrix Material 

Most thermoplastic materials are available on the market for use as matrix material. 
Requirements for the matrix material are its price, processability, mechanical proper-
ties, and thermal stability. Most often, technical thermoplastics like polyamide (PA) are 
used. However, both high-performance polymers like polyether ether ketone (PEEK) 
for mechanical strength and standard polymers like Polypropylene (PP) for cost reasons 
can be applied in specific applications. (Neitzel & Mitschang et al. 2014). 
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2.1.1.2 Reinforcement Fibers 

Fibers are applied to reinforce the matrix materials. The material and arrangement of 
the used fibers have a significant influence on the resulting mechanical properties of 
the composite. Strength and stiffness of the components are increased by conducting 
the load along the fiber reinforcement. However, the strength may be decreased normal 
to the fiber direction due to the interface strength being lower than the strength of the 
pure matrix material. In thermoplastic composites, the most common fiber types are 
glass fibers and carbon fibers. The fibers can be applied as continuous fibers or as 
discontinuous fibers of different lengths. Discontinuous fibers up to 10 mm length are 
referred to as short fibers, and fibers between 10 mm and 50 mm as long fibers. Above 
50 mm length, fibers are called continuous. In addition, the arrangement of the fibers 
influences the performance of the components. The highest performance can be ob-
tained by arranging the fibers unidirectionally and stacking layers of various orienta-
tions, if necessary. If the fibers are oriented more randomly, losses in performance oc-
cur due to the curvature of the fibers and the lower possible fiber volume fraction result-
ing from the less effective fiber packaging. (Chawla 2019) 

2.1.1.3 Material Pairings 

When designing a composite, fiber and a matrix material have to be selected. A trade-
off between mechanical properties and cost has to be found. This trade-off leads to 
typical combinations in both reinforcement type (Co/DiCo) and material type (matrix/fi-
ber). On the reinforcement type side, expensive materials are mostly combined with 
continuous fiber high-performance topologies like UD-tapes, while cheaper materials 
are often used for short or long-fiber-reinforced materials like LFT. On the material side, 
the same is valid as expensive high-performance matrix materials like PEEK are often 
combined with carbon fibers, while glass fiber composites often apply a cheaper matrix 
system. (Abts 2014; Neitzel & Mitschang et al. 2014; Moeller 2014) 

2.1.1.4 LFT 

LFT is a flowable molding compound consisting of long fibers embedded in a thermo-
plastic matrix. Its mechanical properties are superior to short fiber-reinforced materials 
resulting from the longer fibers (Morii & Jumonji 2009; Vaidya & Chawla 2008). Two 
process routes are common to manufacture the raw materials for the molding process. 
The first one is pellet-based LFT manufacturing. Here, fiber rovings are impregnated 
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with molten thermoplastic material by an extruder while being pulled through an impreg-
nation chamber. After cooling down, the strand is cut into pellets of usually 10 mm or 1 
inch (Figure 2-1 (a)). In the compression or injection molding facility, these pellets are 
molten in a heated extruder and injected or laid into the mold. In the melting extruder, 
the parallel orientation of the fibers is changed to a statistical distribution. 

a) b)

Fibers
Matrix Cooling

Cutting

Fibers

Matrix LFT

 
Figure 2-1: Manufacturing of LFT pellets and manufactured pellet (a) and direct LFT 

extrusion (b) (Neitzel & Mitschang et al. 2014) 

The alternative way to process LFT is the direct LFT (LFT-D) process. Here, continuous 
fibers are fed into a plastification extruder (Neitzel & Mitschang et al. 2014) together 
with a thermoplastic matrix material. The screw movement will hereby break the con-
tinuous fibers into long fiber segments and impregnate them with the molten thermo-
plastic matrix material (Figure 2-1 (b)). The resulting material can be processed directly. 
LFT-D material is mostly used for compression molding processes. (Vaidya & Chawla 
2008) 

2.1.1.5 UD-tape 

UD-tapes are flat tapes with a typical thickness between 0.1 mm and 0.35 mm and 
width between 6.35 mm and 1000 mm. The tapes consist of a matrix material with em-
bedded parallel fibers. The raw material is manufactured by impregnating a strand of 
parallel fibers. A typical process for this impregnation is the powder-prepreg process, 
where the spread fibers are impregnated with a polymer suspension. Afterward, the 
liquid component is vaporized in an oven, and the polymer powder is molten to impreg-
nate the fibers (Neitzel & Mitschang et al. 2014). Usually, continuous fibers are used to 
manufacture UD-tapes, but directed discontinuous long fibers can also be applied. The 
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discontinuous fibers can have advantages in forming complex structures and the impact 
behavior of the final components (Yu & Potter et al. 2014).  

Background information on UD-tape manufacturing, processing, and properties is also 
presented in (Vaidya & Chawla 2008). In longitudinal direction (Chawla 2019), UD-tapes 
offer excellent mechanical strength and stiffness in the magnitude of high-performance 
metals at a much lower weight (Toray Advanced Composites 2020; EVONIK Industries 
2017). In normal direction to the fibers, strength and stiffness are limited to much lower 
values by the interface strength between fiber and matrix and the matrix strength. The 
relation between load-angle and mechanical properties proves that UD-tapes are very 
suitable for reinforcing specific longitudinal load paths while they need to be stacked in 
different directions to endure complex loads. If a layer of LFT is combined with the UD-
tape, this disadvantage can be minimized, as the LFT will transmit forces along the tape 
width. Combining both materials into a hybrid material in which the LFT is used for 
complex shapes and areas with undefined, complex loads, and the UD-tape is used 
along the main load-paths to conduct forces is therefore advantageous. 

2.1.2 Processing 

LFT is commonly processed via compression molding (Chawla 2019). After plasticizing 
the material, it is placed in the tempered compression mold by manual handling or a 
robot equipped with needle grippers (Mennig & Stoeckhert 2013). After the molding 
step, the LFT forms a solid part. The process is shown in Figure 2-2. 

 
Figure 2-2: LFT is processed by directly molding the material 

UD-tape can be processed with a variety of procedures. The procedures can be sepa-
rated into two groups. In the first group, the first step is to generate a stack from single 
tapes and afterward form this stack. In the second group, three-dimensionally formed 
tapes are assembled to form a structure. An overview of standard manufacturing pro-
cesses is given in (Fleischer & Teti et al. 2018). 

InsertionLFT Preparation Molding
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A procedure used to manufacture components with sizes up to automotive dimensions 
is first to generate a flat stack of UD-tape and afterward to form this stack (see Figure 
2-3). A typical representative is the route used by the fiberforge (Cramer & Beidleman 
et al. 2009; Evans & Mclard et al. 2014; Baumgärtner & John et al. 2016). In this pro-
cess, a stack is manufactured by laying tape onto a moving table. The first layer of tape 
on the table is held by vacuum gripping. Subsequent layers are joined to the first layer 
using spot welding techniques. The resulting stack needs to be consolidated for opti-
mum part quality (Habla & Kropka et al. 2019). An example possibility for this consoli-
dation is to vacuum-consolidate the heated stack between two plates (Dieffenbacher 
2018). Alternatively, a double belt press can be used for consolidation (Kropka & Mueh-
lbacher et al. 2017). The forming of continuous fiber layups in one step may be chal-
lenging for complex component geometries as defects like wrinkling will occur (McGuin-
ness & Brádaigh 1995; Boisse & Hamila et al. 2011). (Coutandin & Brandt et al. 2018) 
and (Joppich 2019) explain mechanisms for possible defects and a strategy for their 
avoidance in dry fiber materials. In (Schäferling 2019), folds and wrinkles could be iden-
tified as relevant defects in thermoset UD-tape. Often, a preforming step is necessary 
to avoid defects in the final forming step (Joppich & Doerr et al. 2016). Processes for 
preforming the stack are presented in Section 2.2. 

 
Figure 2-3: Manufacturing monolithic components from UD-tape requires the stack-
ing of numerous material parts and the preforming of the stack for a reliable inser-

tion and molding. 

Alternatively, the structure can be assembled from already preformed tapes. Again, 
these tapes can be formed using the methods from Section 2.2. The advantage of this 
alternative is that forming single tapes, which will later form a subsection of the struc-
ture, is usually simpler than forming the whole structure as problems like wrinkling can 
mostly be avoided. Furthermore, resources can be saved (Fleischer & Albers et al. 

MoldingInsertion

Preform preparation

Unreeling Stacking Preforming
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2016). A larger degree of freedom regarding fiber orientations is available, as the fin-
ished structure does not need to be formable. (Kropka & Muehlbacher et al. 2017) pre-
sent an applied example of this process route. An obvious disadvantage of this second 
process route is that a precise joining of single preforms is more difficult than joining flat 
tapes resulting from their shape. This is especially true if they have to be precisely 
joined in curved areas of the structure. 

2.1.3 Advantages and Manufacturing of Hybrid Components 

The presented process chains can be used individually to manufacture monolithic fiber-
reinforced components or combined for the manufacturing of intrinsic (Fleischer 2021) 
hybrid structures. In this section, the combination of both material types is discussed. 

An overview of the properties of LFT and UD-tape is given in Table 2-1. Both materials 
show their specific advantages and disadvantages. The most apparent advantage of 
LFT compared to continuously reinforced material is a cost-benefit resulting from pro-
cessing advantages. The reason for this is the material’s ability to flow into the final 
component shape in a single molding step. This way, the manufacturing effort is only 
slightly influenced by the geometric complexity of the component. In contrast to this, the 
geometric complexity of the components determines how difficult preforming is with Co-
material. (Boylan & Castro 2003) showed that duroplastic flowable composite materials 
have increased strength if the length or amount of the embedded fibers is increased. 
However, it also shows that the closing force increases with longer fibers, indicating 
larger forces on the material and an increased risk of defects. In (Davis & Graham et 
al. 2003), it is shown that similar effects on the closing force exist in thermoplastic com-
posites processing. The dependency of fiber length and mechanical properties is ex-
amined for natural fibers in (Takagi & Ichihara 2004). 

The most obvious reasons for using continuous fiber materials are the superior strength 
and stiffness properties they offer. Both values can be up to 7 times higher in the fiber 
direction of a unidirectional material compared to a flowable discontinuous fiber com-
posite. (Chawla 2019). The mechanical properties are dependent on the length of the 
fibers and their orientation relative to the load. (Henning & Moeller 2011) names a var-
iation of approximately factor 10 for the tensile strength depending on the fiber orienta-
tion in UD-material. Due to this strong anisotropy, single-layer UD-materials should be 
avoided in component regions where loads from various directions can occur. 
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Table 2-1: Material Characteristics 
 LFT UD-tape 
Mechanical properties Isotropic behavior offers 

acceptable mechanical 
properties in all directions 

Anisotropic behavior leads 
to excellent strength and 
stiffness along the fiber di-
rection 

Processing Complex geometries can 
easily be manufactured as 
the material liquefies in the 
mold and fills the shape of 
the mold. 

Complex geometries re-
quire costly preforming 
processes to avoid defects 
like wrinkling or folds. 

 

The different component regions often fulfill specific tasks in situations where several 
functions are integrated into one component. Possible requirements for highly inte-
grated components are structural or semi-structural, optical, or a tight seal to another 
component. As described in the previous sections, continuous UD-materials are most 
suitable for structural tasks. LFT can usually fulfill semi-structural tasks and the remain-
ing functions at a much lower manufacturing effort. 

To utilize the advantages of both material types, they can be combined into hybrid com-
ponents. UD-tapes will be used in highly loaded areas of the component to exploit their 
superior mechanical properties in such a combination. For cost reasons, geometrically 
complex regions should be filled with LFT. UD-tape should be used for the force trans-
mission between load-introduction regions. This will result in a structure of longish UD-
tape strips. Of this structure, the single UD-reinforcements will only have to be pre-
formed sufficiently to enable a subsequent hybridization step (e.g., co-molding) while 
the final shape can be reached in that hybridization step. The components are manu-
factured by first producing a reinforcement structure and afterward hybridizing this 
structure in a molding step. Both duroplastic (Wulfsberg & Herrmann et al. 2014) and 
thermoplastic (Joppich & Menrath et al. 2017) components can be made in such a hy-
brid way.  

The goal of this thesis is to improve the manufacturing of hybrid components from a 
flowable thermoplastic component and UD-tapes (Figure 2-4) by a new preforming pro-
cess. The core of this thesis is developing a novel way of preforming the reinforcement 
structure from UD-tape for reinforcing LFT components. For this, the tape must only be 
sufficiently preformed to enable the placement in the mold while the final shape can be 
obtained during molding. 
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Figure 2-4: Process route for the manufacturing of hybrid LFT – UD-tape compo-

nents. This thesis focuses on the preforming of the reinforcements. 

2.2 Preforming Processes 
Preforming is a step to form a raw material into an intermediate product that can pro-
duce the final component. The aim of preforming is to improve the reliability and quality 
of the molding, thus requiring a near-net-shape geometry of the preform with some final 
forming taking place during the molding step. The degree of remaining forming during 
molding is typically large for processes with pre-impregnated materials and lower for 
dry processes, like RTM (Henning & Moeller 2011). In the process chain mentioned 
above, the preforming step is connected to the previous and subsequent processing 
steps via handling devices. The effort for preforming and the connected handling is 
estimated to cause between 30% and 50% of the component cost (Weiland & Weimer 
et al. 2013; Verrey & Wakeman et al. 2006). Therefore, an improvement in efficiency in 
these steps is essential to increase the use of composite materials for lightweight man-
ufacturing. Such an improvement can be obtained either by making the steps them-
selves more efficient or by advantageously combining them to create synergies. 

During the development of the process, the properties of the material and process 
chain, as well as the typical design of reinforcements are regarded. The aim of the 
preforming is to enable the subsequent molding process to make good finished compo-
nents at minimum preforming cost. Usually, preforming is necessary for controlling the 
fiber orientation in areas with a complex shape. A near-net-shape preform will often be 

Insertion and MoldingLFT Preparation

Preforming 
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sufficient for good results in the molding process, making a net-shape preform unnec-
essary. The deviation to the net-shape can be used as a degree of freedom to minimize 
cost. 

Overall preforming cost is increased by the forming tool cost and cost for the process 
adjustment during commissioning. The cost for the unique tooling is high as a compo-
nent-specific draping device must be machined and auxiliary devices such as down-
holders or closed-loop controlled limited-slip clamps are needed. When the tools are 
made, they need to be adjusted for the specific component. Examples for expensive 
adjustment tasks are finding correct values for down-holder and clamping forces (Kunze 
& Böhm et al. 2019) or selecting the sequence in stamp draping (Coutandin 2020; Cou-
tandin & Brandt et al. 2018). These costs could be significantly reduced if a universal 
process was used, which can be applied to various components without expensive 
adaption. 

The second possibility to optimize cost is to reduce the number of conducted process 
steps by combining handling and preforming. Such an approach is called integrated 
preforming and should avoid the handling before and after preforming. More complex 
geometries are possible with integrated preforming than without preforming (Bücheler 
2017; Pangboonyanon & Zaiß et al. 2016) while the number of process steps is not 
increased (Behrens & Raatz et al. 2017). 

In Section 2.2.1, the peculiarities of preimpregnated thermoplastic FRP in preforming 
are discussed. In Section 2.2.2, implementations of handling-integrated or flexible form-
ing devices are presented. In Section 2.3, possible preforming mechanisms for the 
newly developed process are introduced and compared and local bending is selected 
as the most suitable forming mechanism for the preforming of UD-tape reinforcement 
structures. 

2.2.1 Preforming of Thermoplastic Materials 

In general, preforming is used where it is necessary to obtain appropriate behavior while 
placing the material and the mold and during the mold closure (Kühnel & Schuster et 
al. 2014). When complex 3D components are made, preforming shows advantages for 
the final components (Kropka & Muehlbacher et al. 2017). In contrast to dry textiles, 
thermoplastic preforms require additional measures for successful preforming. The ma-
terial needs to be softened by heat for plastic deformation, and the matrix tack needs 
to be regarded. 
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Thermoplastic matrix materials are softened by increasing temperatures (Huang & Guo 
et al. 2020). After a deformation at a high temperature and a cooling step, the new 
shape will remain permanent after cooling the material. The fibers and the matrix ma-
terial determine the shape of thermoplastic composites. The fibers show high stiffness 
in their longitudinal direction while they are easy to elastically bend due to their small 
diameter. Therefore, the shape of composite fiber material can be changed by heating, 
deforming, and cooling. When the matrix is softened, the fibers will rearrange and be 
frozen in the new arrangement as soon as the matrix hardens again (McGuinness & O 
Bradaigh 1997; Joppich 2019). 

At higher temperatures, the matrix material also develops tack. This means that prob-
lems with tack like adhesion to and decontamination of tools can occur. It also means 
that higher temperatures can be applied to consolidate stacks (Baumgärtner & John et 
al. 2016). 

2.2.2 Handling-Integrated Flexible Preforming 

Handling-integrated preforming is applied in various approaches in the literature. The 
goal of this thesis is to find a shape flexible preforming method for thermoplastic rein-
forcements in automotive and similar structures. To obtain flexibility, component-spe-
cific tools should be avoided. To be able to process thermoplastic UD-tape, a heating 
mechanism must be integrated and large contact surfaces to the molten area should be 
avoided due to the tackiness of the material. The complex shape of the components 
requires preforms with narrow curvatures and a size in the typical automotive range. 

In the following, the most relevant approaches are presented. They are categorized into 
three main functioning principles: soft grippers, which can drape the material on the 
target, component-specific deforming grippers, and flexibly deformable multi-axis grip-
pers. 

2.2.2.1 Soft Grippers 

Compliant grippers can grasp the material in its flat state and deform together with the 
material when pressed down onto the target area of the handling process. In the han-
dling of composite raw materials, this can be used for preforming. In the following, two 
approaches are briefly described. 
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2.2.2.1.1 Barrel End Effector  

The Barrel End Effector (Angerer & Ehinger et al. 2011; Ehinger 2012) performs a com-
bined translational-rotational movement to roll over a surface where it either grasps or 
places a piece of fabric. The fabric is gripped by suction through the end effector’s sur-
face. The effector is built up of deformable segments around a vacuum in the middle 
for the grasping effect (Figure 2-5). The surface of the elements can be heated electri-
cally to activate the binder fleece on the outer surface of the textile. 

Target shape

Vacuum
Valve
Heated surface

Movement

 
Figure 2-5: Barrel End Effector (based on (Ehinger 2012)) 

Using the end effector, tool-less, flexible preforming is possible if the compression mold 
can be used as target shape. Otherwise, a model of the shape has to be used. The 
segments are heated sequentially to avoid absorption of the binder by the textile. The 
device is optimized for handling dry textiles as the matrix material of thermoset or ther-
moplastic prepreg would cause tack between raw material and end effector. The shape 
complexity of the preform is limited, and the process was only shown for flat or convex 
target shapes. 

2.2.2.1.2 Form Hand  

The Form Hand (Löchte & Kunz et al. 2014; Kunz & Raatz et al. 2013) applies a similar 
function principle as the Barrel End Effector and can be used to drape dry textiles and 
for various grasping tasks. It consists of a rigid frame with a flexible cushion attached. 
The Form Hand is sketched in Figure 2-6. The cushion consists of a thin, flexible surface 
layer and a filling granulate (a). The surface layer is permeable for air to enable suction 
gripping on the surface. If vacuum is applied to the inner cushion side, the granule par-
ticles compact and stiffen compared to the ventilated state (b). 
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Like the Barrel End Effector, the form hand can grip a flat tape and form it when pressing 
it down. In contrast to the foam in the Barrel End Effector, the granule inside the Form 
Hand has a shape memory effect. This effect can be used to press the Form Hand onto 
a final shape model and transport the preformed textile to the final mold without deform-
ing it. Resulting from the large contact area to the flexible cushion surface layer, pro-
cessing of pre-impregnated materials is critical for the Form Hand. Forming can take 
place in multiple dimensions on convex surfaces. However, only a limited degree of 
deformation and precision is presented in the references. 

Robot flange Robot flange
a) b)

 
Figure 2-6:Working principle of the Form Hand (based on (Löchte & Kunz et al. 

2014)) 

2.2.2.2 Deforming Grippers 

The second approach to integrated preforming is used for simple geometries in litera-
ture. The applied principle is to have an end effector with one or more axes that move 
the individual gripper units along a path that brings the raw material to the target shape. 
The position and movement of the gripper units must be adapted to the components 
and individual end effectors have to be made for each manufactured workpiece or layer 
within the workpiece. Universal end effectors can only be applied to few geometries. 
However, the advantage of the approach is that the forming can take place during the 
handling operation without adding any steps. 

2.2.2.2.1 MoPaHyb End Effector 

The end effector developed by (Moll & Ohlberg et al. 2019) is targeted to preform ther-
moplastic UD-tapes and, therefore, directed at a similar task as this thesis. It is used as 
an example for a group of end effectors that are based on moving individual gripping 
unit groups along a predefined path. In the work, a π-shaped layup as presented in 
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Figure 2-7 is formed. Its core preforming mechanism features vacuum suction cups 
moved along two pneumatically driven axes. The position and movement of the suction 
cup are shown in Figure 2-7. 

The suction grippers are attached to guiding axes that are moved by pneumatic cylin-
ders. Infrared radiation tubes are used to maintain the preform temperature. The hard-
ware is mounted to an aluminum profile frame. The work emphasizes that large contact 
areas have to be avoided to prevent heat loss and tack. The end effector forms all areas 
of the tape simultaneously and is therefore fast. However, it is optimized for only one 
workpiece and cannot be used for others. Furthermore, it can be assumed that the 
oxidation problem named in (Bruns & Raatz 2017) can also occur for this end effector. 
For high forming degrees, complex motions are needed, which increases the cost for 
such a gripper. Similar approaches were taken by (Graf & Richter et al. 2018) for ther-
moplastic materials and (Kordi & Hüsing et al. 2007) for textiles. 

Top view: Side view:
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Gripper movement

Stack (undeformed/deformed)

 
Figure 2-7: Movement of the gripping units (based on (Moll & Ohlberg et al. 2019)) 

2.2.2.2.2 Octopus End Effector 

Robot flange

Robot flange
a) b)

 
Figure 2-8: Function of the Octopus End Effector (based on (Brecher & Kukla et al. 

2015)) 
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The Octopus End Effector (Brecher & Emonts et al. 2013; Brecher & Kukla et al. 2015) 
is actuated by a single drive and adapts to the mold surface by compliance while holding 
the material with needle gripping units. It can be used to drape textiles onto simple one-
dimensionally curved convex objects with a large curvature radius. The working princi-
ple is sketched in Figure 2-8. First, the flat textile is gripped (a). Afterward, the gripper 
is lifted. After placing the gripper on the mold, the cylinder lowers the arms. The final 
shape is determined by the mold as springs in each segment push the next segments 
as far as necessary to touch the surface (b).  

With this system, draping happens during the placement on a tool that would be either 
an additional tool or the mold for the material. If the final mold is used, a longer idle time 
of the press becomes necessary, especially if more than one layer shall be preformed. 
In addition, only simple geometries can be processed. A heating system could extend 
the working principle for processing thermoplastics. 

2.2.2.2.3 Vortex End Effector 

The Vortex End Effector (Bruns & Raatz 2017) is easily adjustable to various compo-
nents, which require only one bend for preforming. Its components are sketched in Fig-
ure 2-9. In the process, the end effector grasps a flat organo sheet using vortex gripper 
units. Vortex gripper units blow a vortex of air at the handling object and thereby create 
a normal force. In this case, the air can be heated for a combined heating and gripping 
effect. After the organo sheet is lifted and the relevant regions of the organo sheet are 
heated, the bending takes place. For this, the segments of the end effector are moved 
by motors integrated into the base unit. 

Robot flange

Robot flange
a) b)

 
Heater and Motor

Heater and Motor
Vortex 
gripper 
(hot / cold)

 
Figure 2-9: Grasping and placement of the organo sheet using the Vortex End Ef-

fector (based on (Bruns & Raatz 2017)) 
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The Vortex End Effector is designed to preform thermoplastic composite raw materials 
and, therefore, close to the thesis at hand. Its advantages are an easy adaption to the 
geometry of the manufactured part and the preforming during the handling operation. 
However, the heating duration is defined to be above 40 seconds to avoid fiber break-
ages. The large heated area and heating time can also cause oxidation and degradation 
in the material. Furthermore, wrinkles occur because of the preforming kinematic. Ac-
cording to the reference, these wrinkles will be undone in the subsequent high-pressure 
stamp forming process.  

2.2.2.3 Flexible Multi-axis and Sequential Draping 

Multi-axis and sequential draping approaches use universal end effectors whose form-
ing effect is determined by the motion control code. They have in common that a com-
plex movement in multiple axes is possible. 

2.2.2.3.1 Pixel End Effector 
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Figure 2-10: Function of the Pixel End Effector (based on (Förster & Ballier et al. 

2017)) 

The target of developing the Pixel End Effector (Förster & Ballier et al. 2017) was to find 
a solution for the fully flexible forming of complex geometries from carbon fiber textile 
materials. It works by selectively moving individual gripper units on its pixels. Every 
hexagonal pixel has suction openings and brass electrodes on its contact surface (Fig-
ure 2-10 (a)). The units are arranged in a pattern with only small gaps (Figure 2-10 (b)). 
The suction surface is moved normally to the material surface by a linear drive (side 
view in Figure 2-10 (c)). The vacuum is generated by an ejector, which is supplied with 
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air through a spiraling air hose. Each pixel can be moved individually to follow the target 
shape (Figure 2-10 (d)).  

The slippage of the textile along the suction surface can be determined by measuring 
the electrical resistance through the fibers between the two brass electrodes. By varying 
the supplied pressure to the vacuum ejectors, the slippage can be controlled. The end 
effector can instantaneously be adjusted to the target geometry. It does not need com-
ponent-specific tools, and the preforming takes place during the movement from grasp-
ing to the placement of the textile. The possible degree of forming is limited by the 
borders between the pixels and the maximum possible height difference between them. 
The effector is built for dry textiles. Its adaption for thermoplastic materials is problem-
atic, resulting from the large contact area and the necessity of an even slippage without 
pronounced stick-slip effects. Furthermore, a thermoplastic matrix would inhibit the 
electrical conduction between the electrode and the fibers. 

2.2.2.3.2 Tape Laying 

Tape Laying is a procedure where continuous stripes of tape are rolled onto a negative 
representation of the component and consolidated. The tape is unreeled from a spool, 
heated, and pressed onto a mold by a roller for placing the materials. Usually, the end 
effector, containing spool, heating, and roller, is moved along the mold surface. The 
procedure is called fiber placement if tows narrower than 0.5 inches are used and tape 
laying for wider tapes. Example applications are given in (Lamontia & Funck et al. 2003; 
Lukaszewicz & Ward et al. 2012). The procedure is well suited for thermoplastic com-
ponents, however, all parts of the tape have to be heated sequentially and a mold is 
needed. The fiber orientation can be varied by adapting the end effector movement. 

2.2.2.3.3 Sequential Draping 

(Elkington & Ward et al. 2016; Elkington & Bloom et al. 2015) present a robotic approach 
to imitate the manual draping. A mat of thermoset prepreg is placed on a negative rep-
resentation of the component and iteratively pushed down and modeled by a robotic 
end effector. Three different compliant interactors are available in the end effector: one 
point wedge and two rollers – cylindrical and profiled for corners. The process has been 
copied from human draping. Similar research has been conducted with collaborating 
robots (Malhan & Kabir et al. 2018). Both approaches allow complex shapes but require 
a negative of the component and deformation in large areas of the tape, which need to 
be heated for a long process time. 
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2.2.3 Conclusion of the Preforming Processes 

The presented preforming methods highlight the need for flexibility and the advantage 
of integrating additional handling steps. None of the presented methods combine the 
ability to preform without component-specific tools, the ability to preform during han-
dling, and the ability to process thermoplastic matrix materials. Furthermore, the degree 
of preforming and the possible preform size are limited for some methods. Barrel End 
Effector and Form Hand require a negative representation of the part for preforming 
and are challenged by processing tacky material. Grippers similar to the MoPaHyb End 
Effector can only preform one specific component. The Octopus End Effector only al-
lows preforming cylindrical shapes, while the Vortex End Effector allows only a single 
bend in the preform. The Pixel end Effector has large contact areas prone to tack and 
only allows a vertical movement of the single units of approximately 30 mm. Tape Lay-
ing and Sequential Draping both require negatives of the component and are relatively 
slow. Furthermore, Sequential Draping is poorly suited to thermoplastic materials as 
high temperature is required in a large area for a long time. An overview of the methods 
is given in Table 2-2. The literature review showed, that a new preforming process is 
needed as none of the presented alternatives is suitable for the flexible preforming of 
thermoplastic UD-tape reinforcement structures. 

Table 2-2: Comparison of Barrel End Effector (A), Form Hand (B), MoPaHyb End Ef-
fector (C), Octopus End Effector (D), Vortex End Effector (E), Pixel End Effector (F), 

Tape Laying (G), and Sequential Draping (H) 
Requirement A B C D E F G H 
Component flexible         
Heating of thermoplastics         
Processing of tacky materials         
Complex preforming shape         
Larger preform dimensions         

 Fulfilled:  Not Fulfilled:    
 

2.3 Prerequisites and Requirements of the Novel Preforming 
Process 

In this section, available forming mechanisms from (DIN 8582) are screened and eval-
uated. Furthermore, the requirements that the novel preforming process has to fulfill are 
analyzed. In the third step, bending is proposed and motivated as forming mechanism 
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for the novel process. Finally, necessary steps for implementing a bending process are 
derived. 

2.3.1 Available Forming Mechanisms 

According to (DIN 8582), forming can occur via: 

� forming under pressure, tension, or a combination of both 
� forming through shear 
� forming through bending 

The forming based on tension/compression often appears in combination with shear-
based forming in other directions of the component and vice versa (Brannon 2003). 
Most fiber materials that are used in composite structures allow no plastic longitudinal 
deformation. Therefore, pressure- and tension-based forming mechanisms like in the 
deep drawing of metals cannot be used. Instead, preforming must be based on shear 
and bending.  

For shear deformation, fibers glide along their neighboring fibers and thereby allow a 
plastic deformation in the dry textile or layup, uncured thermoset prepreg, or heated 
thermoplastic prepreg.  

When using bending mechanisms, the fibers, which are not placed on the neutral axis, 
would have to change their length to allow for plastic deformation. As plastic defor-
mation is not possible for the used fiber materials, other mechanisms need to apply. In 
textile-based raw materials, this can happen by deforming the woven structure to 
straighten the outer fibers and bulge the inner fibers. In dry or globally heated impreg-
nated unidirectional materials, bending ideally causes global intra-ply shear (Sachs & 
Akkerman et al. 2014). In locally heated unidirectional materials, only the fiber buckling 
on the inner side of the bend can occur and the neutral axis will be pushed outwards by 
compacting the outer fibers. 

2.3.2 Process Route for UD-tape Reinforcement Structures 

Fiber orientation needs to be optimized concerning the load case and load introduction 
regions. Often, loads are carried through the component along load paths between 
those introduction regions. When preforming flat stacks of tape, restrictions in the fiber 
orientation in the stack before forming and in the final component occur.  
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Double-curvature forming of stacks generally requires some areas of the stack to allow 
longitudinal or shear deformation. As glass or carbon fibers do not allow plastic longitu-
dinal deformation, the stack needs to be adapted to the deformation via shear. Shear 
is possible in unidirectional materials when the fibers within the layer slide along their 
neighbors. In bidirectional materials, the fibers in one direction will slide along each 
other and rotate relative to the fibers in the other orientation. The angle between the 
orientations in bidirectional materials should be larger than 45° to avoid shear locking 
(Coutandin & Wurba et al. 2019). In areas with three or more directions, significant 
slippage between the orientations is necessary as the length of a diagonal between two 
orientations, representing the third fiber direction in a quadrilateral of two fiber direc-
tions, changes its length with the shear angle. In Figure 2-11, the three situations are 
compared. 

 
Figure 2-11: Representation of shear by lines of constant length: For parallel fibers, 
shear only leads to a longitudinal displacement of the fibers (simple-shear) (a). Two 
layers of fibers require a shear in at least two directions (pure shear) (b). Three di-

rections of fibers require slippage between the fibers, or the shear is locked (c). 

Fiber orientations in the preformed stack are dependent on the orientation before pre-
forming and the shear deformation. Possibilities are especially limited close to sharp 
corners as large deformations are necessary here. In state-of-the-art, preforms can be 
assembled from subpreforms after forming to allow more complex shapes (Mühlbacher 
2012; Coutandin & Wurba et al. 2019). If the subpreforms are formed separately, slip-
page and locking between the individual layers are avoided. It can be concluded, that 
multidirectional layups complicate the forming. 

For practical and cost reasons, a highly available standard UD-tape from a spool is 
used as the raw material of the new process. In dry textile material, shear deformations 
work well as the fibers are relatively free to slide, and defects are avoided by the 
weaves’ stabilizing effect on the material. If a viscous matrix is involved, deformation 
forces increase, which is challenging. For UD-materials, the risk of defects is further 
increased, as the coherence between the directions is weaker. This argument favors 
the assembly of finished preforms instead of preforming an assembled stack. 

a) b) c)
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When choosing which of these two process routes should be taken, also the design of 
the finished component needs to be regarded. This thesis scope is the manufacturing 
of reinforcement structures for hybrid components in which the continuous fibers only 
cover a small share of the component’s area. Often, these single reinforcement strips 
are not connected to another in the finished component. When a stack is preformed, 
forming has to take place at several positions simultaneously and the adhesion between 
the individual tapes restricts the component shape. When the assembly is done after 
preforming, the preforming step is simplified, and forming complex geometries will be 
vastly improved. This way, a great variety of reinforcement structures can be produced 
based on a standardized preforming process. Therefore, preforming before the assem-
bly is a feasible process route. 

2.3.3 Process Selection 

As described in Section 2.3.1, forming can occur under pressure and/or tension, shear, 
and bending deformation. As the material properties of the applied fibers do not allow 
plastic longitudinal strain, only shear and bending remain as possible preforming mech-
anisms. 

In most tool-based preforming processes, shear preforming is applied (Fleischer & Teti 
et al. 2018). Several solutions are available to control the movement of the material 
(Coutandin 2020; Coutandin & Brandt et al. 2018; Arnold & Sutcliffe et al. 2016; Chen 
& Boisse et al. 2011). To form thermoplastic UD-tape, the material must be heated in 
regions where plastic deformation is desired. For shear-based forming, the whole com-
ponent must be heated. The temperature must be kept in a specific range for best form-
ing results and to avoid degradation, which is challenging for large areas. This is espe-
cially true where the tape is held by grippers or placed on a surface as heat conduction 
will significantly influence the resulting temperature field. Another challenge in contact 
areas to the heated tape is the tack of the molten matrix. It may lead to matrix material 
sticking to the handling devices when releasing the tape. Thereby, the preform can be 
damaged (e.g., fiber pullout), and the handling device will be soiled. Thus, shear-based 
forming of thermoplastic prepreg is challenging to control and therefore not suitable for 
flexible, handling-integrated preforming. 

Bending can strongly affect large part regions’ position while the forming itself takes 
place locally in a small area of the part. In contrast to this, longitudinal and shear defor-
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mation requires a larger deformation zone. If thermoplastic materials are used, the de-
formation zone determines what section of the part needs to be heated. The simplified 
tempering of the small bending zone compared to a much larger shear zone is an ad-
vantage for a bending-based preforming approach. Processes with a large heated de-
formation zone require the control of the deformation within this zone. For example, the 
pixel end effector (Section 2.2.2.3.1) applies numerous sensor-equipped linear actu-
ated grippers for this task, which is complicated and time-consuming. Furthermore, 
bending is especially suitable for forming longish structures like tubes, beams, and 
tapes. Resulting from these advantages the novel preforming process shall be based 
on localized bending. 

According to (DIN 8582; DIN 8586), free bending and die bending are possible alterna-
tives for the forming. Die bending can be applied to form workpieces according to the 
shape of the die while the amount of bending is determined by the shape of the die. In 
free bending, a bending movement is continued until the target amount of bending plus 
the necessary over bending is reached. Within free bending, a linear or rotational bend-
ing movement can be applied for bending longish material strips. Swing folding is a 
variant of free bending using a rotational tool movement. It is suitable for flexible form-
ing, as the rotation defines the amount of bending and could be integrated into handling 
as only a small area of the tape needs to be softened. 

Processes that bend linear semi-finished materials are widely used to create complex 
structures. One industrial application is the manufacturing of tubular metal frames, 
where a typical process is the draw-bending around a tool (Strano 2005) which has also 
been adapted to composites (Engel & Manns et al. 2020). Resulting from the remaining 
elastic deformation during the plastic flow of the metal, springback is an issue for accu-
racy for many bending applications (Schmoeckel & Beth 1993; Strano 2005; Pourbogh-
rat & Chu 1995). For forming thermoplastic matrix materials, springback is expected to 
be a less significant issue as only the elastic tension within the individual fibers remains 
after the stiffening of the matrix, and no tension over the tape’s whole cross-section 
remains. The rate-dependent viscous properties of thermoplastic UD-materials have 
been analyzed in (Sachs & Akkerman et al. 2014). Depending on the shape of the raw 
material, further mechanisms like wrinkling, folding, splitting, or flattening may occur 
(Utsumi & Sakaki 2002). For applications with high requirements regarding the quality 
or complex deformation, special solutions were developed. An interesting approach for 
tool-less high-quality bending is laser tube bending (Zhang & Jones et al. 2005) or laser 
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sheet bending (Kant & Joshi et al. 2013), where laser-induced thermal stresses are 
used to create bends. Tubular frames can also be made in an integrated process chain 
(Both & Brüggemann et al. 2011) in which the profiles are bent during extrusion 
(Fleischer & Schulze et al. 2014). A similar process, where thermoplastic matrix com-
posite material is fed through a heater and bent by rollers, was presented by (Gertner 
& Miller 1996). By bending flat materials, complex functional geometries can be ob-
tained. Examples are the gravity-assisted laser bending of polymers (Mueller & Kruck 
et al. 2013), robotic 3D structures from paper (Wang & Plecnik et al. 2016), or the man-
ufacturing of sheet metal housings (Fleischer 1989). These applications showed that a 
wide variety of products and geometries can be made by bending.  

Due to its good controllability, flexibility, and ability to form a wide range of geometries, 
local bending is selected for forming the preforms. 

2.3.4 Process Development 

To apply new bending processes, suitable parameters have to be found for precise and 
error-free execution. Furthermore, methods for the planning need to be developed. In 
the following, examples of the development and commissioning of bending processes 
are given. Planning the bending is necessary, as all presented processes impose their 
specific restrictions on the possible workpiece shapes. Suitable tools (Strano 2005) or 
tool motions (Liao & Wang 2003) and sequences (Fleischer 1989; Gupta & Bourne et 
al. 1998) need to be selected. This selection should regard the whole process chain 
(Verlinden & Cattrysse et al. 2007). For some procedures, the bend pattern generation 
is also subject to research: (Nagabandi & Wang et al. 2016) plan bends to form 3D 
structures from stripes. (Lang 1989) has developed an approach to calculate bend lines 
for origami and (Andreozzi & Bessone et al. 2016) design bend patterns for architecture. 
In most work regarding origami folding, folds are regarded as sharp edges, but they 
may also be regarded as smooth transitions (Peraza Hernandez & Hartl et al. 2016).  

To apply bending on thermoplastic UD-tapes, suitable parameters must be found on an 
experimental setup, and a method for finding a compromise between the deviation from 
the net-shape and preforming effort must be found. For the reinforcement of hybrid 
structures, long, thin tapes will be placed along the load paths. For a successful co-
molding, they must be formed for stable placement in the mold. For this, suitable hard-
ware and process parameters with low angular error are needed. As the local bending 
poses shape restrictions on the final part, a process-compliant preform shape close to 
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the final shape needs to be found. The preform will be brought to the final shape during 
the co-molding step. At the same time, the buckling in the bends will be reduced. 

2.4 Conclusion 
In this chapter, available composite materials with thermoplastic matrix and their man-
ufacturing processes were presented. Directed continuous fiber materials and undi-
rected discontinuous fiber materials have their specific advantages and disadvantages. 
Continuous fiber materials offer superb mechanical properties, while discontinuous fiber 
materials are cheaper to process. In hybrid components, the advantages of both mate-
rial types can be exploited. The continuous fiber-reinforced reinforcement structure has 
to be preformed to manufacture such components. Preforming causes a large share of 
the cost for composite structures as expensive tooling as well as additional process 
steps are needed in most approaches. 

Therefore, a handling-integrated preforming method that does not use component-spe-
cific tools shall be found to reduce or eliminate those expenses. The literature review 
showed no such method is available, although much research has been conducted in 
the field. One reason for missing a suitable method is that none of the available work 
was directed at the specifics of reinforcement structures, which typically consist of long-
ish elements directed according to load paths. From the available forming mechanisms, 
localized bending was selected as the most suitable for preforming reinforcement struc-
tures from UD-tape. 

This thesis is to develop a preforming process based on the bending of UD-tapes. To 
enable the process, an experimental setup must be found. Using this setup, process 
parameters have to be selected. To further improve the preforming cost, a method to 
find a compromise between preforming effort and deviation between preform shape and 
net-shape must be implemented.  
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3 Objective and Approach 
In the following sections, the objective of this work, the approach, and the thesis proce-
dure are presented. 

3.1 Objective 
In Chapter 2, significant advantages of hybrid structures for the cost at a given perfor-
mance could be shown. With conventional preforming processes, a share of this ad-
vantage can be exploited, although unnecessary limitations in process conduction are 
accepted. The limitations arise as preforming processes are directly copied from mon-
olithic components without regarding the peculiarities of reinforcements within hybrid 
parts. Therefore, these limitations can be avoided with a task-adapted forming process. 

One example is the shape of the manufactured preform. For monolithic components 
from continuous fiber-reinforced materials, the formed stack will most often consist of 
several layers of fibers oriented in various directions depending on the component de-
sign. In that case, the fibers cover the whole component surface, making a rigorous 
control of the forming necessary due to internal forces from the various angles and the 
complex preform shape. In the case of reinforcement structures, however, most rein-
forcements are made of lattice-like UD-tape structures. As shown in Figure 3-1, more 
complex deformations occur if whole stacks are formed compared to the forming of UD-
tape strips, which simplifies the preforming. 

 
Figure 3-1: Single tape strips can be formed into complex geometries without 

changing the angle between its fibers. The forming of stacks as required for mono-
lithic components causes angular changes between the fibers and a linked displace-

ment of the outer contour. 

 

<90°

90°
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Preforming is necessary to improve the positioning in the mold and ensure a wrinkle-
free component quality. The material should be brought as close to the final shape as 
necessary for subsequent process steps but not any closer to avoid unnecessary pre-
forming complexity. Localized bending was selected for this approximation of the final 
shape, as it offers flexibility without tooling cost, and good controllability for handling 
integration. 

This work aims to apply bending for the flexible preforming of reinforcement elements 
from carbon fiber UD-tapes with a thermoplastic matrix. The objective is to exploit the 
advantages of locally reinforced hybrid components by specifically adapting the manu-
facturing steps to the demands of the components.  

In the following section, a preforming process based on the bending of UD-tapes is 
developed. In Figure 3-2, the challenges are sketched beside the robotic cell which is 
selected for the experimental setup later in this thesis. To conduct the process, an ex-
perimental setup and parameters for its operation are necessary. Furthermore, process-
specific shape restrictions and the requirements of the process chain must be taken 
into account. Following scientific problems have to be answered: 

� Which hardware is suitable to conduct the process? 
� Which parameters influence the process and how should they be set? 
� How can a process and process chain compliant workpiece shape be derived? 

Which parameters influence the 
process and how should they be set?

Which hardware is suitable to 
conduct the process?

How can a process and 
process chain compliant 
workpiece shape be derived?

 
Figure 3-2: Derivation of the challenges for conducting the bending process. 
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3.2 Approach 
In this section, the application of bending for the manufacturing of UD-tape preforms is 
discussed. First, requirements are analyzed. Afterward, the process is defined and de-
scribed. Based on that, expected influencing parameters and possible preform geome-
tries are described. Finally, an overview of the thesis procedure is given.  

3.2.1 Application of Bending for the Manufacturing of UD-tape Preforms 

Several localized bends can be combined to form the global shape of the preform. The 
core idea is presented in Figure 3-3. The reinforcing tape strip shall be bent in softened, 
heated zones while the solid segments between the molten regions are held by a kine-
matic.  

Heated areas
Force introduction points

 
Figure 3-3: The tape strip can be brought into a complex shape with only local defor-

mation 

The main benefit of integrating into handling is that instead of simultaneous grasping 
and forming at multiple positions, the process can be conducted with only one heating 
device and two force introduction points. The process is sequentially repeated until the 
final shape is obtained for multiple-bend preforms. The sequential creation of the above-
mentioned shape is sketched in Figure 3-4. 

1) 2) 3)

 
Figure 3-4: Sequential forming of a tape strip 

If the tape is supplied into the sketch from the left, it can be held still in the supply while 
the free end is bent. Thus, the process requires only a tape unreeling device, a freely 
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movable force introduction device, and a small area heater. This way, complex struc-
tures similar to tubular frames can be created. In (DIN 8586), this is represented as 
swing folding process with the peculiarity of zero lateral forces in the bending zone due 
to the guided motion of the tape segments. Thecreation of a single bend is sketched in 
Figure 3-5. After the tape has been bent, it can be conveyed further (to the right in the 
figure) and bent at the next position. 

1) 2) 3) 4) 5) 6)

 
Figure 3-5: Steps of bending: Supplying a tape strip (1), gripping the free end (2), 

heating the bending area (3), bending (4), cooling (5), releasing (6) 

3.2.2 Process Behavior 

In the process, the tape can be regarded as two solid bodies connected by fibers in a 
viscous heated zone. The local behavior in the bending zone was examined in a quali-
tative finite element study (A_Penev 2019) to estimate the process possibilities. The 
simulation represents a tape strip that is locally heated along its transverse direction 
and bent in that heated zone. The cold areas beneath the bend were simulated as rigid 
blocks. The individual fibers in the heated zone were represented by a series of beam 
elements that interfere with one another with friction. The molten matrix was neglected, 
as its transmitted forces are only relevant above a specific deformation rate. 

  
Figure 3-6: Fiber deformation on the inner and outer sides of the bend. (A_Penev 

2019) 

As presented in Figure 3-6, the bending mechanism in locally heated UD-tape differs 
from the elongation-based bending of metals. In UD-tapes, the neutral axis will be 
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pushed outwards, as fibers cannot plastically elongate, the outer fibers will be com-
pacted towards the neutral axis, and the inner fibers will buckle to effectively decrease 
their length. The study showed that the degree of unwanted deformation (buckling, com-
pression of the fibers) strongly depends on the ratio between tape thickness and bend 
radius. Further factors which obstructed the deformation are a high fiber content and 
stronger interactions between the fibers. As fibers buckle outwards at the two ends of 
the bend line, the tape strip's width has a minor influence. According to (Bruns & Raatz 
2017), this buckling can be undone in the following compression molding step. 

It also became apparent that the necessary bending momentum is much smaller than 
the momentum required for bending a cold tape. A tape was locally heated to validate 
the assumption of a low-force forming motion. With only gravitational forces, it easily 
bent downwards without significant elastic deformation outside the bending zone (Fig-
ure 3-7). 

 
Figure 3-7: Bending of a heated area by gravitational forces 

3.2.3 Used Materials 

In this thesis, two types of UD-tape were used for experimentation. Both Polypropylene 
(PP) and Polyamide (PA) tape were selected to take into account different matrix sys-
tems. The material properties are described in Table 3-1, and their behavior is de-
scribed in an experimental examination (Matsuo & Hojo et al. 2017). According to their 
matrix system, they are referred to as PP and PA tape.  
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Table 3-1: Material properties of the used UD-tapes 
 Tencate Cetex TC910 Tencate Cetex TC960  

carbon 
Fiber Carbon Carbon 
Matrix Polyamide (PA6) Polypropylene (PP) 

Fiber weight content 60% 27% 
Area weight 131 g/m² 116 g/m² 
Thickness 0,16 mm 0,27 mm 

 

In the development of a heating unit, also translucent and dyed glass-fiber-reinforced 
tapes of unknown specification were tested. These tests proved the dependency of ra-
diation heating on the color of the tapes. Self-consolidated multi-layer tapes were used 
to give an outlook on thicker materials. They could only be used for qualitative analysis 
as their thickness and straightness varied. 

3.2.4 Expected Influencing Parameters 

The tape is locally heated, bent, and afterward cooled for preforming. Therefore, it can 
be expected that all parameters for these three actions and the hardware in the robotic 
cell influence the process. Expected parameters are given in an Ishikawa diagram in 
Figure 3-8. The research on finding parameters with a good resulting part quality and 
low process time is presented in Chapter 5,. 

 
Figure 3-8: Ishikawa diagram of the expected influencing parameters 
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3.2.5 Possible Preforming Geometries 

A bend in a tape can alter the direction of the tape's centerline along the tape. By placing 
the bend and adjusting the skewness of the bend line, any centerline direction in space 
can be obtained after a bend. However, the normal direction of the tape after the bend 
is also influenced by this selection. Therefore, limitations are set to possible geometries 
of a tape. A possible geometry is shown in Figure 3-9. With the approach, the net-shape 
can be approximated with a flexible number of bends (Figure 3-10). The number of 
bends on a tape should be as low as possible to minimize manufacturing effort. In Chap-
ter 6, a toolbox for adapting a bent tape to the reinforcement geometry in a hybrid com-
ponent is presented. In this thesis, the bending angles are called α (skewness of the 
bending line) and β (amount of bending). The tape segment length is called l. 

 
Figure 3-9: Possible preform geometry with straight and askew bends. (Figure by 

Alexej Bachtin) 

 
Figure 3-10: Approximation of a reinforcement shape without preforming (a), with 

one bend (b) or with three bends (c) 

3.3 Thesis Procedure: Work Packages and Interactions 
The research on the swing folding of UD-tapes is based on the three research ques-
tions: 

� Which hardware is suitable to conduct the process? 
� Which parameters influence the process and how should they be set? 

a) b) c)c)
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� How can a process and process chain compliant workpiece shape be derived? 

The work packages are designed according to these research questions. In Figure 3-11, 
work packages and their content are presented. The Experimental Setup Development 
(Chapter 4) is the first work package on the physical side of the project. A test rig for 
conducting the process is needed during the thesis and as a model for later series pro-
duction cells. In the implementation of the test rig, the task is clarified, and modules are 
designed. After the experimental setup is built and commissioned, experimentation on 
the process can be conducted. The Analysis of the Swing Folding Process (Chapter 5) 
was started on this initial prototype, and experience in process conduction was reflected 
into the experimental setup through continuous improvement measures. The goal was 
to find high-quality parameters for the movement and heating of the tape, thereby in-
creasing accuracy and speed. The Analysis of the Swing Folding Process is finished 
with a final Design of Experiments with no subsequent hardware changes to character-
ize and validate the process. The Finding of Process Compliant Near-net-shape Geom-
etries (Chapter 6) is conducted in parallel to the physical research. The goal of this work 
package is a toolbox for finding a process-compliant representation of the reinforce-
ments in the final part. Necessary steps in this development are a description of possi-
ble tape geometries, a method to evaluate a tape geometry’s quality, and an algorithm 
for the adjustment of the geometry. 

 
Figure 3-11: Work packages within the thesis 

Experimental Setup Development (Chapter 4)

Analysis of the Swing Folding Process (Chapter 5)

Finding Process Compliant Near-net-shape Geometries (Chapter 6)

Task Clarification Unit Design Improvement

Kinematics Temperature Control Validation

Description Evaluation Adjustment
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4 Experimental Setup Development 

Which parameters influence the 
process and how should they be set?

Which hardware is suitable to 
conduct the process?

How can a process and 
process chain compliant 
workpiece shape be derived?

 
Figure 4-1: Research questions of this thesis 

In this chapter, the first research question from Figure 4-1 is answered. For the experi-
mental process analysis, an automated bending station has to be designed and imple-
mented. An approach similar to (VDI 2221) is used in this thesis. Four main steps are 
conducted: 

� Clarify the task and structure it into realizable modules 
� Design the modules 
� Commission the system and select operating parameters 
� Validate 

The task has been described in Section 3.2. In the next section, the steps for determin-
ing and structuring functions are described. The modules are designed in sections 4.1 
to 4.4. In 4.5, the implementation is presented. Parameters for the operation of the sta-
tion and the validation are described in Chapter 5. 

During process conduction, the tape has to be supplied (unreeling, cutting off), heated 
and bent. A function chart according to (VDI 2860) is used to structure and identify the 
main process steps (Figure 4-2).  
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Start/proceed 
bending

Clamp BendMelt locally Cool Unclamp Proceed 
bending /cut 

off

Clamp Pass onUnclamp Finished 
Subpreforms

y

Unreel further

Tape spool Unreel

Cut
 

Figure 4-2: Function chart representation of the sequential bending process with 
tape supply in green, heating in red, and bending and movement of the specimen in 

blue 

Next, the functions are allocated to functional units. With the help of this allocation, 
necessary function elements are identified and possible solutions generated. In this 
design process, both the different variants of grouping the functions and the selection 
of function elements are degrees of freedom. A preview of the possible combinations 
of identified function elements and combinations are presented in the morphological 
box in Table 4-1. The detailed description of the selection of the single elements is 
described in Sections 4.1 to 4.4. 

Table 4-1: Morphological box of the function principles for the individual functions 
Task Solution principle 

Movement by… Kinematic Rolls Robot  
Gripper type Vacuum Suction Clamping  
Heating in… Separate Supply unit End effector  

Heating Hot air IR Conduction Induction 
Tape supply Roller drive Pull by robot    
Cutting by … Scissors cut Free cut   
Cutting in… Supply unit End Effector   

 

For flexible experimentation and adaptability, the modules will be built using standard-
ized aluminum profiles and connectors. For the function elements, purchased items will 
be used where possible, e.g. pneumatic cylinders for movements. For practicability and 
storage reasons, the footprint of the units shall be kept small. 
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4.1 Bending Movement 

Start/proceed 
bending

Clamp BendMelt locally Cool Unclamp Proceed 
bending /cut 

off

Clamp Pass onUnclamp Finished 
Subpreforms

Unreel further

Tape spool Unreel

Cut
 

Figure 4-3: Function charts with highlighted bending and handling system 

To induce a bending movement into the tape (Figure 4-3), both a gripping system and 
a kinematic for moving the gripping system are selected. The system must secure the 
tape while it is cold, move it as soon as the heating unit has softened the matrix, and 
then keep it in its final shape until the material has cooled again. For the movement, the 
kinematic system must enable the control of a sufficient number of independent degrees 
of freedom to set the three parameters of a bend (skewness of the bend α, amount of 
bending β, and tape segment length l). The requirement of the gripping process is to 
securely hold the tape while the maximum friction along the tape should be limited to 
certain boundaries to allow tensioning by sliding the gripper along the tape. 

4.1.1 Kinematic System 

The kinematic system needs to move the gripper to a position on the tape, along a 
bending trajectory, and back to the initial bending position for the next bend. After the 
cutting process, the gripper might also be used for storing the finished preform.  

The following considerations are carried out to derive the number of necessary kine-
matic axes: 

� The gripper should be placed close to the bending zone to avoid elastic defor-
mation between gripper and bending zone. 
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� For the correct angular placement of the gripper to the bend (α), the kinematic 
system needs a rotational axis around the normal direction of the tape.  

� One additional rotational axis is required to rotate the free end of the tape around 
the bend (β). 

� Preliminary experimentation has shown that the bending movement cannot be 
represented by a pure rotation around a fixed axis. Two linear axes are required 
(see coordinate system “b” in Figure 5-5) to move the rotation axis to the suitable 
spot for the specific bend. 

To summarize the considerations, at least two rotational and two translational axes are 
the minimum requirement for flexible process conduction. The functionality could be 
achieved by combining standardized electric axes while tight packaging to avoid colli-
sions between the tape, supply unit, and gripper.  

If the bending kinematics shall also pass on the finished preform into the storage, a 
large working volume is necessary. When longer axes are used, the packaging and 
collision avoidance within the system will become increasingly difficult. Therefore, the 
bending and handling kinematic should either be separate systems or a flexible system 
with a large working volume and a small collision silhouette. The most convenient option 
for avoiding collision problems and obtain high reliability is the use of an industrial ro-
botic arm. The final selection was to use the available industrial robot (Kuka KR180) as 
a handling system and integrate the bending system into it. Its six degrees of freedom 
can freely position its end effector in space and therefore conduct the bending move-
ment. 

4.1.2 Gripper 

The task of the gripper is to induce the bending and holding forces into the UD-tape. 
While doing so, the gripper should have a small interference contour close to the bend 
and be compact in the longitudinal direction of the tape to allow a small minimum dis-
tance between two bends. The gripper should securely hold the tape in the normal di-
rection and the rotational degrees of freedom while allowing some slippage along the 
tape surface to allow for a tensioning of the tape by moving against the slippage. 

Table 4-2 lists the available part handling gripping principles according to (Fantoni & 
Santochi et al. 2014). Further gripping principles are listed in (Alebooyeh & Wang et al. 
2019).  
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Table 4-2: Available gripper types (Fantoni & Santochi et al. 2014) 
Gripper Type Short evaluation 
Friction Gripper Can be suitable 
Jaw Gripper Cannot be used as no shape fit can be obtained in longitu-

dinal direction resulting from the tape’s shape 
Magnetic Gripper Cannot be used for non-magnetic workpieces 
Suction Gripper Can be suitable 
Needle Gripper Cannot be used as no slippage is possible and cracks are 

generated 
Electrostatic Gripper Insufficient force per area in existing examples (Schaler & 

Ruffatto et al. 2018) 
Van der Waals Gripper Only suitable for low forces 
Ice Gripper Should not be used to avoid water in the process and inter-

ference with the heating 
Acoustic Gripper Not suitable for precise positioning 
Laser Only suitable on the micro scale 
Bernoulli Gripper Should not be used as the airstream will rapidly cool down 

the molten zone of the tape 
Adhesive Gripper Should not be used to avoid pollution of the tape 

 

Of the presented types, friction and vacuum grippers are most suitable. The other grip-
per types are excluded due to the reason given in the short evaluation. Vacuum grippers 
differ in their suction cup arrangement and the shape and size and rigidity of the suction 
cups. An advantage of suction grippers would be that only one side of the tape needs 
to be accessible, reducing the interference contour. Low negative pressure and a sup-
porting geometry of the suction cup need to be used to protect the thin tape from dam-
ages through the suction. The suction cup must be rigid in its activated state to induce 
a precise angular movement. The suction cup should not have a long sealing lip to 
induce forces into the tape as close to the heated area as possible. Therefore, and to 
allow slippage during the pre-tensioning, only solid low-pressure suction cups would be 
suitable. In preliminary experiments, it was shown that a relatively large suction surface 
is necessary for a reliable process, which would cause a large minimum distance be-
tween two bends. Furthermore, airstream caused by the vacuum leakage would per-
manently cool the tape and thereby influence the heating. 

To overcome these disadvantages, a friction gripper can be used. It can have a mini-
mum size in the longitudinal direction of the tape, and the force that is needed to make 
the tape slip through the gripper can be carefully adjusted. In (A_Vollmer 2018), a 
clamping gripper for the bending and handling tasks was designed and implemented. 
A concept with a static lower jaw was selected to support the tape in the initial position 
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of the gripper. A pneumatic cylinder pushes the upper gripper jaw against that static 
lower gripper jaw to clamp the tape. As the lower gripper jaw is fixed, it can be built very 
small, minimizing its interference contour. A pressure regulator for adjusting gripping 
and slipping force was added to the cylinder. 

4.2 Heating the Bending Area 

Start/proceed 
bending

Clamp BendMelt locally Cool Unclamp Proceed 
bending /cut 

off

Clamp Pass onUnclamp Finished 
Subpreforms

Unreel further

Tape spool Unreel

Cut
 

Figure 4-4: Function charts with highlighted heating and cooling 

A heating unit was designed and built for the test rig (A_Vollmer 2018). The matrix in 
the area of the bending edge needs to be liquefied (Figure 4-4). Overheating must be 
avoided to prevent thermal degradation (Qin & Su et al. 2003; Lüderwald & Merz 1978; 
Bikiaris 2011; Wang & Tu et al. 2013). To avoid unwanted tape deformation, the molten 
area should be kept small. Therefore, the heating unit must be able to selectively melt 
a narrow area along the bending edge. To temper the tape, heat could either be gener-
ated in it or transferred into it. From a wide selection of heat generation (Blanke & Birden 
et al. 1960; Reese & Vorhof et al. 2020; Schmidt-Rohr 2015) and heat transfer (Lienhard 
& Lienhard 2020) possibilities, four were selected. Induction and direct resistive heating, 
convective heating, radiation heating, and contact heating were examined. Laser heat-
ing was excluded for lab safety reasons. 

Either the heating unit must be correctly positioned on the tape or the area it is heating 
must be adjustable by external input for heating an adjustable narrow area. In the com-
pleted test rig, the bending edge and the heated area will need to be on the tape be-
tween the supply and the gripper. The position of the heated area can be kept constant 



42 Experimental Setup Development 
 

by keeping the gripper’s position constant and adjusting the length of the tape segments 
by adjusting the tape conveying between two bends. This way, no linear movement/ad-
justment of the heating device is required. However, a rotation of the heated area on 
the tape will be necessary to allow the variation of the bending edge in α. For avoiding 
the additional rotation axes, the heating device is directly mounted to the robot end 
effector. This way, it will be positioned with a constant offset to the gripper, which is 
positioned by the robot relative to the bending edge. 

In the following subsections, the heating principles are evaluated. Criteria for the selec-
tion are a compact integration into the end effector, a sensible heating control, reliable 
long-term use, low forces on the heated tape, and sufficient heating power. 

4.2.1 Induction and Direct Resistive Heating 

Inductive and direct resistive heating use electric current within the carbon fibers to heat 
the tape. 

4.2.1.1 Induction Heating 

Eddy current induced by an alternating magnetic field can be used to heat conductive 
material by joule losses. To fulfill the requirements, the currents can be guided in the 
heating zone by an adapted coil geometry. A prerequisite for inductive heating is the 
material’s ability to conduct the currents while still creating joule losses. Although car-
bon fibers are generally sufficiently conductive for inductive heating, (Rudolf & 
Mitschang et al. 2000) indicate that unidirectional layups with a thermoplastic matrix 
cannot be heated as the single fibers are isolated from another. (Kim & Yarlagadda et 
al. 2002) describes that a limited amount of heating is possible in some cases when 
fibers have contact with another, especially if several unidirectional layers are stacked 
in 90° orientation. A test was set up to examine the heating of the used material in this 
thesis. For the experiment, a 6 winding round copper coil with a diameter of 70 mm and 
a length of 30 mm was fed with an alternating current from an induction generator. The 
resulting frequency of the oscillating circuit was 120 kHz. The input current into the 
induction generator was measured for evaluating the induction effect. In contrast to tex-
tile material or metal objects, no change in the input current could be measured when 
inserting the used UD-tapes into the coil. Therefore, inductive heating was excluded 
from further experimentation. 
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4.2.1.2 Direct Resistance Heating 

The unidirectional character of the used tape also poses a challenge for the direct re-
sistive heating of the tape. As for the eddy currents in inductive heating, the material's 
conductivity is only given along the fibers. It was shown that current could be fed into 
the material and along the fibers. A strong mechanical clamp had to be used to create 
initial contact. Heat distribution was uneven in such a way that the two introduction 
areas overheated before the area in between was relevantly warmed up. Furthermore, 
the heating characteristics were unstable, with decreasing electrical resistance during 
the heating. Perpendicular to the fiber direction, no current could be introduced using 
safe voltages. As the orientation of the bending edge in the final heating setup would 
be normal to the tape direction, no current could be fed along the bending edge to heat 
it evenly. Therefore, direct resistive heating was excluded. 

4.2.2 Convective Heating 

Preliminary experimentation on heating by a jet of hot air was conducted in (A_Vollmer 
2018). For this, a Steinel HG 2420 controllable power hot air gun with a linear nozzle 
was directed at the free end of a clamped tape. With the stock nozzle, the shape of the 
molten area could not be adjusted to be linear. Due to the slow control of the hot air, 
the behavior of the molten area could not be controlled well. A custom hot air system 
would need to be implemented for improved controllability, causing considerable effort 
without promising good results. Furthermore, the impact of the jet of air induced an 
unwanted force into the tape. In future applications, this would cause a deformation of 
the molten area and potentially decrease the angular precision of the bends. 

4.2.3 Radiation Heating 

A widely used heating method in composite material manufacturing processes is infra-
red or visible radiation. Carbon fibers are well suited for radiation heating resulting from 
their high degree of absorbing visible and near-infrared radiation (Dombrovsky 2011). 
In multi-fiber situations, rays interfere in a more complex way than plain absorption/re-
flection as the reflected portion of the radiation can be directed towards another fiber, 
effectively increasing the absorption (Xu & Hu et al. 2015; Stokes-Griffin & Compston 
2015). The optical properties of carbon fiber have only slight variations depending on 
the temperature and wavelength in the common scales. Therefore, a wide range of 
heaters can be applied for various tasks (Le Louët & Rousseau et al. 2017).  
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No commercially available radiation heating system could be applied to the end effector 
resulting from build volume limitations and interference contour requirements. In 
(A_Vollmer 2018), concepts for a radiation heating system were developed, examined, 
and compared. Such a system consists of a heat/light source and optical elements like 
reflectors and adjustable apertures. Reflectors can be used to focus the heat and 
thereby increase the heat density while reducing the size of the heated area. With the 
help of apertures, the heated area can be sharply limited while losing a large portion of 
the heating power. 

A small interference contour and a large distance between heat source and tape are 
advantageous for maximum possible bending angles. A fast process requires a large 
heating power, and the heated zone should be limited to a small area around the bend-
ing edge to avoid unwanted deformation. Three concepts for radiation heating were 
compared regarding these requirements (Table 4-3). 

Table 4-3: Concepts for limiting the heat-affected area using radiation heating 
Aperture Reflector Reflector with aperture 
-Lowest expected heating 
power 

- Complex design and ad-
justment 

- Complex design and ad-
justment and largest inter-
ference contour 

+ Very compact + Best heating power + Best focus of the heating 
 

As the later heated area will be linear, tubular tungsten lightbulbs (r7s; 118 mm; 500 W 
unless stated otherwise) were used for experimentation similar to commercially availa-
ble line or longish area heaters use tubes1. An experimental setup with an aluminum 
frame and adjustable mounts for lightbulb, aperture, reflector, and target/tape was used 
for easy geometry variation for the experimentation. 

4.2.3.1 Aperture 

Apertures are used to limit the area a radiation field can reach without specifically di-
recting the radiation to the target. This way, the power of the cut-off radiation is lost. 
The distance between lightbulb and tape Dlt and tape and aperture Dta and the aperture 
opening Wa were varied to examine the heating power of a light source shining through 
an aperture. The time until the first molten matrix was observed and the width of the 

                                         
1 https://optron.de/index.php?id=13&lang=en (last downloaded 28th June 2021) 
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molten matrix area 3 seconds after that were evaluated. The experiments were exe-
cuted with the PA UD-tape. (A_Vollmer 2018) 

 
D

lt D
ta

Wa

Aperture

Tape

Lightbulb
 

Figure 4-5: Parameters of the radiation heater with aperture 

The experimental results are listed in Table 4-4. A small distance from the lamp to the 
tape decreases the heating time. With 30 mm distance and an aperture directly on the 
tape, melting could be rapidly initiated with the molten area increasing to the width of 
the aperture within the 30 seconds after initial melting. With 50 mm distance, the heating 
time increased. Furthermore, no sufficient melting was obtained with the 5 mm or 15 
mm aperture. The 20 mm distance between tape and aperture was set to avoid heat 
conduction from the tape to the aperture. With it, no sufficient heating could be obtained 
within three seconds after initial melting with 5 mm or 15 mm aperture. Concluding, 
heating without an aperture leads to a fast increase in the area size, which would be 
difficult to control in later experimentation. Experiments with an aperture could only de-
liver decent results for the 30 mm distance, which is critical for the interference contour.  

Table 4-4: Melting time and width depending on the geometric parameters 
Dlt / 
mm 

Dta / 
mm 

Wa / 
mm 

Time to initial melting / sec Width of the molten area 3 sec-
onds after initial melting / mm 

30 0 
50 5 50 
15 5 15 
5 9 0-1 

50 
0 

50 12 50 with cold spots 
15 16 0-3 irregular 
5 Abort after 30 No melting 

20 15 12 0-3 irregular 
5 Abort after 30 No melting 
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4.2.3.2 Reflector 

The light from the rear side of the lamp can be directed towards the tape by a reflector 
to increase the heat flux. In commercial infrared heaters, spherical, parabolic, and ellip-
tical reflectors are used. Parabolic reflectors reflect rays from their focus to a collimated 
beam to infinity. A spherical/cylindrical reflector focuses rays from its center back to the 
center. The later effect is used in some coatings on halogen light bulbs to reflect invisi-
ble radiation back to the tungsten filament (Bigio & Israel et al. 2005). For the sharp 
focusing of a ray from one point (in this case lightbulb) to another (in this case a thin 
area on the tape bending edge), elliptical reflectors can be used. The three named 
shapes can all be regarded as flat cuts from cones, with a circle being the limes of an 
ellipse with two very close focal points and a parabola being the limes of an ellipse with 
an infinite distance between the focal points (Figure 4-6). 

The focusing properties of an ellipse and its derivatives circle and parabola are based 
on trigonometry. An ellipse is the group of points with the same sum of distances to its 
two focus points. Any ray emitted from one of the focus points will be reflected to the 

 
Figure 4-6: Circle, ellipse, and parabola are sections of a cone with the circle being 
normal to the symmetry axis of the cone and the parabola being parallel to a line on 
the cone surface. The ellipse is a stretched circle along one axis, and is between the 

circle and parabola shape. 

 
Figure 4-7: Reflection of a beam from one ellipse focus point to the other 
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other focus point at any point of the ellipse, as demonstrated in Figure 4-7. For the best 
effect, lightbulb and bending edge should be placed on the two focus points of the el-
lipse (Vorkov & Arola et al. 2018; Lee & Yang et al. 2014). 
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Figure 4-8: Reflector comparison setup 

For the experimentation, reflectors were made by 3D printing the calculated shape and 
coating it with reflective aluminum foil. An initial comparison between elliptical, para-
bolic, and cylindrical reflectors of similar sizes proved that an elliptical reflector should 
be used. The width of the reflectors was limited to 60 mm, and the protrusion in front of 
the lamp was limited to 30 mm for an acceptable interference contour. The aim is to find 
a reflector that has a high heating density at a long distance. The setup is sketched in 
Figure 4-8. The problem cannot be regarded as an idealized ellipse as the tungsten 
filament of the lightbulb is coiled and therefore not a perfect point. Reflectors that have 
a small distance to the lightbulb Dlr are expected to be influenced more by this as the 
angular error of the filament’s position is larger. However, reflectors with larger Dlr, have 
a smaller wrap angle of the reflector around the lamp as their front opening is wider. 
The distance from lamp to tape Dlt shall be as large as possible while maintaining suf-
ficient heating density.  

The parameters were varied according to Table 4-5. Additional to the already introduced 
parameters, the lamp's power was varied to enhance differences in the heating time. 
The times, which were necessary to create a sufficiently large heated area, are listed in 
Table 4-5. 
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Table 4-5: Heating time with various reflector geometries. An x indicates that the tape 
could not be molten. 

Dlr / mm 5 10 20 
Dlt / mm 50 70 100 50 70 100 50 70 100 
Lamp power / W Heating time / sec 

100 4 5 x 6 7 x 8 x x 
230 1,5 3 5 2 3 6 3 x x 
300 1 1,5 4 2 3 4 2 x x 
500 0,5 1 3 1 1 3 1 x x 

 

As expected, larger Dlt increases the heating time. The fastest values for Dlr were 5 mm 
and 10 mm. A reflector design with Dlr = 10 mm and Dlt = 100 mm was selected as 
experiments showed slightly better evenness of the heat distribution along the bending 
edge, and better tolerance to slight geometrical deviations was expected resulting from 
the larger overall geometry. 

4.2.3.3 Reflector combined with an aperture 

To further sharpen the heated area, an aperture could be added to the design. For the 
experiment, the Dlr = 10 mm, Dlt = 100 mm reflector was used with a 500 W lightbulb 
and Dta = 3 mm. The heating times with selected aperture widths are listed in Table 4-6. 

Table 4-6: Heating time with a reflector and various aperture sizes 
Wa / mm open 5  4 3 2 
Time for a sufficient molten area / sec 3 3 3.5 5 x 

 

With moderate apertures, only a small loss in heating power became evident. The ap-
erture opening should not be smaller than 4 mm to avoid an increase in heating time. 
However, the evenness of the molten area could be improved, which proves the benefit 
of an aperture for the bend quality.  

The experiments indicate that the molten area can be restricted to a sharply limited 
region using an aperture if required. The disadvantage of an aperture is the increased 
interference contour of the heating unit. 

4.2.4 Contact Heating 

The last concept for heating the tape is contact with a heated object or clamping it 
between two heated objects. The tape in this work will be clamped between two jaws 
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of a gripper to avoid asymmetrical deformation. This concept promises a good control 
of the temperature, while a contamination of the jaws with matrix material might influ-
ence the reliability.  

Temperature-dependent effects were examined in an experimental series (A_Vollmer 
2018). Heatable jaws with 2 mm times 50 mm contact area were mounted to a pneu-
matic gripper to heat the tapes. The heaters were set to a specific voltage, and the 
temperature after a sufficient settling time was measured. Two experiments were con-
ducted. The heat transfer in normal direction of the tape was evaluated by comparing 
the adhesion between two stacked tapes after 1.5 seconds of heating. The bendability 
was evaluated by heating a single tape for 1.5 seconds and bending it afterward. The 
results of these experiments are listed in Table 4-7. The adherence between the tapes 
rose rapidly at 165°C jaw temperature with no noticeable improvement for higher tem-
peratures. The bends showed the best results around the same temperature range, 
with bending forces decreasing for higher temperatures. 

Table 4-7: Effects of the contact heating depending on the jaw temperature 
Heating  

Voltage / V 
Resulting jaw  

temperature / °C 
Joining of two 
layers of tape 

Description of the bend in a 
single tape after 1.5 seconds of 

heating 
5 84 no adhesion mark visible 
6 107 no adhesion mark visible 
7 140 no adhesion bend 
8 165 welded together very narrow even bend 
9 186 welded together wider even bend 

10 222 welded together uneven bend 
 

Bending trials with variable temperature and gravity-driven bending were conducted to 
evaluate bending forces. For this, the tapes were clamped between the jaws for a set-
tling time and bent by gravity. It could be proven that higher temperatures lead to higher 
bending angles and, therefore, lower bending forces. The heated area outside the jaws 
was very small, which allows good control of the deformation. Especially for the lower 
temperatures, this might induce higher springback values caused by the smaller result-
ing bending radius and higher forces. The evenness and melting width of four PP sam-
ples are shown in Figure 4-9. 
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Figure 4-9: Forming of the molten area by gravity after a settling time at 140°C (a), 
165°C (b), 186°C (c) and 222°C (d) jaw temperature. (Image: re-enacted experi-

mentation on the final test rig) 

4.2.5 Heating Method Selection 

The heating unit will be mounted to the robot end effector to avoid additional axes. 
Resistive heating of the tape can be excluded as heating method as no electric conduc-
tivity along the bending edge is guaranteed. Convective heating is excluded, as it is 
difficult to control and influences the bending area by the impact of the air. The remain-
ing methods, radiation and contact heating, are compared in Table 4-8. The contact 
heating promises short cycle times with a consistent heated area. It is not dependent 
on the black carbon fibers and works with transparent fibers. However, it might be crit-
ical in long-term use due to contamination with molten matrix material. Radiation heat-
ing will work without inducing forces into the tape and guarantees a contamination-free 
long-term use of the heater. The aperture caused increased interference contour on the 
process-adapted end effector. For a good compromise of heating power and focus, a 
mirror without an aperture should therefore be used. The maximum bending angle could 
not yet be evaluated before the final commissioning. As both methods show promising 
results in early experimentation and their specific advantages for certain applications, 
they are both implemented for the experimental process analysis. The final selection 
will be based on the results of the parameter selection (Section 5). (A_Vollmer 2018) 

a) b)

c) d)
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Table 4-8: Comparison of contact and radiation heating 

Criterion Contact Radiation 
Flexibility for other types of tape 0 - 

Cycle time + 0 
Consistency + + 

Pollution - + 
Possible bending angles not rated not rated 

 

The implemented end effector is presented in Figure 4-10. The components of the end 
effector are mounted to a changeable robot connector. For clamping the tape, a han-
dling gripper with one linearly actuated swiveling jaw has been implemented. The radi-
ation heater features a polished full aluminum mirror. For experimentation with contact 
heating, a parallel jaw gripper with closed-loop temperature control has been imple-
mented. The contact heating can be dismounted from the effector to clear the area 
between the radiation heater and tape for experimentation with the radiation heating. 
The control for the two heating methods is mounted in separate boxes on top of the end 
effector. 

Optional contact heating

Heated jaw

Radiation heater

Radiation heater controlContact heater control

Handling gripper

Pneumatic cylinder

Tape

Robot connector

Tool Center Point (TCP)  
Figure 4-10: Bending end effector with both heating devices 

The two heating units create molten areas of different sizes (Figure 4-11). The radiation 
heating melts an area of 3 mm – 10 mm at some distance from the handling gripper. 
The contact heating melts the tape between the heated jaws and at a small distance 
(approximately 1 mm) to the heated jaws. When bending, only the short area outside 
the heated jaws is bent. The smaller heated area of the contact heating is stiffer, in-
creasing the bending forces (A_Penev 2019) and thereby the expected angular error. 
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Figure 4-11: The radiation heating (a) melts a larger area of the tape than the con-

tact heating (b) in the final implementation at the optimized heating settings.  

4.3 Supply of Tape Strips 
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Figure 4-12: Function chart with highlighted process steps connected to the tape 
supply 

The task of the supply unit is to place the tape strip in such a way that the robot can 
bend the free end and to cut the finished preform from the spool (Figure 4-12). The 
development of the supply unit is described in (A_Nguyen 2018). As the tape will be 
delivered on a spool, two conveyor rollers were selected for its unreeling. Shear cutting, 
water jet cutting, and laser cutting were considered for cutting the tape. Shear cutting 
was selected for reliability and simplicity as it showed satisfactory results for experimen-
tation in the initial examination. The cutting unit was integrated into the supply unit to 
avoid a large interference contour at the robot end effector. Within the work, parameters 

a) b)
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for conveying and cutting were examined, and the supply unit with its subunits was 
constructed and commissioned. 

4.3.1 Conveying 

The tape is conveyed between two rollers. For constant friction without damaging the 
tape, at least one roller must have a compliant mounting. Therefore, the free-rolling 
roller is mounted on a pneumatic cylinder. The contact pressure between the rollers 
and the tape can be adjusted using a pressure-regulating valve. 

A Nanotec PD4-N5918X4204 stepper motor is used and controlled via CANopen by a 
PEAK PCAN-USB adapter to actuate the rollers. For conveying the tape, precise posi-
tioning is necessary while the needed conveying speed is negligible. To better fulfill 
these requirements, the motor drives the roller via a toothed belt drive with a 16/60 ratio 
(A_Mühlbeier 2019). A pneumatic clamp with flat jaws is added to the supply unit to 
secure the tape during bending and cutting. 

4.3.2 Cutting 
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Figure 4-13: Cutting parameters 

For the cutting, the cutting gaps a1, a2, and the rotation angle of the blade Ω were ex-
amined in an experimental design (A_Nguyen 2018). The parameters are shown in 
(Figure 4-13). The cutting gaps were varied in the three stages 1 mm, 3 mm, and 6 mm. 
Cutting with contact between blade and guide (a1/2 = 0 mm) was attempted but failed, 
as large forces were necessary. The blade rotation Ω was set to 0°, 10° or 30°. For the 
experimentation, a 0.5 mm wide blade was used, and the pressure of the actuating 
pneumatic cylinder was set to 4.2 bar (~4200 hPa). 

Best results were achieved with Ω = 30° and a1 = a2 = 3 mm. With a smaller rotation, 
forces would increase, and therefore more damage occurred. With wider values for the 
cutting gaps, the tape would deform before being cut, resulting in worse cutting-edge 
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quality. At a1 = a2 = 1 mm, some experiments showed a sharp bend close to the edge, 
which might cause difficulties conveying the tape afterward. Therefore, Ω = 30° and a1 
= a2 = 3 mm was selected for the cutting. 

4.3.3 Combined Supply Unit 

The supply unit was constructed using aluminum profiles. The lower roller, clamp, and 
blade are actuated by three pneumatic cylinders. The upper roller can be turned by a 
stepper motor via a belt drive. Figure 4-14 gives an overview of the implemented func-
tions in the supply unit.  

Tape 
spool

Robot End 
Effector

Guide 2Pneumatic clamp

Blade

Guide 1 Tape

Stepper 
motor

 
Figure 4-14: The tape is moving through the supply unit from left to right 

4.4 Control System 
The control system has to coordinate the robot movements, stepper motor, and I/O 
functions like pneumatic valves and switching the heating on and off. 

For this task, a central control script was implemented in python on the control PC. This 
central script serves as a sequence control and calls services offered by the stepper 
motor and the robot. The robot program waits until it receives a command via the KUKA 
Ethernet XML interface, then executes it and falls back to waiting. The commands 
consist of a selection code for the action which shall be conducted and parameters for 
the adaption of this action. I/O functions are switched via the robot control connected to 
two Beckhoff Profinet I/O modules mounted to the robot arm and the supply unit. A 
system overview is given in Figure 4-15. (A_Mühlbeier 2019) 
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Figure 4-15: Control architecture of the experimental cell 

The stepper motor offers speed or distance-controlled movements, which can both be 
used by the control. For the swing folding process, only distance-controlled movements 
at a constant maximum speed are used. 

In the robot program, 16 functions were implemented. The most important functions 
are: 

� Set and pulse digital outputs 
� Wait 
� Set tool, base, and velocity for movements 
� Move absolute or relative in Axis or Cartesian coordinates along a Point to Point, 

Linear, or Circular path 
The swing folding process is combined from a sequence of these functions. Experimen-
tation to find the optimum sequence for accurate bending results is examined in Chapter 
5.  

For flexible experimentation and operation of the rig, the preform geometry and the 
necessary process parameters are read from two text files. In the geometry file, the 
overall preform length, the three parameters α, β, and l from Section 3.2.5 for each 
bend, and the tape width and material type are given. Based on this, the correct process 
parameter file is selected. The process parameter file contains heating and cooling 
times and material-specific kinematic parameters. 
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4.5 Commissioning 

 
Figure 4-16: Frontal view of the bending setup 

The setup is presented in Figure 4-16. The supply unit is visible in the foreground. The 
tape is moved through it from left to right. The position of the supply unit was selected 
to guarantee sufficient movement space of the end effector in the rotational axes around 
the bend and the translational axes for the handling of finished preforms (A_Mühlbeier 
2019). On the right side of the supply unit, the robot can grip the tape with the end 
effector. The tape is heated between the supply unit and the end effector close to the 
end effector for each bend. Then the end effector is moved for the bending movement. 
For a faster process, a cooling nozzle was added to the end effector. After the last bend, 
the tape is gripped by the end effector and cut from the spool by the supply unit.  

In the following paragraph, mechanical limitations in the bending angles are briefly dis-
cussed. Although the gripper was designed to be slim in the longitudinal direction of the 
tape, there still is a 15 mm minimum distance between two bends. α has to be in a 
certain range depending on the tape width to avoid collisions between the tape and the 
vertical beam of the end effector. With a 30 mm tape, α is limited to values between -30° 
and 60°. The limits of β depend on the distance from the end of the supply unit to the 
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bending edge. At the selected distance of 180 mm, β may be between 55° and -90° 
when using the radiation heating (A_Wi 2019) and +/- 50° when using the contact heat-
ing (A_Vollmer 2018). The two heating units are presented in Figure 4-17. 

 
Figure 4-17: Radiation heater (a) and contact heater (b) 

It became evident that full-power radiation heating during the bending movement could 
not be adjusted to function repeatable and gently. With full power heating, the tape 
would always be overheated in the first half of the movement and cool down during the 
second half. Therefore, a power control was added to the radiation heating with a low 
and high setting. The low setting was adjusted to obtain a narrow molten area after 30 
seconds of heating and would therefore keep the tape at constant temperature once it 
was heated (A_Saur 2020). The high setting would heat the tape to the same molten 
area within a few seconds. In the final process, the high setting is used for preheating, 
and the low setting is used to keep the tape hot during the bending movement. 

The cooling nozzle underwent constant improvement. A round nozzle was added to 
reduce the cycle time after the first experimentation (A_Wi 2019). After a deformation 
of the tape by the airstream became apparent (A_Saur 2020), the single nozzle was 
replaced by a tube with several openings, which was placed below the lower handling 
gripper jaw. 

The described experimental bending cell was used for the process examination by pa-
rameter variation in Chapter 5. 

b) a) 
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5 Analysis of the Swing Folding Process 

Which parameters influence the 
process and how should they be set?

Which hardware is suitable to 
conduct the process?

How can a process and 
process chain compliant 
workpiece shape be derived?

 
Figure 5-1: Research questions of this thesis 

The controlled bending of the UD-tape shall deliver good results regarding angular ac-
curacy in α and β, a correct length of the tape’s sections, and avoid thermal damages 
in the bending zone. Therefore, parameters must be set correctly (Figure 5-1). For good 
angular precision, spring-back shall be minimized by bending in a zone of evenly molten 
matrix material. The molten zone shall be limited to the bend line to avoid deformation 
of the surrounding tape. Maximum temperatures in the heated zone shall not be higher 
than needed for the bending to minimize instant degradation. The process shall be fast 
for high productivity, which further emphasizes that heating the material for too long 
shall be avoided. Adhesion between the gripper and the tape shall not influence the 
process reliability. 

In initial experiments, it could be shown that the movement of the gripper, the timing of 
the process, and the duration or temperature of the heating had a significant influence 
on the result. In this chapter, the influence of the process parameters and optimum 
values for the process parameters are examined based on a selection of the executed 
experiments. The goal is to identify which parameters influence the resulting bending 
angles and how they should be set. 

In Section 5.1, a kinematic model of the swing folding process is derived. After initial 
experimentation with a purely rotational movement showed the error caused by tension 
or compression longitudinal to the tape, it was proven that the process does also have 
a translational movement component. The developed model is based on the assump-
tion of an even bend between two solid tape ends. 

In Section 5.2, the relevant influencing movement and heating parameters are listed. 
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In Sections 5.3 and 5.4 the process behavior is analyzed. First, the final process routes 
are presented. Afterward, qualitative phenomena are described. Fractional factorial de-
sign experiments are conducted and evaluated using the analysis of variance (ANOVA) 
method to determine the influence of parameters. When the most relevant parameters 
are identified, they are optimized in iterative experiments where they are individually 
varied. The process robustness regarding a factor is described by the variation of the 
result depending on that factor. Finally, the process is characterized using a multi-level 
design of experiments. In this thesis, the most relevant experimental series are pre-
sented. Further examinations can be found in the references. 

The results of the parameters variation were examined using three measurement meth-
ods. The first was a mechanical angle gauge adapted to measure both bending angles 
in one measurement (A_Bachtin 2020). This is obtained by placing two planes of the 
meter on the tape while pushing the tape against a guide in the meter and reading from 
the two scales. The mechanical angle meter was the standard measurement device 
and used in all experiments unless specified otherwise. In experiments with alternative 
measurement methods, it was used for a regular check of the measurements. In 
(A_Ding 2020), a stereo camera measurement system was adapted to the swing folding 
process. The function principle of this device is presented in (Kupzik & Ding et al. 2020), 
and the system was further improved by (A_Steidle-Sailer 2021). It can be used to eval-
uate a bend automatically and is therefore suitable for experimental series with many 
parameter combinations. Unfortunately, the surface of the PA material did not show 
useable features, as the PP material did. For comparability between the materials, the 
stereo system was not used in the experiments documented in this thesis. Specimens 
with multiple bends were measured using a GOM ATOS system, where specified in the 
text. 

5.1 Bend Kinematic 
The bending movement of the robot has to induce a bend in the heated zone of the 
tape. The ideal geometry of this would be an even bend in the heated area and small 
to no deformations in the two solid regions next to the heated zone. A model for this 
deformation is presented in Figure 5-2.  
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Figure 5-2: It can be proven that a rotation around a fixed TCP is not a sufficient de-
scription of the bending as the required rotational center of the real kinematic move-

ment is moving along the red line depending on the angle β. The dark green line 
represents the result of a pure rotational around the dark green cross. 

On the left side of the figure, the fixed tape end in the supply unit is shown in ocher. 
The heated and bent area is drawn as the adjacent black line. An even bend and a fixed 
length of the black line are assumed. The solid end of the tape, which is gripped by the 
end effector, is drawn in orange. The initial, undeformed tape is represented by the 
dotted line. By adding the connection lines between the ends of the orange sections 
and drawing their bisections (green and blue), the rotational center of the movement 
can be found at the crossing point of the two bisections. The red line represents the 
rotational centers for all β angles. The fact that the position of the rotation center moves 
proves that the bending cannot be simplified to a pure rotation around a fixed center. 
Therefore, the perfect robot movement cannot be a simple rotation around a fixed Tool 
Center Point (TCP) - axis.  

The behavior of the swing folding process with a simple rotational kinematic was exam-
ined in experiments. The rotation center was placed in the supplied tape for this exam-
ination to secure equal conditions for positive and negative bends. The resulting posi-
tion of the solid tape in the end effector after a rotation around the dark green cross is 
represented by a dark green line in Figure 5-2. To quantify the error depending on the 
angle, the position of the end points of the solid area is traced by the thin black lines for 

�

Assumed pure rotation center

Assumed pure rotation result

Rotation center of the 
real kinematic 

movement

Result of the real 
kinematic movement
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the pure rotation and the correct kinematic approach. In the experiments, it could be 
proven that a pure rotation of the tape results in an error in β. The reason for this error 
is the deviation in the distance between the supply unit and the end effector at the end 
of the bending movement. The resulting difference between the necessary and the 
available length of the tape can introduce tension or compression into the tape. These 
forces will then alter the shape of the bend and thereby displace the bent area. As the 
heated area of the tape is not displaced, the result will be a partially elastic deformation 
in a cold area of the tape with a correspondingly large spring back. In Figure 5-3, a 
qualitative example is given. 

a) b) c)
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Heated 
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GripperSupply 
Unit Guide 

2

Heated 
area

GripperSupply Unit 
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Figure 5-3: Qualitative example of the influence of tension. By moving the gripper 

horizontally, the position of the bent zone can be influenced: a) compression, b) cor-
rect length, and c) tension in the tape. 

The effect of this error could be confirmed in an experimental series where the β error 
could be reduced by horizontally correcting the gripper position directly after a bending 
rotation (A_Wi 2019). The described deformations also became apparent in this exper-
imental series (Figure 5-4), and the optimum correction distance was dependent on β, 
which is supported by the assumption that the rotation center is β dependent. 

  
Figure 5-4: Deformation resulting from too much tape length between supply unit 

and end effector 
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A kinematic model with two stiff clamped tape segments, connected by a soft heated 
area, was developed and implemented in the robot control to maintain correct tape ten-
sion (Kupzik & Bachtin et al. 2021; A_Bachtin 2020).  

In this model, the position of the coordinate system “d” is described in the fixed coordi-
nate system “a” via a movement along “b” and “c” (Figure 5-5). For skew bending edges, 
the bending edge is first rotated around the “a3” axis around the angle α into the new 
coordinate system “b”. Before bending, the end effector TCP is displaced from the ro-
tated bending edge “b” to the gripping position “c” along the movement . To execute 
the bend, the TCP is displaced and rotated from “c” to “d” along the movement . 

  
Figure 5-5: Definition of the coordinate systems a (position of the bend), b (system 

of the rotated bending edge), c (initial position of the gripper), and d (final position of 
the gripper) (Figure based on Alexej Bachtin) 

Figure 5-6 shows the kinematics of a single bend in a two-dimensional representation. 
The assumptions for the selected description are that the tape consists of the three 
sections solid-molten-solid. The undeformed tape is shown in blue, the forming in yel-
low, and the final result in green. In the left of Figure 5-6, the solid end in the supply unit 
is kept at a constant position. Connected to the right end of this solid section is the 
molten section along b0. The length of the molten area is assumed constant as the 
carbon fibers will not extend or contract plastically. For securing an even bend quality 
without sharp redirections of the fibers, the molten area shall form a circular arc. On the 
right side of the molten area, the gripper holds the tape with a distance t0 to the molten 
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area. The tape thickness is referred to as s0. With these assumptions, the position of 
the TCP coordinate system of the gripper can be transformed from its initial position “c” 
to the final position “d” via the intermediate positions d(t) along the movement vector . 
As the length of the idealized molten section is kept constant, the bending radius R(t) 
changes with the bending angle β during the swing folding process until it becomes the 
final bending radius R0. From the constant length of the molten area, a relationship 
between the bending angle and the bending radius can be derived: 

5-1 

  

  

 

β(t)

z
y

b0=const. t0

z 3z 2z 1
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Figure 5-6: Kinematic description of a bending zone (figure based on (A_Bachtin 

2020)) 
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The position of the gripper relative to the center of the bending edge ( ) can be calcu-
lated as follows: 

 

5-2 

For the calculation of , several lengths are calculated: 

5-3 

5-4 

5-5 

5-6 

5-7 

5-8 

The movement from b to c along  can be described as follows: 

5-9 

 

5-10 

With a special case for : 

  

This vector describes the motion from the gripping position into the final position of the 
bending movement for a bend with . In the following section, the movement for 
other α angles is derived. 
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For bends with , the coordinate system of the movement is rotated according to 
Figure 5-5. First, coordinate system “a” is rotated around  around its z axis into the 
coordinate system “b”. Afterward, “b” is translated along the vector into “c”. In the 
coordinate system “c”, the gripper is moved along the previously defined movement  
to form the bend. The coordinates of  and  can be transformed into the base coor-
dinate system using rotational transformation matrices, or the movement can be exe-
cuted in the TCP-coordinate system, which will move with the gripper during the oper-
ations. 

5.2 Heating and Geometry Parameter Selection 
The overall preforming process consists of the three main routines preparation, 
bending, and cutting, as sketched in Figure 5-7. After the start of the process, the robot 
cell is initiated for repeatable starting conditions. Afterward, UD-tape is supplied to the 
process and inserted into the end effector. In the main part of the process, the bending 
routine, the tape is gripped by the end effector, heated and bent. The bending routine 
is repeated until all bends are formed. After the last bend, the tape is cut and handed 
to the storage for further processing. 

Initiate I/O

Start
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Grip

Bend

Cut

Store

End

Preparation 
routine

Bending 
routine

Cutting 
routine

 
Figure 5-7: Overview over the swing folding process 

The accuracy of the swing folding process is mainly influenced by parameters in the 
bending routine. The bending routine with its parameters is presented in Figure 5-8. 

 

 



66 Analysis of the Swing Folding Process 
 

Stepper motor Convey tape to bending position

Be
nd

in
g 

ro
ut

in
e

G
rip

Be
nd

Pneumatic clamp close
Robot Move to a (offset for PT ≠ 0)
Robot Rotate around α 
Robot Move along r1

Handling gripper close

Robot Move to pre-tension the tape PT

Heating 
method

Heating gripper close
wait tcph

Heating gripper open

-30°<β<30°

Robot Move along r2

Cooling Pulse tc
wait tc

Heating gripper open
wait tc-1 sec

Cooling Pulse tc
wait 1 sec

Contact

Lightbulb High pulse trph

Lightbulb Low/high pulse trh

Wait trph

Robot Move along r2

Cooling Pulse tc
wait tc

Robot Move end effector onto unbent tape
Handling gripper open

Radiation

Clamp open

Preparation routine

Cutting routine

Yes
No

 
Figure 5-8: Detailed chart of the swing folding process 
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After conveying and clamping the tape, robot and end effector start the bending routine. 
To grip the tape, the robot is moved to the bending position “c” which is defined by 
rotating the coordinate system “a” by α and translating it along . The handling gripper 
is closed and the gripper may be moved along the tape axis if pre-tensioning is active. 
During this moment, slack is taken out of the tape by tensioning it. When the slack is 
eliminated, the gripper starts sliding along the tape for which it is equipped with a grip-
ping-force limiting pressure regulator. 

The bending process itself differs between the two heating methods. For the radiation 
heating, the lightbulb is switched on at high power for the preheating time trph. After trph, 
the robot is moved along the vector  to bend the tape. During this movement, the 
lightbulb is switched to high or low power for the radiation heating time trh. In the final 
experimental setup, the trh is set to be the exact bending movement duration. 

With the contact heating, the first step in the bending process is to close the heating 
gripper jaws that are heated to the contact heating temperature Tch. After waiting for the 
contact preheating time tcph, the end effector is moved along  to bend the tape. The 
opening sequence depends on the angle β. If β is within +/-30°, the cooling is switched 
on, and after one second, the heating gripper is opened. If the absolute value of β is 
larger than 30°, the heating gripper is opened immediately after the bending movement 
while switching on the cooling. 

After the cooling has been active for the cooling time tc, the handling gripper is opened 
and moved back to the unbent tape in a combined rotational/translational movement. 
Finally, the clamp is opened, and the next bend or the cutting can be prepared. 

Based on this description, parameters that might influence the process are selected 
(Table 5-1). For the movement, the vectors  and  are calculated based on the kine-
matic model from Section 5.1. For calculating those, the bending zone size b0 repre-
senting the length of bendable tape and the distance between the handling gripper and 
the bent zone t0 are assumed. The bending radius R(t) is calculated from the current 
bending angle β(t). The tape thickness, which also influences the vectors, is taken from 
the tape datasheet. For the radiation heating, the preheating and heating time trph and 
trh influence the heated area and will be examined. The variable parameters for the 
contact heating are the jaw temperature Tch as well as the preheating time tcph. Both 
heating principles depend on the heating time tc to be long enough to solidify the molten 
matrix.  
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For both heating methods, the following parameters are varied: 

Table 5-1: Influence parameters of the swing folding process 
Radiation Contact Varied to… 

TCP offset t0 … align the position of the heated and bending 
zone 

Bending zone size b0 … adjust the size of the heated and bending 
zone 

Pre-tensioning PT … examine the effect of slack in the tape 
Radiation pre-

heating time trph 
Contact pre-

heating time tcph 
… ensure an even molten area 

 Radiation heat-
ing time trh 

 … keep the tape molten during the whole bend-
ing 

 Jaw tempera-
ture Tc 

… optimize the molten area and stickiness / flow 
away 

Cooling time tc … ensure solidification of the matrix 
 

In the experiments, fluctuation in the bending angles α and β shall be identified and 
minimized. The parameter selection for the two process routes is described in two sep-
arate subsections. 

5.3 Analysis of Swing Folding with Radiation Heating 
In the experimentation with the radiation heating, the geometric parameters and the 
heating time are varied. By adjusting the geometric parameters in the kinematic model, 
the robot movement is optimized so that the behavior described in the model can be 
followed by the real tape. The heating parameters are adjusted to create an event mol-
ten zone. The process route is defined in 5.3.1. In Section 5.3.2, observations made 
during the experimentation are described qualitatively. In Section 5.3.3, parameters are 
varied systematically to improve and quantitatively describe the process behavior. The 
experimental series with the radiation heating are numbered R01 to R05. 

5.3.1 Process Route 

In (A_Wi 2019), the necessity of keeping the lightbulb at constant operating conditions 
was proven. If samples with several bends and a short heating time were manufactured, 
the correct bending angle β would not be obtained in the first bend, although later bends 
would have a correct β angle. This behavior could be avoided by switching the lightbulb 
on during the movement to the bending position to preheat it (A_Mühlbeier 2019).  
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The possible heating sequences were compared on an early version of the test rig. For 
the comparison, one specimen of each of the following angle combinations was made 
per parameter set in Table 5-1. 

Table 5-2: Angle combinations per parameter set 
α 0° 0° 0° 0° 60° 60° 60° 60° 
β 30° 50° -30° -90° 30° 50° -30° -90° 

 

High and low heating power were used, with low power being a dimmed setting of the 
lightbulb. The specimens were manufactured with low, high, or no preheating and low 
or high heating. For a fast process, heating variants with only the low heating power 
were omitted. (A_Wi 2019) 

In all cases, the absolute value of β was smaller in the final measurements than in the 
set value. The best results could be obtained at settings where the lamp was initially 
switched to high power as the low setting would increase the time before the complete 
softening of the bending zone. The relation of the optimal heating time and the bending 
angle was researched. In that work, it is advised to keep the bending area molten until 
the bending movement is finished. Full power heating needs to be limited to a short time 
to avoid thermal degradation of the tape. Thus, a low-power setting should be used for 
this task. (A_Wi 2019) 

The abovementioned experimentation was conducted with a rotational bending move-
ment and subsequent linear correction movements. In experimentation using the cor-
rected kinematics (Chapter 5.1), it became evident that the advantages of the corrected 
kinematics could only be used if no sliding movement between tape and gripper would 
occur in the initial moment of the bending motion. To avoid sliding, the tape should be 
molten in the whole bending zone before the bending movement for small forces.  

Finally, a process route with high-power preheating and low-power heating during the 
bending was chosen. The final heating times and power settings are examined in the 
following sections. 

5.3.2 Observed Phenomena 

In the following section, peculiar phenomena without quantitative description are dis-
cussed.  
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5.3.2.1 Qualitative Effects of b0 

 
Figure 5-9: Sharpness of the bend for b0=1 mm (a) and b0=5 mm (b) 

The effects of adjusting the position of the bending zone to the heated area became 
very apparent in the experimentation with the radiation heating as the size of the heated 
zone was larger compared to the contact heating, and the tape could move more freely 
as no displacements were enforced close to the bending zone. It proved possible to 
influence the shape of the bend by varying the value for the bending zone size b0 in the 
kinematic model of the bend (Figure 5-9). (A_Bachtin 2020) 

5.3.2.2 Effect of Insufficient Preheating 

If the tape is not preheated sufficiently, it will bend elastic on a macro scale and not 
mainly plastic in the bending zone. If this happens excessively, the tape is tensioned 
too much and slides in the handling gripper whereby the length of material between 
supply unit and end effector is too long after the bending movement. This is not compli-
ant with the kinematic model, and the robot movement and defects like warping occur. 
In Figure 5-10, the two situations are presented. 

 
Figure 5-10: Bending motion of the tape without (a) and with sufficient (b) preheating. 
The created arc in (a) causes tension in the tape, which may pull more tape into the 

area between supply unit and end effector. 

a)

b)

a) b)
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5.3.2.3 Effects of Extreme Cooling Duration and Airflow Induced Forces 

 
Figure 5-11: Airflow-induced deformation of the bend with the single nozzle cooling. 

The bending zone is bent in an S-shape instead of an even arc by the force that 
pushes the tape down. (Image source: (A_Bachtin 2020)) 

The effect of the cooling duration is limited to a sharp transition between sufficient cool-
ing with good results and insufficient cooling with a large spring back after opening the 
gripper. Therefore, any value longer than the minimum cooling time will deliver compa-
rable results. Furthermore, the cooling air induces a mechanical force into the tape, 
leading to unwanted deformations in the molten area if the airstream is too large. The 
deformation resulting from a too strong airflow is presented in Figure 5-11. Initially, a 
simple round 2 mm nozzle placed between the mirror and the handling gripper jaw was 
used to release the cooling air. This was replaced with a nozzle with multiple small 
openings which was mounted below the lower handling gripper jaw after experimental 
series R03/C04 (A_Saur 2020). This way, sharp jets are avoided. 

5.3.2.4 Effect of a Fixed Heating Power Level 

The forming movement of the robot takes up to 3 seconds depending on the set speed 
and β angle. The tape must be kept molten in the relevant area during this bending time 
to keep the bending force low. Relatively low heating power is necessary for keeping 
the tape molten as only heat losses must be compensated. The power of a constant 
heat source for rapidly melting the tape before the heating movement has to be set to 
a level significantly above the level that is necessary during the movement. If the same 
heating power is applied to both process steps, the tape temperature will constantly 
rise. If the time is chosen too long, this will damage the matrix material and require a 
prolonged cooling process. Therefore, a second, dimmable level of the radiation heating 
was commissioned after the experimental series R03. The level of this heat source is 
set by manually adjusting a potentiometer on the end effector. The power level is de-
termined by switching on the low level of the heating and adjusting the width of the 
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molten area after 30 second settling time. To prevent the danger of overheating, the 
goal is to obtain a small molten area (A_Saur 2020). In Figure 5-12, the tape after the 
settling time is presented for three different levels of the low heating power. Figure 5-12 
(b) shows the correct setting. 

 
Figure 5-12: Adjustment of the low power level by comparing the size of the molten 
area after 30 seconds recognizable by the variation in surface reflectivity. Too weak 
heating power (a), small molten area (b), overheating and minor smoke development 

(c) 

5.3.3 Systematic Parameter Variation 

 
Figure 5-13: Type, goal, varied parameters, and output of the experimental series with 

radiation heating 

In the parameter variation, experimental plans were designed and executed to gain 
insight into the behavior of the process. As the process knowledge improved, the ex-
perimental plans could iteratively be adjusted to the task. An overview of the experi-
mental series is given in Figure 5-13. First, the main effects and their significance were 
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analyzed. Afterward, kinematic parameters were adjusted. As the behavior seemed 
asymmetric in early experimentation, the symmetry was evaluated and improvements 
could be derived. Heating parameters were fine-tuned for good accuracy. Finally, the 
selected parameters and the accuracy were proved in a validation. 

5.3.3.1 Experimental Series R01: Identification of Main Effects 

A fractional factorial design of experiments with the resolution IV was conducted to 
identify the main effects (A_Bachtin 2020). The factors t0, b0, tc, trph, trh, and matrix ma-
terial mmat were varied in two stages. Two different values for α and β were used as 
additional factors. For each experiment, one specimen was made. After each experi-
ment, the response variables Δα, Δβ, and the actual molten length b0m are measured. 
The low power setting of the heater can only be adjusted with an analog potentiometer 
making it difficult to set repeatably. Therefore, variation of the heating and its influence 
cannot be quantified and the low power setting was not used in early experimentation. 
The mean values of these experiments are listed in Table 5-3. A sign convention was 
defined that negative Δβ values correspond to too little bending and positive values for 
Δβ represent over bending independent of the sign of β. This convention applies to all 
experiments in this thesis and is used as many errors (e.g., poor heating or wrong bend-
ing movement) cause over or under bending in both bending directions simultaneously. 
This way, these errors are not canceled out if the average of results in both directions 
is calculated. In the lower area of Table 5-3, the influence of the factors on the response 
variables is quantified. 

Table 5-3: Parameter set of experimental series R01 

Exp. 
t0 

/ mm 
b0 

/ mm 
α 
/ ° 

β 
/ ° 

tc 
/ s 

trph 
/ s 

trh 
/ s 

mmat 
- 

Δα 
/ ° 

Δβ 
/ ° 

b0m 
/ mm 

1 10 12 30 -25 8 4 4 PA 4.5 -3.7 12 
2 0 3 30 -90 8 4 4 PP 0.7 -12.4 14 
3 10 12 30 -90 4 2 4 PP 4.0 -6.8 12 
4 0 12 0 -90 8 2 4 PA 2.5 -0.7 12 
5 10 3 0 -25 8 2 4 PP 2.2 -1.8 10 
6 10 3 0 -90 4 4 4 PA 2.0 0.0 15 
7 10 12 0 -25 4 2 2 PA 10.8 -3.8 9 
8 10 3 30 -25 4 4 2 PP 7.2 -3.3 12 
9 0 3 0 -90 4 2 2 PP 2.8 -10.3 8 

10 0 12 0 -25 4 4 4 PP 5.5 -8.8 12 
11 0 3 30 -25 4 2 4 PA 4.8 -0.9 10 
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Exp. 
t0 

/ mm 
b0 

/ mm 
α 
/ ° 

β 
/ ° 

tc 
/ s 

trph 
/ s 

trh 
/ s 

mmat 
- 

Δα 
/ ° 

Δβ 
/ ° 

b0m 
/ mm 

12 0 12 30 -90 4 4 2 PA 2.3 -7.2 12 
13 0 12 30 -25 8 2 2 PP -1.8 -4.0 10 
14 0 3 0 -25 8 4 2 PA 4.0 -1.8 12 
15 10 3 30 -90 8 2 2 PA 4.0 -4.6 9 
16 10 12 0 -90 8 4 2 PP 1.7 -0.8 13 
Δα 1.9 0.2 -0.7 2.1 -2.7 -0.2 -0.6 1.6 Average Δ   
Δβ 2.7 -0.1 -1.8 1.8 1.4 -0.6 0.1 3.2 3.6 -4.4  
b0m 0.3 0.3 0.0 -1.0 0.3 2.8 1.5 0.0    

 

Resulting from the selection of a fractional factorial plan with Resolution IV, only main 
effects can be identified as two-factor effects are mixed.  

In the experimental series, the two matrix materials are used as factor levels, compli-
cating the presentation of results. For better visualization, the resulting β angles are 
separated in the two material groups in Figure 5-14 and Figure 5-15. In Figure 5-14, 
kinematic aspects of the series are compared. In both cases, the amount of bending is 
smaller than the set value, while the deviation and variation are smaller for PA (a). The 
TCP-Offset t0 influenced the experiments with PP more than the ones with PA (b). For 
both materials, the deviation in β is larger for β=90° than for β=25° (c). In Figure 5-15, 
heating parameters are compared. For PP, results generally get worse if more heat is 
applied while the deviation of PA samples improves. 

Figure 5-14: Results of the experimental series R01 
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Figure 5-15: Results of the experimental series R01 

To identify the relevance of the factors, a variance analysis was conducted, including 
all experiments of the series. In this analysis, the variance of the observations within 
the result of one factor on its plus or minus level is compared to the variance of the 
results of the whole experimental series and the deviation between the factor level 
groups. From this comparison, the F-Value is calculated and listed in Table 5-4. The F-
Value threshold for a significance level of 95% is at 2.4 for the selected experimental 
design. 

Table 5-4: Significance level of the effects 

  Effect of 

   t0 b0 α β tc trph trh mmat 

on
 Δα 1.6 0.2 0.6 1.7 2.2 0.2 0.5 1.3 

Δβ 1.4 0.0 1.0 1.0 0.8 0.4 0.0 1.7 
b0m 0.5 0.5 0.0 1.8 0.5 5.0 2.5 0.0 

 

As presented in Table 5-4, the significance of most effects does not exceed the 2.4 
threshold. For the deviation of α, only the cooling duration comes close to this threshold. 
None of the parameters changes influences β with more than 95% significance. The 
width of the molten area is influenced by the preheating time and the heating time. The 
influence of trph on b0m is consistent as more heat is introduced in a longer heating pe-
riod. The smaller effect of trh can be explained by the fact that the cooling is switched 
on immediately after the movement independent of the current state of the heating, 
effectively limiting the heating time to the duration of the movement. 

In this experimental series, effects regarding the movement and heating conditions 
could be observed. The statistical significance of those observations is low. This can 
either result from the variation of the process itself or from selecting the factor levels 
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that might be too far or too near the optimum. Another possible influence is the mixing 
of the two materials in such a way that the two levels of a factor are good for one ma-
terial each, resulting in no overall advantage for any level. The two materials are ob-
served separately for further experimentation, and factor levels are selected iteratively 
instead of in an initial experimental design. 

5.3.3.2 Experimental Series R02: Kinematic Parameters 

This experimental series was conducted to obtain valid parameters for future examina-
tion without systematically identifying the effects (A_Bachtin 2020). In the previous ex-
perimental series, a deformation of the bending zone was observed for some parameter 
combinations. In this series, the kinematic parameters are adapted to minimize these 
deformations. In the beginning, trph, trh and tc are selected in such a way that process 
reliability is improved by overheating the tape and cooling it down for a prolonged time. 
During the series, small alterations of the heating parameters are done according to 
observations (e.g., longer heating time after an observed insufficient heated area size) 
and to exclude influence by insufficient heating or spring back. To begin, t0 was set to 
10 mm, and b0 was set to 3 mm following measurements at an unbent tape which was 
heated with the selected heating times. Only PP was used as matrix material to lower 
the number of experiments. 

Figure 5-16: Variation of the bend shape depending on t0 and b0. (Image source: 
(A_Bachtin 2020)) 

The evolution of the bending quality along the testing series is presented in Figure 5-16. 
On the left, the result of the initial set of parameters selected from the previous experi-
mental series is presented with deformation at the bending zone. An overview of the 
used parameters is given in Table 5-5. From 1 to 7, heating parameters were varied to 
ensure a suitable heating parameter set and afterward kept constant. In experiment 6, 
the b0 from experiment 4 was increased to 6 mm. Large qualitative improvement of the 
shape was reached from 6 to 7 when t0 was decreased to 5 mm. In experiment 8, the 
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heating time was decreased, which shrunk the actual molten area and decreased the 
bending radius. Further adaptions of t0 and b0 in the experiments from 9 to 12 did not 
show major changes which indicates, that a good parameter region is found. 

Table 5-5: Parameters used in the experimental series R02 

Exp. 
t0 

/ mm 
b0 

/ mm 
α 
/ ° 

β 
/ ° 

tc 
/ s 

trph 
/ s 

trh 
/ s 

mmat 
- 

Δα 
/ ° 

Δβ 
/ ° 

1 10 3 0 -90 8 2 2 PP 1.0 0.0 
2 10 3 0 -90 8 3 2 PP 1.0 2.0 
3 10 3 0 -90 8 4 2 PP 2.0 2.0 
4 10 3 0 -90 8 2 3 PP 2.0 1.0 
5 10 3 0 -90 8 2 4 PP 1.0 3.0 
6 10 6 0 -90 8 2 3 PP 2.0 1.0 
7 5 6 0 -90 8 2 3 PP 3.0 1.0 
8 5 6 0 -90 8 2 2 PP 1.0 1.0 
9 3 6 0 -90 8 2 2 PP 1.0 1.0 

10 3 3 0 -90 8 2 2 PP 2.0 1.0 
11 5 3 0 -90 8 2 2 PP 2.0 0.0 
12 5 3 0 -90 4 2 2 PP 1.0 0.0 
13 5 3 -20 -90 6 2 2 PP -1.0 0.0 
14 5 3 -30 -90 6 2 2 PP -2.0 -2.5 
15 8 3 -30 -90 6 2 2 PP -2.0 -3.0 
16 8 3 30 -90 6 2 2 PP 3.0 -4.0 
17 8 3 30 45 6 2 2 PP 2.0 0.0 
18 8 3 -30 45 6 2 2 PP 0.0 -3.0 
19 8 3 30 -45 6 2 2 PP 2.0 -5.0 
20 8 3 -30 -45 6 2 2 PP -2.0 -3.0 
21 8 3 0 45 6 2 2 PP 1.0 -2.0 
22 8 3 0 -45 6 2 2 PP 1.0 -1.5 

 

From experiment 15 on, t0 was set to 8 mm as this was the measured distance between 
the heated zone and the gripper and delivered good qualitative results. The other pa-
rameters were kept constant, and the range of bending angles was scanned to create 
a map of the deviations. In Figure 5-17, the resulting variations in α and β are presented. 
The overall deviation in the important β value seems to be larger than with t0 = 5 mm, 
but the values seem to be close to a valid process. 
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Figure 5-17: Angular deviations Δα and Δβ depending on α and β  

5.3.3.3 Experimental Series R03: Effect of the Bending Direction 

To examine subsequent bends' influence, longer strips with 6 bends each were manu-
factured (A_Bachtin 2020). The selected values were -25°, 0°, 25° for α and +/- 45° for 
β. For each material, two samples were manufactured with opposed direction of the β 
angles to identify systematic offset in the process. Resulting from the larger overall de-
viation of the experiments with t0 = 8 mm, t0 was set to 5 mm in this series. The angles 
were measured using a GOM ATOS System (Figure 5-18). As only four factors were 
varied, also their interactions can be evaluated using this 24-bend test. The experiments 
are presented in Table 5-6. The specimens PP1/PA1 start with positive β, and PP2/PA2 
start with negative β values. 

Table 5-6: Bends of the specimens 

Sample Bend 
L 

/ mm 
α 
/ ° 

β 
/ ° 

mmat 
- 

t0 
/ mm 

b0 
/ mm 

tc 
/ s 

trph 
/ s 

trh 
/ s 

Δα 
/ ° 

Δβ 
/ ° 

1/2/3/4 1 50 -25 +/- 45 PP/PA 

5 8 2 2 6 

  
1/2/3/4 2 100 0 +/- 45 PP/PA   
1/2/3/4 3 150 25 +/- 45 PP/PA   
1/2/3/4 4 200 -25 -/+ 45 PP/PA   
1/2/3/4 5 250 0 -/+ 45 PP/PA   
1/2/3/4 6 300 25 -/+ 45 PP/PA 
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Figure 5-18: Measurement of the bending angles using the GOM System (Image 

source: (A_Bachtin 2020)) 

The influence of the length on Δα and Δβ is listed in Figure 5-19. No interdependency 
between the tape length and the angular error is recognizable. However, some asym-
metric dependency is recognizable between β and Δβ. The average measured value 
for β = -45° is βmeasured = -41.25 while β =+45° leads to βmeasured = +44°. This behavior 
was even more pronounced for the contact heating where it was caused by the storage 
curvature of the tape. Experimental series R05 showed that also for the radiation heat-
ing, the angular symmetry can be improved by spooling the tape against its storage 
direction. 

Figure 5-19: Angular error along the tape. 
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Heating 

In this experimental series, hardware improvements that were identified during the ear-
lier tests but postponed for comparability were included (A_Saur 2020). These Improve-
ments were the adjustment of the radiation heating to a lower power during trh and the 
improved cooling nozzle (Section 4.5). The goal of this experimental series is to select 
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heating parameters for the kinematic that was chosen in R02 and evaluate the resulting 
angular error Δα and Δβ. The kinematic parameters were transferred from R02 (t0 = 8 
mm and b0 = 3 mm), and a cooling time of tc = 8 seconds was selected to avoid spring 
back. The low power setting of the radiation heater was first set according to Section 
5.3.2.4. Afterward, trph and trh were iteratively adjusted depending on the results for the 
important Δβ value. For each parameter set, five samples with α = 10° and β = [-90°, -
30°, -15°, 15°, 30°] were manufactured from the PP tape and the mean absolute error 

 was calculated. The examined heating times and the resulting MAE 

are listed in Figure 5-20. 

Based on the experimental results, it becomes evident that the angular error varies with 
the heating times. A sweet spot can be found at trph = 2.75 seconds and trh = 4.5 sec-
onds, although the exact values vary with the environmental conditions. Based on this 
experimentation, the values for the final experimental series are chosen. 

Figure 5-20: Mean Average Error in β and selected heating parameters 

5.3.3.5 Experimental Series R05: Latin Hypercube Sampling 

In the previously presented experiments, parameters were varied to identify their indi-
vidual influence, or experiments were conducted according to two-level fractional fac-
torial designs to examine interactions. However, the individual parameter variation and 
also the empirical variation in e.g., 5.3.3.4 showed that the process behaves nonline-
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arly, which cannot be represented by two-level fractional factorial designs. Latin Hyper-
cube Sampling (LHS) was applied to overcome this challenge while accepting a larger 
number of experiments (A_Steidle-Sailer 2021). In this method, numerous factors can 
be varied simultaneously in multiple levels. To generate an LHS design, first, the num-
bers of experiments and varied factors are determined. Each varied factor then is evenly 
distributed into as many levels as experiments are planned. Afterward, a table is gen-
erated, in which each experiment is assigned one level of each factor. In all experi-
ments, each level of a specific factor is used exactly once. During the design of the 
table, algorithms are used to avoid correlation between the factors (Siebertz & van Beb-
ber et al. 2017). This type of design proved efficient for multi-level examination of mul-
tiple factors. (McKay & Beckman et al. 1979; Iman & Helton et al. 1981; Morris 1991; 
Park 1994) 

Results of the experiments can be examined by using a regression model and then 
visualizing this regression. The statistical significance of the result limits the number of 
factors that can be examined in a certain number of experiments. More factors and 
more complex regression models generally require more experiments. In this thesis, 
quadratic regression is used to represent nonlinearity while limiting the number of re-
quired experiments. A selection of the executed experiments (A_Steidle-Sailer 2021) is 
listed in Table 5-7. 
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Table 5-7: Set of Experiments for the LHS 
Material Samples Factor Value/Range 

PP 80 

α 0° 
β -45° 
b0 [0 to 10] mm 
t0 [0 to 10] mm 

trph [0 to 4] seconds 
tc 5 seconds 

PP 60 

α 0° 
β -45° 
b0 [0 to 10] mm 
t0 [0 to 10] mm 
trph 2.7 seconds 
tc 5 seconds 

PP 80 

α [-45 to 45]° 
β [-45 to 45]° 
b0 5 mm 
t0 3.4 mm 

trph 2.7 seconds 
tc 5 seconds 

PA 80 

α [-45 to 45]° 
β [-45 to 45]° 
b0 3.5 mm 
t0 5 mm 

trph 3.2 seconds 
tc 5 seconds 

 

5.3.3.5.1 Geometric and Heating Parameters 

Two LHS experiments were designed to determine trph, t0, and b0. The factor trh was not 
varied but set to the low power heating level and to last until the bending movement is 
finished. For the design, α = 0° and β = -45° were used. In the first design, all three 
factors were varied. Resulting from the large influence of trph, the other two factors were 
additionally varied in a separate LHS, which confirmed the validity of the first. In the 
following, only results for PP are presented, as PA showed very similar behavior 
(A_Steidle-Sailer 2021). The results for PA were used for the angle variation in the 
same way as the results for PP. In Figure 5-21, the result of the three-factor variation is 
presented. The graphic shows three cuts through the quadratic regression along the 
axes of the parameters. It is apparent that trph has the largest influence and should be 
set to a value above 2.5 seconds. The same graphic for the two-factor experimentation 
is shown in Figure 5-22. In the chart, t0 = 2 mm to 4 mm and b0 = 3 mm to 6 mm were 
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identified as ideal values. This matches the results of R02, where it was identified that 
t0 = 5 mm delivers better results than t0 = 8mm and b0 = 3mm was selected. Therefore, 
the selection of parameters could be validated, and further insight into the effect of the 
parameters was gained. 

Figure 5-21: Regression for t0, b0 and trph (translated figure from (A_Steidle-Sailer 
2021)) 

 

Figure 5-22: Regression for t0 and b0 (translated figure from (A_Steidle-Sailer 2021)) 

5.3.3.5.2 Angle Variation 

An LHS with α = -20° to 20°, and β = -45° to 45° was used to map the ability of the 
process (A_Steidle-Sailer 2021). Based on the previous experimentation, t0 = 3.4 mm, 
b0 = 5 mm and trph = 2.7 seconds were used. In Figure 5-23, the predicted angular error 
of the quadratic regression is shown. An accuracy of +/- 2° can be expected for a wide 
range of input geometries using the PP Material for both angles. Using PA (trph = 3.2 
seconds), up to 2.5° of error is expected for larger bending angles (Figure 5-24) in the 
regression. For PP, a slight asymmetry in Δβ depending on β occurs. The asymmetric 
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behavior of Δα for PP is in the range of the measurement accuracy. The repeatability 
was evaluated using 5 selected angle combinations 10 times each (PP). The standard 
deviation between the bends was 0.9° for α and 0.6° for β. (A_Saur 2020) 

 
Figure 5-23: Heat Map of the predicted α and β error depending on the input angle 

(PP) (translated figure from (A_Steidle-Sailer 2021)) 

 

 
Figure 5-24: Heat Map of the predicted α and β error depending on the input angle 

(PA) (translated figure from (A_Steidle-Sailer 2021)) 

 

5.4 Analysis of Swing Folding with Contact Heating 
For the contact heating, the geometric parameters, as well as the jaw temperature and 
the preheating time, are varied. The geometric parameters are varied to adjust the 
heated and bent zone. The preheating time needs to be long enough to melt the tape 
in the relevant area before the bending movement begins. The jaw temperature must 
be chosen to compromise large forming forces at low temperatures and adhesion be-
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tween tape and gripper at high temperatures. In Section 5.4.2, observations made dur-
ing the experimentation are described qualitatively. In Section 5.4.3, parameters are 
varied systematically to improve and quantitatively describe the process behavior. The 
experimental series with the contact heating are numbered C01 to C06. 

5.4.1 Process Route 

The tape temperature shall only be changed by opening and closing the heating gripper 
and not by altering the gripper jaw temperature to obtain fast cycle times with the con-
tact heating. For the contact heating, the sequence was defined to be closing the heat-
ing gripper, bending, and switching on the cooling air. For the timing of the opening, two 
different process routes depending on β were implemented. For -30° < β < 30°, the 
heating gripper was opened after one second of cooling, else the gripper is opened 
simultaneously with the activation of the cooling air. This way, the tape could be partially 
hardened before opening the gripper to avoid re-deformation resulting from the adhe-
sion to the gripper jaws at small angles β. At larger β values, the geometrical stiffness 
of the tape is larger so that these deformations do not occur, and the processing time 
can be minimized by the earlier opening of the heating gripper. In Section 5.4.3, the 
parameters jaw temperature and preheating time are examined. 

5.4.2 Observed Phenomena 

In the following section, peculiar phenomena without quantitative description are dis-
cussed.  

5.4.2.1 Displacement of the Gripping Jaw Force Center 

The jaws of both the handling gripper and the heating gripper are mounted rotatable to 
allow a flexible adaption to the tapes' real thickness and to avoid statically over deter-
minate positioning. When rotating the end effector around α, the two grippers may ex-
ecute a horizontal movement relative to the tape centerline displacing the rotational 
center of the jaws from the tape centerline. In the case of the heating gripper, this leads 
to an uneven distribution of heat and deformation of the tape as the gripper force distri-
bution depends on the gripping position. Compensation depending on the value t0 is 
implemented in the position calculation to avoid this behavior. As indicated in Figure 
5-25, the end effector is moved along the bending edge until the heating gripper is 
placed centrally on the tape. This movement can be in both directions depending on 
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the set distance between TCP and centerline (influenced by t0 and b0) (A_Bachtin 
2020). 

r1

Dist = Distance TCP to heating gripper center

(a): |r1|>Dist (b): |r1|<Dist

Bending line

Gripper Actuators

Jaw rotation axesJaw rotation axes

Heating jaws

Handling jaw
 

Figure 5-25: Correction gripper position to ensure even contact force between the 
heated jaws 

5.4.2.2 Straightening Mechanism by a Set Bending Edge between Handing and 
Heating Gripper 

The distance between TCP and the far end of the heating gripper jaws along the tape 
is 6 mm in the developed hardware. If the value t0 is set smaller than this, the movement 
of the end effector lifts or lowers the tape between the supply unit and end effector 
depending on the bending direction (Figure 5-26). As it can be expected that the heated 
zone starts right at the heating jaws (the jaws introduce heat), the value t0 should theo-
retically be set to 6 mm for the type of motion which was used with the radiation heating. 
In the experimentation with the contact heating, t0 is set to either 6 mm to experiment 
with the described kinematics or to 0 mm to examine the effect of the tensioning induced 
into the tape by the motion in Figure 5-26. (A_Bachtin 2020) 

End EffectorTape Supply

 
Figure 5-26: When setting t0=0, overbending might occur due to the movement 

changing the tape orientation between supply and end effector 
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5.4.2.3 Adhesion between Heating Gripper and Tape 

Depending on the heating temperature, adhesion between the tape and the heating 
gripper jaws occurs. The matrix material is pulled out of the tape in threads. This be-
havior has two disadvantages: the jaws become increasingly contaminated with matrix 
material, and a force is induced into the tape by the opening heating gripper. During the 
experimentation, no direct effect of the contamination became apparent as the material 
degraded at the jaws instead of accumulating preventing material build-up. In manufac-
turing, however, this might be an issue. Inducing forces into the tape deforms the used 
tapes after the actual swing folding process. As the matrix is still molten for a certain 
time, the unwanted deformation partially reverses for some parameter combinations. 
The result of adhering material is presented in Figure 5-27 (a). 

5.4.2.4 Matrix Squeeze Out between the Heating Gripper Jaws 

In the upper range of heating gripper jaw temperature, the matrix was increasingly 
squeezed out between the jaws by the gripping force (Figure 5-27 (b)). This led to 
smaller adhesion between the gripper and the tape, but subsequent process steps and 
the final part performance could be affected by the changes in properties. Therefore, 
the heating temperature should be kept low as long as this does not affect the angular 
accuracy. (A_Saur 2020) 

5.4.3 Systematic Parameter Variation 

As for the radiation heating, parameters were varied systematically for the contact heat-
ing. The plan is based on the experience from the radiation heating. An overview of the 
experimental series is given in Figure 5-28. Initially, the main effects and their signifi-

 
Figure 5-27: Pulling of threads resulting from the adhesion (a) and squeeze out of 

the matrix (b) 

a) b)
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cance were analyzed. Afterward, kinematic parameters were adjusted. Heating param-
eter tuning led to no significant effect. As for the radiation heating, symmetry was eval-
uated. The possible accuracy was examined in a β variation. In the parameter and ac-
curacy validation, the process proved to be less stable than with the radiation heating. 

Figure 5-28: Type, goal, varied parameters, and output of the experimental series 
with contact heating 

5.4.3.1 Experimental Series C01: Identification of Main Effects 

The goal of this series is to identify relevant parameters for further experimentation. A 
fractional factorial design of experiments with the resolution IV similar to Series R01 
was conducted to identify the main effects (A_Bachtin 2020). As for series R01, t0, b0, 
tc, tcph, and matrix material were varied in two stages and two different values for α and 
β were used as additional factors. For each experiment, one specimen was made. The 
heating time tch was omitted, as the heating gripper will be closed for the full bending 
movement. Additionally, the factors contact jaw temperature Tch and pre-tension Pt are 
evaluated. Pt is selected as a factor for the contact heating as an interaction with the 
TCP Offset t0 can be expected. To keep the resolution level IV, the number of factors 
was decreased by examining the matrix materials separately. Here, mainly the experi-
mentation for PP is presented with the procedure for PA being the same unless stated 
otherwise. In the results, both material groups are described.  
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Table 5-8: Experimental plan of C01 PP 

Exp. 
t0 

/ mm 
b0 

/ mm 
α 
/ ° 

β 
/ ° 

tc 
/ s 

tcph 
/ s 

Pt 
/ mm 

Tch 
/ °C 

Δα 
/ ° 

Δβ 
/ ° 

1 6 1 30 -45 4 2 3 150 2 -8 
2 6 1 0 -15 4 2 0 160 1 3 
3 6 1 0 -45 8 4 0 150 2 -13 
4 6 0.2 30 -45 8 2 0 160 -1 -7 
5 6 0.2 0 -45 4 4 3 160 2 -3 
6 0 0.2 30 -15 4 2 3 160 -4 -4 
7 0 1 0 -45 8 2 3 160 2 -4 
8 0 0.2 0 -45 4 2 0 150 2 -7 
9 0 1 30 -45 4 4 0 160 8 -11 

10 3 0.6 15 -30 6 3 1.5 155 3 -3 
11 6 0.2 30 -15 4 4 0 150 -1 -9 
12 0 0.2 0 -15 8 4 0 160 2 -1 
13 0 1 0 -15 4 4 3 150 1 -5 
14 0 0.2 30 -45 8 4 3 150 3 -5 
15 6 0.2 0 -15 8 2 3 150 3 -5 
16 3 0.6 15 -30 6 3 1.5 155 -3 -3 
17 0 1 30 -15 8 2 0 150 5 -7 
18 6 1 30 -15 8 4 3 160 -3 -3 
Δα -1.75 1.50 -0.75 -2.13 0.13 0.63 -1.50 -1.13 Average Δ 
Δβ -1.03 -1.43 -1.40 2.55 0.53 -0.73 2.60 2.90 1.31 -5.43 

 

The 16 experiments listed in black in Table 5-8 were conducted to examine the main 
effects. The two experiments in blue are conducted with all factors set to their average 
setting to identify the degree of nonlinearity in the behavior. The results were evaluated 
using the ANOVA. The significance of the factors for α and β is listed in Table 5-9. 

Table 5-9: Significance levels in C01 PP 

  Effect of 

   t0 b0 α β tc tcph Pt Tch 

on
 Δα 1.2 1.0 0.6 1.3 0.1 0.4 1.0 0.8 

Δβ 1.0 1.2 1.2 2.2 0.5 0.7 2.2 2.5 
 

The threshold value for 5% significance again is at a result of 2.4. For Δα, none of the 
parameters exceeds the 95% significance threshold. For Δβ, three parameters show a 
significance near the threshold with only Tch being above the threshold. As in Experi-
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mental series R01, the significance of the results is not excellent. Therefore, experi-
mentation shall be limited to fewer parameters per series for the contact heating similar 
to the radiation heating. In Figure 5-29, the quantitative effects of the factors t0, b0, β, 
Pt, and Tch are visualized as box plots. b0, β, Pt, and Tch are the most significant factors. 
The factor t0 is added as a comparison to the radiation heating, and α is omitted as it 
cannot be varied freely and does not have a significant effect. 

Figure 5-29: Results of C01 PP 

For Δβ, the center of the distribution does not seem to change between the two t0 levels 
which goes hand in hand with the low significance. The spreading of the results however 
is smaller for t0=0 mm. For b0, the situation is similar with only a small change to the 
mean value but a smaller spreading for b0=0.2 mm. As predicted, β has an influence on 
Δβ, with the error increasing with a larger bending angle. With the mean Δβ angle being 
-4.5° and -7.0° for β=-15° and β=-45°, the relation does not seem to be linear. The value 
Pt improves the bending result for Pt = 3 mm by reducing both spreading and average 
error of the bending angle. Both levels of Tch showed a relatively small spreading, alt-
hough extreme outliers occurred, indicating that more experiments are necessary to 
evaluate the significance of the spreading results. The average bending error and 
spreading are better for the higher bending temperature Tch = 160°C. 

The approach in experimental series C01 PA using PA is similar to series C01 PP. The 
input factors are the same, just the levels of Tch were changed to 200°C and 210°C to 
react to the higher melting point of PA. The variance analysis (95% level at F-Value = 
2.4) in Table 5-10 shows two main differences to C01 PP for Δβ. The effect of Tch is 

t0 β Pt Tchb0
-12

-10

-8

-6

-4

-2

0

0
mm

6
mm

0.2
mm

1
mm  -45°  -15°

0
mm

3
mm

150
°C

160
°C

Δ
β



Analysis of the Swing Folding Process 91 
 

less pronounced. This is probably caused by both levels of the factor being closer or 
symmetric to the optimum, while the optimum was probably above the higher level in 
C01 PP. The factor tc is close to the threshold which is consistent with the experience 
with the radiation heating. Here, changes in the cooling time did hardly affect the result 
as long as the time was above a minimum value where the tape was solidified before 
the gripper opened and had a large effect for small changes below this minimum time. 
The sudden effect indicates that the minimum cooling time was below this limit for some 
experiments in C01 PA but not in C01 PP. The experience from this experimental series 
is that the significance of factors does not only depend on the process but also on the 
selection of the parameter levels. As the process behavior is not fully known before 
experimentation, the level selection in future experimentation will be iterative and expe-
rience-based. 

Table 5-10: Significance levels in C01 PA 

  Effect of 

   t0 b0 α β tc tcph Pt Tch 

on
 Δα 1.1 0.8 2.0 1.1 1.6 0.3 0.3 1.5 

Δβ 2.0 0.5 1.1 1.6 2.3 0.8 1.4 1.6 
 

Figure 5-30 represents the results of C01 PA. The temperature was omitted, and tc was 
added compared to Figure 5-29. As for PP, t0 = 0 mm leads to a narrower spreading of 
the result. Additionally, the median is improved for PA, indicating a positive effect of the 
tensioning (Section 5.4.3.2). The small effect of b0, however, is contrary in C01 PA com-
pared to C01 PP. Larger values for β lead to larger deviations for PA as they do for PP. 
The minimization of the spreading through Pt = 3 mm is not as pronounced for PA as 
for PP and the improvement of the bending angle error is not as pronounced which may 
indicate an interaction with t0. The factor tc affects PA, although it did not affect PP. The 
level tc = 8 seconds leads to a smaller spreading and smaller angular error. This indi-
cates that some samples were not fully solidified before the handling gripper opened 
and allowed the tape to spring back before solidifying. The overall error is smaller for 
PA than PP. 
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Figure 5-30: Results of C01 PA 

5.4.3.2 Experimental Series C02: Kinematic Parameters 

In this series, the interaction between the two tensioning parameters Pt and t0 is exam-
ined in a full factorial design (A_Bachtin 2020). For the evaluation, the same multi-bend 
specimens as the ones starting with negative β from series R03 were used and the error 
Δβ was evaluated by calculating the average Δβ from all bends of the specimen. The 
remaining process parameters are selected based on the experience from C01. The 
experimental setup and the results are presented in Table 5-11 and Figure 5-31: 

Table 5-11: Used process parameters and average results of experimental series C02 
PP and C02 PA 

       C02 PP C02 PA 

Exp. 
t0 

/ mm 
Pt 

/ mm 
b0 

/ mm 
tc 
/ s 

tcph 
/ s 

Tch 
/ °C 

Δα 
/ ° 

Δβ 
/ ° 

Δα 
/ ° 

Δβ 
/ ° 

1 0 0 

0.6 4 2 PP: 155 
PA: 205 

2.2 -3.4 0.8 0.0 
2 6 0 1.6 -6.9 1.6 -7.6 
3 0 5 0.9 -1.2 0.0 -1.7 
4 6 5 2.0 -7.6 0.8 -4.4 

  

For both materials, dynamic tensioning by t0 = 0 mm seems to be advantageous. The 
pre-tensioning of 5 mm improves the mean value marginally, but the two results for Pt 
= 5 mm differ strongly for PP, hence no clear conclusion can be drawn. The interaction 
between t0 and Pt also differs between the two matrix materials. To examine the results 
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in more detail, the results of the single bends of the specimens can be regarded. The 
individual results of C02 PP are presented in Table 5-12. It becomes evident that the 
average variation between the individual bends is smaller than the large 7° variation 
between the two samples with Pt =5 mm, which underlines the validity of the test. The 
results of this experimental series will be used in a later evaluation of further effects and 
interactions. 

Figure 5-31: Δβ depending on the tensioning for PP and PA 

 

Table 5-12: Δβ results of the experimental series C02 PP measured with GOM ATOS 

L 300 mm 250 mm  200 mm  150 mm 100 mm 50 mm 
Δβ Exp1 -1 -2 -4.7 -3.5 -7 -2 
Δβ Exp2 -7 -9 -10 -3 -6.5 -6 
Δβ Exp3 0.5 -1 0 -3.5 -1 -2 
Δβ Exp4 -9 -8 -9 -8.5 -5 -6 

 

5.4.3.3 Experimental Series C03: Temperature Control 

Experimental series C03 is set up similarly to C02, with the two main examination fac-
tors being tcph and tc. They are varied full factorial according to Table 5-13. The same 
multiple bend specimens as in C02 are used. (A_Bachtin 2020) 

No insights could be won from C03 alone apart from the similarity in the distribution of 
the angular error compared to C02. The large deviation in β for the PP tape could not 
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be repeated in later trials (Section 0), indicating that an unknown influence factor has 
affected this measurement's accuracy. The low average bending error for PA was not 
achieved by a good process accuracy but by errors canceling each other out (Table 
5-15). For both materials, there seems to be a dependency of the angular error on the 
position of the bend on the tape or on the sign of β as the first or second halves of the 
tape represent negative or positive β angles (Table 5-14 and Table 5-15). 

Table 5-13: Results of C03 depending on the length: 

       C03 PP C03 PA 

Exp. 
tcph 
/ s 

tc 
/ s 

b0 
/ mm 

t0 
/ mm 

Pt 
/ mm 

Tch 
/ °C Δα 

/ ° 
Δβ 
/ ° 

Δα 
/ ° 

Δβ 
/ ° 

1 2 2 

0.6 0 5 PP: 155 
PA: 205 

1.7 -7.4 -0.3 -1.0 
2 4 2 2.0 -9.1 0.8 -1.1 
3 2 8 0.9 -6.9 0.3 -1.1 
4 4 8 1.3 -6.7 0.3 -1.5 

 
Table 5-14: Result of C03 PP measured with GOM ATOS 

L 300 mm 250 mm  200 mm  150 mm 100 mm 50 mm 
Δβ Exp1 0.6 -9.5 -13 -9 -6.5 -7 
Δβ Exp2 -10 -11.5 -11.5 -9.5 -5.5 -6.5 
Δβ Exp3 -5.5 -7.7 -10.5 -9 -5 -3.5 
Δβ Exp4 -5 -7.5 -9.5 -9 -5.5 -3.8 

 
Table 5-15: Result C03 PA measured with GOM ATOS 

L 300 mm 250 mm  200 mm  150 mm 100 mm 50 mm 
Δβ Exp1 -3.5 0.5 -6 0.5 1 1.5 
Δβ Exp2 -2.5 -4 -7 1 1 5 
Δβ Exp3 -3.5 -2.5 -6 0 1 4.3 
Δβ Exp4 -4.5 -3 -6.5 0.5 2 2.5 

 

5.4.3.4 Experimental Series C04: Effect of the Bending Direction 

A finer variation of bending angles was conducted using polypropylene multiple bend 
specimens to examine the influence of the bending direction (A_Bachtin 2020). The 
beta angle was varied by 15° from bend to bend, starting and ending at either plus or 
minus 45° randomly selected. The α angle was either set to 0° or +/-25° for a whole 
specimen. The distance between the bends was set to 40 mm. 8 Specimens with 48 
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bends total were manufactured and measured. In Figure 5-32, the error Δβ is set into 
relation with either the tape length or the set value for β.  

No strong correlation is visible between L and Δβ. The figure indicates that a closer 
correlation exists between β and Δβ. The phenomena can be explained as an asym-
metry in the bending result depending on the direction of the bend. If the robot bends 
the tape upwards, the amount of bend seems to be too large. In the case of downwards 
bending, spring back occurs.  

 
Figure 5-33: Placement of the same pair of tapes next to each other. The way they 

were manufactured (a) or one tape rotated (b) 

The accuracy of the process can be visualized by placing two strips from this experi-
mental series above another. This can be done either with both tapes beginning from 

a)

b)

 
Figure 5-32: Comparison of the dependency between L and Δβ (a) and β and Δβ (b) 

with each specimen represented in a different color 
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left to right or with one tape beginning from right to left, which leads to different amounts 
of shape deviation. In Figure 5-33 (a), the tapes are placed upon each other the way 
they were manufactured, proving the repeatability of the manufacturing. If one of the 
tapes is turned around to compare the negative angles to the positive angles, the sys-
tematic error becomes evident Figure 5-33 (b). 

5.4.3.5 Experimental Series C05: Obtainable Angular Precision 

This series was conducted to examine the asymmetry of the error Δβ in relation to β, 
which first showed up in R03 but seems to be far more relevant in experiments with 
contact heating (A_Saur 2020). First, possible asymmetries in the process were listed 
and evaluated. In contrast to the radiation heating, both sides of the tapes are heated 
equally with the contact heating. The handling gripper has an asymmetric working prin-
ciple with one moving and one fixed jaw. However, it is only moving when the matrix is 
solid and should not influence the process. To ensure a symmetric effect of the handling 
gripper, the tolerances in the hinges were checked, and it was made sure that a sym-
metric situation existed after the pre-tensioning of the tape. Another possible reason for 
asymmetry could be in the tape itself delivered on 165 mm wide spools, slit, and re-
spooled on the 30 mm wide spool in the supply unit. The tape was re-spooled in the 
same direction as it was on the initial spool in all experimentation. In small experimen-
tations, turning around the tape also turned the asymmetry of the bending result around. 
An approach for minimizing the error was to re-spool the tape the other way compared 
to its initial storage. As a second measure, the cooling nozzle was redesigned to have 
a wider, slower airflow as its previous jet of air caused a visible deflection of the tape 
(Section 4.5 and (A_Saur 2020)). An experimental plan was conducted to evaluate this 
approach: Ten single bend samples were manufactured per angle combination. An 
overview of the parameters and results is given in Table 5-16 and the individual results 
are plotted in Figure 5-34. The mean values of β and Δβ in Table 5-16 indicate that the 
measures could reduce both the error and the process variation. The individual results 
in Figure 5-34 emphasize this. Only one outlier has a β error larger than 3°. 
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Table 5-16: Examination of the bending error with the improved cooling nozzle  

 A B C D E F G H     

Exp. 
t0 

/ mm 
b0 

/ mm 
α 
/ ° 

β 
/ ° 

tc 
/ s 

tcph 
/ s 

Pt 
/ mm 

Tch 
/ °C 

mean 
α 
/ ° 

mean 
|Δα| 
/ ° 

mean 
β 
/ ° 

mean 
|Δβ| 
/ ° 

1 

0 0.6 10 

-45 

8 2 3 165 

10.3 0.3 -44.8 1.2 
2 -30 10.8 0.9 -29.2 0.8 
3 -15 10.8 0.8 -14.7 0.3 
4 15 10.4 0.4 13.8 1.2 
5 30 10.1 0.3 29.1 0.9 
6 45 omitted 

 

Figure 5-34: Remaining bending error after improving the used cooling nozzle 

5.4.3.6 Experimental Series C06: Latin Hypercube Sampling 

In this series, the Latin Hypercube Sampling method (LHS) was used. The advantages 
of this method are explained in 5.3.3.5. A selection of the executed experiments 
(A_Steidle-Sailer 2021) is listed in Table 5-17. 
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Table 5-17: Set of Experiments for the LHS 
Material Samples Factor Value/Range 

PP 30 

α 0° 
β -45° 
b0 [0 to 2] mm 
t0 [0 to 3.6] mm 
tc 4 seconds 

Tcph 2 seconds 
Tch 160°C 

PP 80 

α 0° 
β -45° 
b0 0.6 mm 
t0 0 mm 
tc [2 to 7] seconds 

tcph [0 to 4] seconds 
Tch [140 180]°C 

PP 80 

α [-20 to 20]° 
β [-45 to 45]° 
b0 0.6 mm 
t0 0 mm 
tc 4 seconds 

tcph 2 seconds 
Tch 155°C 

PA 80 

α [-20 to 20]° 
β [-45 to 45]° 
b0 0.6 mm 
t0 0 mm 
tc 4 seconds 

tcph 2 seconds 
Tch 218°C 

 

5.4.3.6.1 Geometric Parameters 

Also for the contact heating, the values for t0 (0 mm) and b0 (0.6 mm) from earlier ex-
perimentation could be confirmed for β = -45°. In Figure 5-35, the plot and Heat Map 
for PP and T = 160°C, tcph = 2 seconds are shown. Larger values for t0 cause under 
bending, and b0 has minor influence on β. For PA, t0 = 0 mm and b0 = 1.4 mm were 
identified as ideal value. 
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Figure 5-35: Regression for b0 and t0 (translated figure from (A_Steidle-Sailer 2021)) 

5.4.3.6.2 Heating Parameters 

T, tcph, and tc were varied for validation. T showed most influence with a general im-
provement towards higher temperature. Larger values of tcph also improved the result 
slightly. For PP, T > 155° was confirmed as jaw temperature. The resulting regression 
of the experiment is shown in Figure 5-36. When interpreting the result, it must be con-
sidered that the quadratic regression cannot properly represent the behavior of the 
T - Δβ curve, which becomes flat above a certain temperature. 

 
Figure 5-36: Regression for T, tcph, and tc (translated figure from (A_Steidle-Sailer 

2021)) 

Also for PA, the identified T > 205° with only minor influence of tcph and tc complies to 
the previous experiments. 
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5.4.3.6.3 Angle Variation 

Both PP and PA showed large angular errors with the contact heating. The higher 
springback, which was also shown in earlier experiments, can be explained by the sig-
nificantly smaller heated zone, increasing the bending area's stiffness. The expected β 
error could be determined to be < 11° for both materials. The results are shown in Figure 
5-37 and Figure 5-38. The results do not comply with the better accuracy result from 
experimental series C05 and the evaluation of geometric parameters in C06 indicating 
problems with the process stability of the contact heating. The repeatability of the pro-
cess was evaluated using 5 selected angle combinations 10 times each (PP). The 
standard deviation between bends was 0.6° for α and 1.1° for β. (A_Saur 2020) 

 
Figure 5-37: Heat Map of the predicted α and β error depending on the input angle 

(PP) (translated figure from (A_Steidle-Sailer 2021)) 

Figure 5-38: Heat Map of the predicted α and β error depending on the input angle 
(PA) (translated figure from (A_Steidle-Sailer 2021)) 
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5.5 Processing of Further Types of UD-tape 
The two types of tapes which were used for the parameter examination had a thickness 
per layer of 0.16 mm (PA) and 0.27 mm (PP). This is a common thickness for tapes, 
with thicker tapes rarely available. The thicker raw material would be advantageous for 
a larger reinforcement effect without stacking preforms. Thus either custom-made thick 
tapes or extruded profiles could be used.  

The transfer of the process to further raw materials could be proven in additional exper-
imentation. The goal was to examine further materials and tape dimensions. For this, a 
glass fiber-reinforced UD-tape was used and the two already described types of PP and 
PA tapes were stacked and consolidated to thicker tapes. The glass fiber tape was used 
along the whole development of the test rig to examine the heating behavior of trans-
parent material. No quantitative experimentation was conducted using the glass fiber 
tape as it showed similar qualitative behavior to the carbon fiber tapes.  

The consolidated multi-layer tape was used to evaluate the limitations of the swing fold-
ing process regarding the tape thickness. Self-consolidated multi-layer tape with a ther-
moplastic matrix up to 1.2 mm could be processed using both radiation and contact 
heating. Systematic measurements could not be conducted as the self-consolidated 
tapes showed some waviness after manual consolidation, inhibiting systematic experi-
mentation. With the radiation heating, a longer preheating time was necessary to melt 
the matrix sufficiently. The fiber deformation is larger with thicker tapes as the difference 
in elongation between the inner and outer sides of the tape is longer. In the experiments, 
it became evident that, also for thicker tapes, the resulting real bending radius can be 
influenced by the set value for the width of the bending area b0. Therefore, b0 should be 
larger for larger tape thickness to compensate by distributing the difference over a 
longer bend. With the contact heating, double-layer tapes were also successfully pro-
cessed. For this, the jaw temperature was slightly increased and the pre-heating dura-
tion was extended. The thicker tape improved the process conduction for the contact 
heating as the stiffness was larger than with single-layer tape minimizing the influence 
of the adhesion to the heated jaws. An accuracy on |Δβ|<3° was obtained. (A_Bachtin 
2020) 

In Figure 5-39, single-layer tapes with radiation heating (a) and contact heating (b) are 
compared to a radiation heated double-layer tape (c). The outside of the bend is shown 
in the figures with small letters and the inside is numbered with capital letters. Especially 
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in the comparison between (A) and (C), the difference in fiber displacement between 
single- and double-layer tapes is evident. In this thesis, it could be proven, that the 
process can be applied to various types of tape. A systematic examination of possible 
material types and thicknesses should be done before attempting manufacturing from 
hugely different raw materials. 

  
Figure 5-39: Comparison between single-layer radiation (a), single-layer contact (b), 
and double-layer radiation (c) from outside (small letters) and inside (capital letters) 

the bend. 

5.6 Conclusion of the Process Parameter Variation 
In this chapter, suitable process parameters for the preforming of UD-tapes by robotic 
swing folding were found. For both heating principles, the experimentation is started 
with a fractional factorial experimental plan to identify the main effects of the parame-
ters. Afterward, the parameters of the kinematic movement model are adjusted in an 
iterative approach or a full factorial plan. It was possible to use a full factorial plan for 
the contact heating as the expected value range could be estimated based on the ex-
perience from the iterative approach with the radiation heating. For the contact heating, 
also a full factorial plan on the heating parameters was conducted with no relevant re-
sults. Next, the process behavior for opposite bending directions was compared. Here, 
an asymmetric behavior was identified which was caused by the cooling air and ten-
sions in the raw material. This far, experimentation showed that the contact heating had 
larger error and variation in its results than the radiation heating. In the next step, the 
accuracy with ideal heating parameters was evaluated. With the radiation heating, these 

a) b) c)

A) B) C)



Analysis of the Swing Folding Process 103 
 

parameters were selected during the accuracy analysis while preselected parameters 
were used for the contact heating. Both heating methods showed good angle accuracy 
in this experimental series. In the final validation, the parameter selection was confirmed 
for both heating methods. The good accuracy (-2° < Δβ < 2°) could only be repeated 
for the radiation heating. The reason for this is the sensitivity of the contact heating to 
variation in its adjustment of the two grippers relative to each other and tape tensions 
(smaller heated area). A second challenge with the contact heating for the long-term 
run will be the contamination of the end effector with molten matrix. During the whole 
time, the radiation heating showed stable results and easy adjustability. In conclusion, 
radiation heating is the more promising heating method for the industrialization of the 
process and is selected as the final heating method. 
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6 Finding Process Compliant Near-net-shape Geometries 

Which parameters influence the 
process and how should they be set?

Which hardware is suitable to 
conduct the process?

How can a process and process 
chain compliant workpiece shape 
be derived?

 
Figure 6-1: Research questions of this thesis 

In this chapter, the last topic from Figure 6-1, the derivation of process compliant 
shapes, is described. The swing folding process that was developed in this thesis, pro-
duces bent UD-tape strips that are composed of planar UD-tape sections following cer-
tain limitations regarding positioning relative to another. The reinforced shell compo-
nents do not follow these shape restrictions. Instead, they can have curved areas, in-
clines of angles independent of neighboring areas, and local curvatures in more than 
one direction along the surface. The full complexity of the components cannot be trans-
ferred to the swing folding process. Thus, a mechanism for deriving a useful tape design 
is necessary. 

The tape strips will be integrated into the components by co-molding with the surround-
ing thermoplastic material. Placing the reinforcement reliably is a challenge when co-
molding reinforcements from unidirectional materials with a flowable counterpart. In 
(Pangboonyanon & Zaiß et al. 2016), the positive influence of even low degrees of pre-
forming before the molding step is presented. As with most other preforming processes, 
the goal of the swing folding process is to enable the reliable conduction of the subse-
quent steps by increasing the accuracy of the positioning and preventing defects. The 
final shape of the material can be obtained during the co-molding (Bruns & Raatz 2017). 

Obtaining the final shape of the reinforcement already during the preforming process is 
not necessary in most process chains. In the hybridization of thermoplastic UD-tapes 
with a flowable thermoplastic mass, the tapes will be heated for the co-molding step to 
assure a good bond. Resulting from this heating, the reinforcement can both be hybrid-
ized and brought to its final shape in this step. A high degree of preforming will help the 
co-molding step. However, cost increases with a higher preforming degree. In classical 
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preforming processes, the fit to the final shape can e.g., be reached by processing the 
tape in complex tools. In the swing folding process, the fit can be improved by increasing 
the number of bends in the component. The desired fit needs to be set according to the 
requirements of the task and the co-molding process. 

If the swing folding process is applied to utilize the flexibility of the process for prototypic 
applications, only interference between the bends limits the number of bends. If serial 
production is targeted, preforming costs shall be reduced. As the processing time in-
creases almost linearly with the number of bends, a compromise between preforming 
degree and the number of bends should be found. 

In this chapter, an approach to finding process-compliant tape designs for the given 
component shape is described. As the approach shall be applied to various component 
geometries, it needs to be independent of the geometry. (Kupzik & Biergans et al. 2019) 

In Section 6.1, the task is described. 

In Section 6.2, the two applied optimization methods are introduced. 

In Section 6.3, prerequisites for an optimization toolbox are deduced. For the optimiza-
tion loop, an adequate description of possible geometries and their coding, evaluation, 
and adaption is needed. 

In Section 6.4, a group of analytical methods for finding process-compliant geometries 
is presented. It is suitable for limiting the initial parameter range in starting solutions as 
it delivers acceptable results with very low computational effort. 

In Sections 6.5 and 6.6, evolutionary optimization and gradient-based optimization for 
adjusting random or analytically derived geometries are presented. 

In Section 6.7, the workflow for optimization is summarized and the implemented 
Graphical User Interface is presented. 

6.1 Task 
Within the task of Input Shape Optimization, a process-compliant tape design needs to 
be found, which comes close to the component’s shape. A specific area of the shell 
component’s surface shall be used to define a design space in which the tape can be 
positioned. An .stl file of its upper, middle, or lower surface is used to define the com-
ponent’s geometry. As additional information, a start and end point of the tape shall be 
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passed to the optimization. As a further variable, the tape width will be taken into ac-
count. From this information, a tape design has to be calculated and the shape defining 
parameters α1..i, β1..i and l1..i+1 need to be derived for the i bends. Two example geome-
tries that will be used for explanations in this thesis are shown in Figure 6-2. 

  
Figure 6-2: These component geometries will be used to explain the algorithm in 

this thesis. 

Following requirements have to be fulfilled by the optimization: 

Flexibility:  

The approach shall be able to process shell geometries that follow the design guidelines 
for compression molding shell parts for manufacturing without sliders in the mold. 

Process compliance: 

Limitations in the possible bending angle of the test rig, the minimum distance between 
two bends, and the maximum rotations of the bend lines shall be regarded. For the 
subsequent co-molding process, it is important to be able to place the reinforcement on 
the lower mold. Therefore, it must be possible to define which of the two sides of the 
component the tape may not penetrate to avoid overlapping between the reinforcement 
and the mold. In addition, this condition needs to be regarded by the optimization result. 
For changes in the hardware, the limits need to be easily adjustable in the optimization 
code. 

Computing time: 

For the problem of finding a tape design for the reinforcement of a certain component, 
a vast high-dimensional solution space is available. The solution space is limited by the 
swing folding process compliance, which can be kinematically described (Figure 3-9). 
This way, the solution space can be limited to three parameters per bend. Additionally, 
6 parameters for the start point and direction need to be set. Assuming (very coarse) 
20 levels per parameter, this leads to 206 * 204*3 = 2.6 * 1023 solutions for fully scanning 
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the solution space for preforming 4 bends. Experiments with the evaluation of solution 
sets showed that approximately 100 solutions can be evaluated per second on a stand-
ard computer. The needed time for evaluating all the parameter combinations of the 
abovementioned preform would therefore require approximately 1014 years. Therefore, 
a systematic optimization approach is needed. 

A fast analytical preprocessor that identifies a favorable initial solution is combined with 
an optimization toolbox featuring genetic and gradient-based optimization in this ap-
proach. The analytical solution is limited to tapes with a planar middle axis (α1..i = 0) to 
simplify the solution of the problem. The genetic optimization can then be used to opti-
mize the results using the whole solution space, including α  0. The gradient-based 
optimizer can be used for the fast approach to the next local optimum. 

6.2 Systematic Optimization Methods 
 

 
Figure 6-3: Optimization methods are used for the finding of maxima or minima of a 
function. One challenge is that the method can converge to local optima close to the 

starting point instead of the globally best point. (Figure by Alexej Bachtin)  

In the following sections, the functional basics of the applicable optimization algorithms 
are given. Optimization aims to find the best solution by minimizing the penalty function 
or maximizing a fitness function (Grimme & Bossek 2018; Steinbuch & Gekeler 2016; 
Schröder 2010). In Figure 6-3, an example is given. The goal is to find the highest point 
of the hill, which represents the value of a fitness function depending on x and y. This 
example is strongly simplified compared to the multi-dimensional fitness function of the 
UD-tape. A straightforward analogy for the applied algorithms can be “always go uphill” 
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for the gradient-based optimizer and “jump around randomly and repeat from the high-
est reached points of the previous iteration” for the evolutionary approach. When se-
lecting an optimization approach, a Nelder Mead simplex approach (Luersen & Le Riche 
2004) was regarded but discarded as it finds local optima like the Gradient Descent 
method. To optimize the preform shape, the preform will be represented by a fitness 
function based on its kinematic description and the target geometry. 

6.2.1 Gradient Descent Optimization 

A gradient-based optimizer adapts the parameter set so that it is continually guided 
along the steepest path. The main requirement is the availability of a gradient in the 
proximity of the current parameter set. If the function to be optimized is differentiable, 
the gradient can easily be calculated analytically. Numerical gradient calculation be-
comes necessary in other cases. If the gradient is calculated by varying each of n indi-
vidual function parameters, 2n+1 evaluations are necessary per optimization step. The 
steepest descent can be calculated from the gradient, and a preselected step size is 
gone along the direction of the steepest descent. Usually, the next optimum can be 
found within a small number of steps if the search starts close to this optimum. If the 
function is not shaped nicely for this type of optimization or the number of parameters 
is large, an extended numerical effort may be required until finding the local optimum 
(Steinbuch & Gekeler 2016). For complex problems, heuristic approaches are often 
preferred to purely gradient-based approaches (Eiliat & Urbanic 2019). Despite its nu-
merical efficiency, gradient-based optimization tends to find local optima unless it allows 
temporary worsening of the fitness. In this thesis, its implementation was mainly used 
for fine-tuning the result of a coarse pre-optimization. 

6.2.2 Evolutionary Optimization 

Evolutionary optimization imitates the propagation of behavior and features from parent 
to child in natural populations. The natural species optimizes its genome to adapt to the 
environment. In nature, better-fit individuals have higher survival rates. Random muta-
tions during reproduction drive the adaption in the genome. Information between differ-
ent individuals can be exchanged by pairing/crossover, giving lucky children the best 
features from mother and father. In this random process, the far overwhelming number 
of children is worse or equally well fit to the environment as their parents. Only a few 
lucky ones have a better fit, but better fitness allows them to have more offspring than 
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worse fit individuals. This way, the average fitness of the offspring can increase based 
on random changes. (AL-Salami 2009; Bäck 1996) 

The technical adaption of this process is the evolutionary optimization algorithm. It starts 
with an initial population, a set of population size individuals. Each individual is charac-
terized by all of its parameters. The parameters are encoded as genes in the chromo-
some of the individuals. The difference between evolutionary and genetic algorithms is 
the valuation of the genes (Vikhar 2016). In this thesis, an evolutionary approach with 
a nearly continuous value-specter as presented in Table 6-1 is used instead of the bi-
nary genetic distribution. 

Table 6-1: Example for the chromosome of three individuals with five genes each 
Individual Gene 1 Gene 2 Gene 3 Gene 4 Gene 5 

#1 4 1 7 2 4 
#2 3 5 1 2 9 
#3 7 9 4 9 4 

 

The individuals undergo a cycle of selection, crossover, and mutation for many gener-
ations until a stop criterion is met (Grimme & Bossek 2018). The cycle is presented in 
Figure 6-4. Further background information is available in (Eiben & Smith 2015; Stein-
buch & Gekeler 2016). With this process, problems with a complex dependency of the 
solution quality on the parameters and with many parameters can be solved (Eiliat & 
Urbanic 2014). 

Initial Population Parents Recombination New PopulationMutation

Selection

Next Generation
 

Figure 6-4: The steps of an evolutionary generation. Own representation based on 
(Grimme & Bossek 2018; Steinbuch & Gekeler 2016) 

Definitions in this thesis are used according to (Steinbuch & Gekeler 2016): 

Individual: An individual is a single representation of a solution for the problem. Its qual-
ity can be evaluated by the fitness function. 



110 Finding Process Compliant Near-net-shape Geometries 
 

Generation: A generation contains a set of individuals. From each generation to the 
next, the individuals are altered by parent selection, crossover, mutation, and selection. 

Parent selection: From the Generation, individuals are selected, which form the group 
of parents for the next generation. 

Crossover: The individual genes of the parents are combined to form a child. One-Point 
crossover, where either all genes are selected from one parent or the beginning and 
end of the child’s chromosome are combined from the two parents, proved most suc-
cessful in this thesis. 

Mutation: In the mutation step, the genes of the individuals may be randomly varied in 
one of many possible ways to increase gene variation. 

Selection: From the remaining individuals, the best fit are selected to form the next 
generation. Adaptions, like an automatic discarding of double individuals, can be made 
to improve the optimization behavior. 

The implementation in the toolbox is described in Section 6.5. 

6.3 Prerequisites for the Optimization 
For optimizing shapes, they must be represented in a suitable parametrization and ad-
justed in an optimization loop. In this section, the optimization loop is described. A kin-
ematic description of multi-bend preforms is defined and a suitable genome for its rep-
resentation is presented. A function for the evaluation of the solution's fitness and adap-
tion possibilities according to the genome are presented. 

6.3.1 Optimization Loop 

The optimization loop is represented in Figure 6-5. First, an initial solution is found. This 
can be done either randomly or with the help of the analytic preprocessor (Section 6.4). 
This initial solution is the first representation of the situation in a model. It represents 
tapes in the optimization loop by one or more parametrized instances of the kinematic 
description (Section 6.3.2). For a systematic optimization, this representation of the tape 
(Section 6.3.3) needs to be evaluated (Section 6.3.4). Based on the current tape geom-
etry or geometries and knowledge gained about it in the evaluation, the model's param-
eters are adjusted (6.3.5 and 6.5 to 6.6). This is repeated until a certain threshold or 
number of iterations is reached. Finally, the result is displayed. 
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Parametrized model(s) 
of the current tape

Evaluation of the 
performance / fitness

Adjustment of the parameters

Initial 
Solution Result

 
Figure 6-5: Steps of iterative optimization 

6.3.2 Kinematic Description of the Problem 

The possible solutions are described in a three-dimensional description of the tape de-
duced from the real process kinematics. This way, the search space of the optimization 
includes all kinematically possible solutions (A_Biergans 2018). Advantages are that 
few parameters are used, and solutions that cannot be manufactured can be excluded 
by later filtering. The shape of a single bend can be described by the two bending angles 
α and β as well as the distance l before the bend. The bends are assumed to be sharp 
at the bending edges. This simplification can be taken as no significant influence of the 
bend area on the fitness value of a tape is expected. The robot control system corrects 
the length error resulting from real, rounded edges during manufacturing.  

The kinematic of the tape is represented by a vector-based description in which the 
longitudinal and normal vectors of the single elements are calculated by rotating around 
the bending edges. The tape is initially defined via its longitudinal centerline, as repre-
sented in Figure 6-6 (a). The first section of the tape is defined by a longitudinal vector 

, a normal vector , and a start point with adjustable values . The bending edge 

vector  can be calculated by rotating  around  using the angle  (Figure 
6-6 (b)). The second section of the tape begins in the center of the first bend and ex-

tends along .  and  are calculated by rotating  and  around the first bending 
edge  by the angle  (Figure 6-7 (a)). The left and right borders of the tape are calcu-
lated by a modified version of this approach. First, the respective start points are calcu-

lated from the start point by translating it along the normal of  and  for half of the 
tape width. Afterward the borders are calculated by the same algorithm as the center-
line. In this calculation, the length of the segment are calculated depending on the tape 
width and the α angle before and after the segment (Figure 6-7 (b)). (Kupzik & Biergans 
et al. 2019; A_Biergans 2018) 
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Figure 6-6: The tape centerline is described by its longitudinal vectors (a). The bend 

line can be described depending on those vectors, the normal vectors, and the 
bending angle α (b). (Figure based on Alexej Bachtin) 

 

 
Figure 6-7: The longitudinal and normal vector of the next segment can be calcu-

lated by rotation around the bend line (a). For the calculation of the tape’s sides, the 
length values are adjusted according to the width w and α (b) (Figure based on 

Alexej Bachtin) 

For the implementation, the following equations are used. The position  of a point 
after a certain overall length l on the tape centerline is calculated using Equation 6-1. 

 

   

6-1    

  
 

 

The bending edge vector  (Figure 6-6) is calculated by rotating the longitudinal vector 

 around the normal vector : 

a) b)

a) b)
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In the next step, the new longitudinal  and normal  vectors are calculated (Figure 
6-7 (a)): 

 6-3 

 6-4 

Finally, the sides of the tape can be calculated analog, using an adapted version of 
Equation 6-1 in which the length values of the tape at the respective side and the moved 
start points are put in. The calculation of the length (Figure 6-7 (b)) is demonstrated for 
the right border using the following equation by subtracting the length change of the 
previous bend and adding the length change of the next bend: 

 6-5 

The length variations caused by the individual bends are calculated using the tape width 
w and αi angle. The initial length variation is defined to be zero: 

 6-6 

 6-7 

Each individual tape can now be represented in a chromosome (= individual parameter 
set) of its defining parameters. For a tape with n bends, 3n + 7 genes (= parameters in 
the chromosome) are needed. 3n genes are used to describe α, β, and l of the n bends. 
Additionally, 1 gene is needed for the free end length, 3 genes are needed for variation 
of the start point, 2 for the first longitudinal vector, and 1 gene is needed for the rotation 
of the normal vector around the first longitudinal vector.  

For the fitness determination, the tape is evaluated on discreet points on its surface. 
These points are defined on the centerline and the sides of the tape. Three points are 
placed on each bending edge, and a number of points can be placed along the center-
line and the sides between the bends. The two approaches of a constant number of 
points (Figure 6-8 (a)) and equidistant points (Figure 6-8 (b)) were implemented. In case 
of the “constant number of points” method, the same number of points is placed on 
each segment line (left, right, or center between two bends). For the equidistant method, 

 6-2 
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the number of points on a segment line (left, right, or center between two bends) de-
pends on the length of the line. 

 
Figure 6-8: Constant number of evaluation points per segment (a) vs. Equidistant 

evaluation points (b) (Figure based on Alexej Bachtin) 

6.3.3 Design of the Genome 

The kinematic description from one end to the other, as previously described, was com-
pared with a split description from the middle of the preform (A_Biergans 2018; A_Bren-
ner 2020). The two approaches are presented in Figure 6-9.  

z
x

Pstart

P´start

 
Figure 6-9: The tape can be represented symmetrically by moving Pstart to P´start and 

describing the two halves with two separate kinematic descriptions. 

The approach of describing the tape from its middle was developed to avoid an asym-
metric behavior where the start point  only depends on its coordinates while the 
end point  depends on all chromosomes although the physical problem is symmet-
ric as start and end point are randomly assigned to the tape’s ends. Expected ad-
vantages of the symmetric implementation are similar behavior for both physical tape 
ends and faster convergence as the tapes are shorter. 

a) b)
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The results showed that the overall improvement of the geometry was slowed down by 
the symmetric approach as fewer new mutations were improving over the old ones 
(A_Brenner 2020). Resulting, more generations or larger populations were needed for 
a similar result. The explanation for the observed behavior is that the movement of the 
start point is more limited in the symmetric description compared to the asymmetric 
description.  

The position of each element is defined by its predecessors and the start point. To 
displace the start point for a relevant share of the individuals, the individuals with the 
displaced start point must have better fitness values. To maintain a good fitness of the 
remote segments despite a displaced start point, a second random mutation needs to 
adjust the shape of the intermediate segments to correct the remote section’s position. 
The probability of having a meaningful random displacement of the start point and 
meaningful random compensation for remote areas at the same time is low for a tape. 
For the symmetric approach, the probability is even lower, as both free ends of the tape 
need to be meaningfully corrected at the same moment the start point is altered. There-
fore, the asymmetric approach was selected. 

An exemplary genome is presented in Table 6-2. The genes from index 0 to 2 encode 
the start point while 3 and 4 define the starting direction of the tape. Gene 5 is describing 
the rotation of the tape around its first longitudinal vector.. The genes 6 to 3i + 5 are 
used to describe the bend parameters of the tape. In 3i + 6, the length of the free end 
of the tape is encoded. 

Table 6-2: Coding of the tape geometry in the genome 
Gene index        
Content        
        
Gene index        
Content        

6.3.4 Fitness Evaluation 

The term fitness is widely used for the quality of an individual in an evolutionary optimi-
zation approach. In this thesis, the term is used for all evaluating functions. It is used to 
compare previous and new solutions in evolutionary optimization and is used to calcu-
late the direction of improvement in gradient-based optimization. In this theis, the fitness 
is first calculated and then altered depending on the solution’s compliance to the hard-
ware. 
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6.3.4.1 Fitness 

To compare individuals, a quality measure is needed. The following criteria for this qual-
ity were derived from the requirements on a real-world tape reinforcement and imple-
mented: 

� It should start and end at the correct points (Start/End Subfitness) 
� It should follow the contour closely (Distance Subfitness) 
� It should have the correct length (Length Subfitness) 

An overview is given in Figure 6-10. The real geometry is represented in green and the 
tape in blue. The Start/End Subfitness represents the distance between the start and 
end points of the lines. The Distance Subfitness describes the distance of the red eval-
uation points from the green .stl surface. The Length Subfitness compares the differ-
ence in length between the green and blue line. 

 
Figure 6-10: Overview of the comparison between real component and kinematic 

description of the tape. 

From these requirements, subfitness measures were derived (A_Biergans 2018): 

Start/End Subfitness 

For searching the solution space, the start point  must be movable by parameters 
in the chromosome of the individuals. It can therefore vary from the predefined start 
point . The end point  of the tape is defined by calculating  
in Equation 6-1. It can, therefore, also differ from the defined end point . The 
start/end subfitness is calculated using the distance between the set points and the 
actual value of the individual (Equation 6-8). The distance is divided by the approxi-
mated optimum length (  – see Section 6.4.2) to make the value independent of the 
component scale. The constant  is used to normalize the range of the subfitness 

Target geometry (stl)
Reinforcement area

Process compliant geometry
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values relative to another. The distance between the defined and the obtained points 
should be minimized. 

 

Distance Subfitness 

The tape should fit closely to the mold before co-molding. With the distance subfitness, 
deviations between the surface of the mold and tape are evaluated. The subfitness is 
calculated as a function of the sum of a function of the distance from each evaluation 
point to the surface of the .stl of the component ( ) (Equation 6-9). The individual dis-
tances should be divided by the approximated optimum length ( ) to make the value 
independent of the component scale. The constant  is used to normalize the range 
of the subfitness values relative to another. The distance should be minimized for a 
large fitness. 

 

Length Subfitness 

The length subfitness (Equation 6-10) is an important measure for controlling the pop-
ulation’s behavior. By demanding a correct length of the tape and a correct start and 
end point, the tape is placed in a feasible region of the solution space. Not allowing 
superfluous length avoids solutions, in which the tape follows prolonged curves or mul-
tiple 180° folds in flat regions of the part to improve the average distance. Depending 
on the component geometry, altering the length subfitness in a non-linear and non-
symmetric way can be advantageous. This way, a steeper penalty for all the length 
exceeding the approximated optimum value can be implemented without a large influ-
ence close to or below the optimum value. To force the tape to cut corners, the approx-
imated optimum value  can be multiplied by a factor to reduce it for the comparison. 
An advantageous pre-tensioning effect during the co-molding step could result from 
such a “too short” tape. The length is divided by the approximated optimum length ( ) 

 6-8 

 6-9 
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to make the value independent of the component scale. The constant  is used to 
normalize the range of the subfitness values relative to another. 

  

Overall Fitness 

In the overall fitness, the individual subfitness functions are added in a weighted sum. 
The overall fitness takes negative values, with 0 being the best obtainable value: 

 
6-11 

The weighting coefficients  are used to distribute the importance of the individual sub-
fitness measures. As the individual subfitness measures' importance may vary along 
the optimization process, a mechanism to alter  was implemented. An important prop-
erty of a fitness function for optimization is whether it can be derived. In this case, no 
analytical derivative is available and numerical derivation has to be used if necessary. 

6.3.4.2 Manufacturing Constraint Penalties 

The fitness functions bring the solution close to the component’s surface and the correct 
start and end point. This way, a good fit to the component can be achieved, but the 
solution only complies with the kinematic description's restrictions, not the hardware 
implementation of a bending machine. The penalty criteria were derived by an analysis 
of the differences between the ideal and the implemented process (A_Wenzel 2020). 
The fitness is divided by the overall penalty to allow a large influence for the penalty: 

 6-12 

The following implemented penalties can be switched on or off during the optimization 
run: 

Minimum section length penalty 

In the manufacturing of a subsequent bend, the handling gripper may not grip the tape 
in the previous bending zone. Therefore, the distance between two bends must be at 
least the width of the handling gripper jaw plus the TCP offset t0 and the bending zone 
width b0. If contact heating is used, the actual size of the hardware must be used in the 

 6-10 
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penalty calculation. Further attention is required if  as the minimum distance must 
also be regarded at the tape’s left and right border. If the minimum section length is 
underrun in one or more sections, the minimum section length penalty is lowered. 

α penalty 

The robot workspace and the length of the handling gripper and heated area limit the 
applicable α angle range. In the test rig, the value is limited to  (A_Wi 
2019). If one or more α angles lie outside this interval, the α penalty is lowered. 

β penalty 

The robot workspace and the collision contour of the end effector limit the applicable β 
angle range. In the hardware implementation, the value is limited to  for 
the radiation heating (A_Wi 2019) and  for the contact heating 
(A_Vollmer 2018). If one or more β angles lie outside this interval, the β penalty is low-
ered. 

Mold intersection penalty 

The .stl file represents one side of the shell component. The represented surface is not 
only the component’s surface but also the surface of one of the used mold halves. When 
positioning the reinforcement for co-molding, the tape will be placed on this surface of 
the mold. Therefore, no intersection between the reinforcement and the mold should 
occur. To ensure this, the mold intersection penalty was added. The value is calculated 
depending on the number of evaluation points that are positioned on the wrong side of 
the .stl surface. 

Overall fitness with penalty 

The individual penalties follow a falling exponential function depending on their individ-
ual influence factors. To avoid overwhelming influence of single penalties, a constant is 
added to the individual values before they are multiplied to calculate the overall penalty. 
The overall penalty is used to influence the fitness of the individuals (Equation 6-12). 

6.3.5 Adaption 

For the adjustment of the parameters in the kinematic description, an optimization al-
gorithm is used. An analytical preprocessor is applied in this thesis to find starting solu-
tions close to the final solution (Section 6.4). With evolutionary optimization, this initial 
solution or a random initial solution can be optimized in a wide range of the solution 
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space (Section 6.5). A gradient-based optimization approach was implemented to fur-
ther approximate local optima that the evolutionary optimization has found (Section 6.6). 

6.4 Analytical Preprocessor 
Early experimentation with the evolutionary optimization algorithm showed that some-
times a vast number of generations is necessary to optimize a randomly initiated set of 
individuals until the first tapes are close to the target surface. An analytic approach for 
the generation of an initial solution set can be used to minimize the numerical effort. 
The elements of this approach are described in Section 6.4.1 to 6.4.3. As presented in 
Figure 6-11, the results could be significantly improved by using a preprocessor while 
maintaining the computational effort. In this thesis, both a 2D preprocessor which leads 
to a flat solution with all α = 0 and an edge detecting 3D preprocessor have been im-
plemented. In general, the 2D preprocessor delivers good results with high reliability, 
while the 3D preprocessor can even predict α values for geometries with clearly visible 
edges. 

 
Figure 6-11: Randomly initialized solution (a), after 300 generations with 300 individ-

uals of optimization (b) and 2D preprocessor solution (c) 

6.4.1 Definition of the Situation 

The component is loaded into the algorithm as .stl file, representing the surface as a list 
of triangles. The following description is based on Figure 6-12. The triangles are defined 
using their center and corner points in the file's global coordinate system (COSglobal) in 

a) b)

c)
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the following sections. As the orientation of the component relative to the global coordi-
nate system may vary depending on the designer's guidelines or the orientation of the 
component in an assembly, further coordinate systems are used. The preprocessor co-
ordinate system (COSpreproc) is positioned relative to the component. The origin of the 
preprocessor coordinate system is defined by the weighted average of the triangle cen-
ter points. The x-axis of the preprocessor coordinate system is calculated by least-
square fitting a line to the triangle center points pointing in the positive x-direction of the 
global coordinate system (Trendline). The z-axis is placed in the plane that contains the 
x-axis and the weighted average vector of the normal vectors of the triangles. In this 
coordinate system, a large variety of components can be placed flat, with the main ori-
entation of the shell being in the horizontal x-y-plane and the normal direction of the 
component being along the z-axis. (A_Biergans 2018) 

A contour plot (Figure 6-21) in the preprocessor coordinate system is used for the se-
lection of the start and end point of the reinforcement. This contour plot is generated by 
interpolating the component surface and plotting the points in the preprocessor 
x-y-plane with a color depending on their height along the z-axis (Figure 6-21). Start 
and end point can be flexibly selected by clicking this contour map of the component. 
Next, the tape coordinate system (COStape) is defined. The z-direction is copied from 
the preprocessor coordinate system and the x-direction is defined by the connection 
line between the projections of the two selected points onto the preprocessor coordinate 
systems x-y-plane. The origin is placed on the connection line between the two selected 
points and on the y-z-plane of the preprocessor coordinate system. (A_Wenzel 2020)  

 

xglobal

zglobal

yglobal
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ypreproc

xtape
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Figure 6-12: Coordinate System placement 
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6.4.2 2D Preprocessor  

The initial solution will be placed in space in such a way that it connects the two selected 
points (start and end point) and follows the surface closely. For this, the intersection line 
between the shell surface (as interpolated according to Figure 6-21) and the tape coor-
dinate systems x-z-plane is calculated. The resulting flat height profile of the component 
in the tape x-z-plane is approximated by linear segments (Figure 6-13(a)).  

Figure 6-13: Height profile (a) and resulting 2D solution (b) 

 

For the initial tape solution, the values l1..i+1 are defined by the length of the linear seg-
ments.  is calculated by adding l1..i+1. From the angle between the linear segments, 
β1..i can be calculated. All α values are set to zero, and the starting direction is defined 
by the first segment’s direction (Figure 6-13(b)).  is calculated by closely following 
the length of the height profile. (A_Biergans 2018) 

It could be shown that the evolutionary optimization could provide satisfactory results 
even if the local orientation of the tape did not fit the z-axis well (A_Biergans 2018). In 
this optimization process, the starting point, direction, and rotation were adjusted and α 
was applied to fit the component geometry better. In Figure 6-14, two solutions are 
compared after preprocessing and an optimization run. In Figure 6-14 (a), the normal 
of the tape does not align well with the surface normal. In Figure 6-14 (b), the tape is 
adapted to the surface by altering α and adjusting the other parameters accordingly. 

a) b)
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Figure 6-14: Adaption to a skew surface by the evolutionary optimization. 2D prepro-
cessor solution (a) and 100 generations with 100 individuals of evolutionary optimi-

zation (b) 

6.4.3 3D Preprocessor  

The 2D preprocessor creates solutions that are placed in one plane, not using the ability 
to create askew bend lines. An edge detection algorithm was implemented to overcome 
this disadvantage (A_Wenzel 2020). By creating two additional 2D solutions with an 
offset along the COStape y-axis and comparing the found bend points, edges can be 
detected for geometries with sharp edges. The approach is presented in Figure 6-15. 
From the edges, α values can be calculated and inserted into the 2D solution which is 
then called 2D edge detection (2DE) solution. By adding the α values, the shape of the 
2D solution is altered, which results in deviations at the end point position. This devia-
tion is often insignificant if α is small, while deviations can be crucial in other cases.  

 
Figure 6-15: 2D Edge detection on a geometry with clear edges (translated figure 

from (A_Wenzel 2020)) 

An alternative for reducing the error at the end point is to iteratively calculate solutions 
from each actually reached bend point to the end point. This approach is called 3D 
preprocessor in this thesis. In the 3D preprocessor, the 2DE preprocessor is first started 

a) b)

Bend Point
Bend Line
Start / End Point
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between start and end point in the direction of the newly created tape segment. After-
ward, the same 2DE preprocessor is started between the first bend of the initial iteration 
and a new end point. All following iterations are conducted similarly until no new bend 
points are found in one iteration. The parameters for the tape are calculated as for the 
2D and 2DE preprocessors. However, the angle between the 2DE iterations can lead 
to slight deviations from process compliance which, again, lead to an offset between 

 and . 

Both presented edge detection preprocessors only function on geometries with sharp 
edges, while the 2D preprocessor works reliably for most geometries (A_Wenzel 2020). 
The fitness value of the 2DE and 3D preprocessor solutions is typically lower than the 
2D value because of the deviation from the end point. However, the edge detection 
solutions have better potential to rapidly converge to better values than the 2D prepro-
cessor. This is because the error is caused by errors in individual parameters (α, β or l) 
while the 2D preprocessor often needs pair-wise improvement of α, which is less prob-
able (Section 6.6). 

6.5 Evolutionary Optimization Approach 
In this section, the genome manipulation by evolutionary optimization and by addition-
ally implemented manual interaction and the influence of the fitness function shape on 
the optimization process are described.  

6.5.1 Genome Manipulation  

In the evolutionary algorithm, the genome of the individuals is manipulated by crossover 
and mutation. Furthermore, tools for adding and removing bends have been imple-
mented based on the Galileo module2. 

6.5.1.1 Crossover 

In this thesis, an arithmetic crossover and one-point crossover are compared. With an 
initial, less structured genome design, arithmetic crossover (calculating the new gene 
value as the average of the two parent genes) showed reasonable results (A_Biergans 
2018). With the final genome design presented in Section 6.3.3, one-point crossover 
(the first genes of one parent are combined with the later genes of the other parent) 

                                         
2 https://github.com/DEGoodmanWilson/Galileo [last downloaded 06th July 2021] 
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proved advantageous. Here crossover at one point is the equivalent to combining two 
tapes by cutting them at a specific point and combining the two halves (A_Wenzel 
2020). One-point crossover was set as the default setting for the optimization toolbox. 

6.5.1.2 Mutation 

During mutation, the value of each gene is randomly varied with a set probability called 
mutation rate. The gene can either be reset randomly in its whole range of values with-
out regard to its previous value or in proximity to its previous value. Later proved useful 
for optimizing an existing solution as a single randomly reset gene would probably 
worsen the solution so that it becomes unfit and will be removed from the population. 
For finding the first solution, the random reset enables a global search in the whole 
solution space. The standard setting for the optimization is set to a uniform distribution 
around the previous value. The possible distance to the current value can be adjusted 
with the parameter mutation range. In this case, for example, a previous β value of 30° 
and a mutation range of 3° leads to a random β value between 27° and 33°. (A_Biergans 
2018)  

Parameters can be adjusted before the optimization or during the run (Eiben & Smit 
2011). An adaption of the mutation rate based on the genetic variety was implemented 
in (A_Brenner 2020).  

6.5.1.3 Adding and Removing Bends 

The optimization of tapes is a compromise between a good fit and low manufacturing 
time. As the time increases with the number of bends, as few bends as possible should 
be used. The potential fitness of a tape, however, increases with the number of bends. 
The number of bends is initially determined by the preprocessor and its parameters. To 
enable later adjustments, modules for adding and removing bends are included in the 
optimization toolbox. The function of adding bends to solutions is also needed to com-
bine individuals from different preprocessors with different numbers of bends. 

To add bends, a tape section can simply be split at a certain position. The new α and β 
are set to zero, and the length from the previous generation is distributed to the two 
new length values according to the set position of the new bend. The removal of bends 
requires more effort to avoid large deflections at the tape end. For bend numbering 
before the removal,  is used in the following section, and for bend numbering without 
the removed bend,  is used. If bend number  is removed, the surrounding segments  
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and  are also removed and replaced by a new segment connecting the bend 
/  with the former bend  which is now bend . If the first or last bend is re-

moved, the same method is applied with the start or end point instead of  respective 
j. The parameters for the resulting tape have to be approximated. Resulting from the 
kinematic limitations of a bent tape, not both the rotation and the position of the tape 
end can be kept constant in all situations. In an empiric comparison, three methods for 
finding new bending parameters were compared. The length of the new segment was 
always defined by the distance between the two adjacent bend points of the removed 
bend. In the first method, α and β of the bends  and  were calculated in such a 
way to keep the longitudinal vector of the first following segment the same. This ap-
proach influenced the normal vector of the following segment. In the second method, 
all following α and β were adjusted to maintain the former longitudinal directions of the 
tape. The third method was to maintain the normal directions of the new and the follow-
ing segment by placing a plane in the gap that resulted from removing the two tape 
segments. The normal direction of the new segment was calculated by calculating the 
average of the normals of the planes through the middle point of bend  and the 
side points of bend  and vice versa. The bend lines were placed in such a way that the 
normal of  was maintained. This way, variation in the longitudinal vector after  
occurred. (A_Wenzel 2020) 

An empirical comparison of the three methods showed that the third method delivered 
the best results as the position and angular error of the free tape end could rapidly be 
corrected in a few iterations. The approach of maintaining the longitudinal direction 
caused larger angular deviations of the following segments (method 1) and heavy mis-
alignments of the normal direction along the tape (method 2), which took the evolution-
ary algorithm longer to correct. (A_Wenzel 2020) 

6.5.2 Fitness Function 

In the following section, the effect of both various fitness function shapes, as well as 
their relative weighting, is described. 

6.5.2.1 Shape of the Subfitness Functions 

The fitness function greatly influences the convergence of the optimization. In a study, 
quadratic, linear, and Gaussian functions were compared as  in Equations 6-8, 6-9, 
and 6-10. (A_Brenner 2020). The goal was to weigh the influence of deviations in the 
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near and far range from the optimum differently. The basic shape of the functions is 
presented in Figure 6-16. The steepness of these three functions can be altered using 
the  parameters and the constants defining the functions. 

 
Figure 6-16: Fitness value depending on the distance from the optimum with the ex-

amined functions. 

Changes have the greatest effect on a single subfunction, if the tape moves in the 
steepest area of its curve. The quadratic function gets steeper the further away the tape 
is from the optimum. The linear function is constantly steep, and the Gaussian function 
is steepest close to the optimum. The goal of the examination was to find out how the 
shape of the fitness function influences the behavior. As a test setup, randomly initiated 
tape strips were optimized, and the result was manually evaluated. 100 individuals were 
optimized for 50 generations using whole arithmetic crossover and empirically selected 
parameters for mutation and weights. 

6.5.2.2 Effect of the Shape in Different Situations 

In the trials, both the quadratic and the linear fitness showed converging behavior. The 
Gaussian fitness function showed no comparable convergence from the random start 
point. For the Gaussian functions, the individual subfitnesses of the randomly initiated 
solutions were either in the very flat outer area or in the steeper inner region of the 
function. That way, the subfitnesses in the inner regions would have fluctuations large 
enough to make the changes in subfitnesses in the outer regions insignificant. That 
way, the dominant subfitness function effectively renders all other subfitness functions 
useless. This is critical for the Gaussian function as the already optimized fitness func-
tion becomes dominant. Therefore, the randomly initiated tapes with Gaussian subfit-
ness functions were optimized in one subfitness function and afterward drifted around 
randomly. This behavior can be improved by adjusting the width of the bell curve, but it 
stays an inherent deficit of this class of fitness functions. 
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The same effect of a predominance of a single subfitness function occurs for the Quad-
ratic functions. However, in this case, the worst fitness function will become dominant. 
In the experimentation, quadratic fitness functions showed good convergence behavior. 
Large errors were effectively eliminated. The behavior close to the final shape was very 
flexible as the fitness functions close to their optimum did not have relevant influence 
allowing fluctuation and avoiding premature convergence. However, the individual 
weight parameter adjustments depended on how close the corresponding fitness sub-
function could come to its optimum for the particular geometry, making it a manual pro-
cess. (A_Brenner 2020) 

The convergence of the models using linear fitness functions was slightly slower than 
with quadratic functions. The quality of the results was comparable. An advantage was 
the lower manual effort required to adjust the weights of the individual subfitnesses. 

Of the three types of subfitness functions, Gaussian functions showed the worst behav-
ior. Quadratic functions converged best as long as they were far from the final shape 
and comparable to the linear functions close to the final shape. However, the selection 
of weight parameters required significantly less effort for linear functions, which also 
showed good convergence. As a preprocessor will be used in the future, the conver-
gence behavior close to the final shape is most important. Therefore, linear subfitness 
functions will be used in general. In the length fitness, a distinction of cases is included 
to avoid penalizing tapes shorter than . This is the case to avoid buckling resulting 
from unnecessary tape length and as too short tapes are already penalized by their 
decreasing distance fitness and start/end subfitness values. 

6.5.2.3 Balance between the Fitness Values 

The behavior of the algorithm can be changed by adjusting the balance between the 
fitness values. Adjustments of the values in a limited range alter the importance of the 
goals, which is evident in the result of the algorithm. In Table 6-3 three possible distri-
butions of fitness weights are compared to the preprocessor solution. The most visible 
effect is the smaller distance between tape and component if the distance subfitness 
weight is increased. 
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Table 6-3: Comparison of the behavior of different weight combinations after an opti-
mization run with 30 Generations of 50 Individuals 

Preprocessor solution  

  
  

  
 

If the weight of the subfitness functions varies largely, one subfitness function might 
become predominant, resulting in useless results. The effect is demonstrated in Table 
6-4 for strongly increased weightings of distance fitness, length fitness, and start/end 
fitness. The extreme selection of weight values can make the optimization result use-
less. 

Table 6-4: Extreme weighting of a certain subfitness function can cause small 
changes in this function to override important improvement in other functions and 

thereby optimize only for the one goal. 
Predominant 
Subfitness 

Effect Example 

Distance The tape will either become 
very short to limit variations or 
fold double in flat areas of the 
component 
 

 

Length Corners can be cut if the calcu-
lated optimum is wrong, which 
is not as severe as the other ef-
fects 

 
Start/End The tape will form a clew/wad 

with the ends at the correct po-
sition 
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6.5.2.4 Situation-adapted Weight Adjustment 

The weight of the fitness functions can be altered along with the generations. This is 
especially useful for randomly initiated tapes. A successful strategy for the approach 
can be first to find a tape that meets both start and end point by weighting those respec-
tive fitness functions. Afterward, the tape can be tensioned by gradually increasing the 
importance of the length. Finally, the tape can be placed on the surface by gradually 
increasing the importance of the distance. As the preprocessor replaced the approach 
from random solutions, no systematic examination of the weight adjustment was con-
ducted. 

6.6 Gradient-Based Optimization Approach 
Gradient-based optimization can be used for the computationally efficient optimization 
of suitable problems. In the following section, the application of classical gradient-based 
optimization and its limits as well as an adaption of the evolutionary optimization for 
similar functionality are described. 

6.6.1 Numerical Gradient Calculation 

Gradient-based optimizing offers a possibility to find the next local optimum rapidly. It 
requires, however, that the function to be optimized can be derived in the region of the 
optimization. For the fitness function in this thesis, no analytic derivative could be found. 
Therefore, numeric derivatives must be found to acquire some optimization functional-
ity. A derivative can be found by sequentially altering the parameters by a small amount 
and recording the changes in the fitness function. An approach where this is applied 
was implemented in the optimization toolbox. In the implementation, the parameter that 
causes the biggest improvement for a defined step size would be set to its improved 
level in each iteration. This approach would set multiple parameters to new levels in 
many applications, and a fast overall improvement would occur after several iterations. 

The challenge with the fitness function of the tape is its strong interdependence of the 
parameters, which can be regarded as dimensions in the optimization space. Therefore, 
improvement can often only be achieved for a combined variation of two or more pa-
rameters. In Figure 6-17, an example is given. For simplification, it is assumed that only 
the distance fitness is regarded and only the β angles and length values can be varied 
in this example. The original tape geometry is shown in black and the target mold is 
hatched. The start point and bend point 1, 2, and 3 are marked with green and orange 
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dots. Changing any single bend always increases the average distance between the 
tape and the target surface as large displacements occur in the area in the right of 
Figure 6-17. Example tapes with one changed angle are shown in purple, blue, and 
yellow for the three bends. The average distance improves only if more than one bend 
is changed. In the example in Figure 6-17, an improvement can be made by increasing 
the angle in bend 2 and compensating this by decreasing bends 1 and 3. In this situa-
tion, the fitness function has a saddle point with no improvement along any parameter 
axis. 

Pstart
Bend 1

Bend 2
Bend 3

Parameter adaption at bend number
1 2 3 1,2,3  

Figure 6-17: No change in only a single bend does improve the fitness although 
combined changes of multiple bends can improve the fitness. 

This behavior makes iterative gradient-based optimization along a single parameter di-
rection difficult. When varying the function along all of its parameters separately, it may 
falsely appear that no improvement is possible. To solve this problem, multiple param-
eters have to be adjusted in the right proportion. All combinations of parameter altera-
tions with various degrees of altering should be evaluated to gain information about the 
shape of the fitness function. Due to the high number of parameters, this requires a high 
computational effort, making the method unattractive. Furthermore, no way of setting 
the degree of variation is known. 

6.6.2 Adaption of the Evolutionary Algorithm 

To overcome the challenge, the behavior of evolutionary optimization can be used. A 
random alteration of all parameters can be obtained by setting the mutation rate to 
100%. To avoid big changes in the solution, the mutation range must be set to small 
values, e.g., 0.1% of the genome’s range. A Gaussian mutation can be used to concen-
trate the offspring to the parents more densely. To ensure alterations in the population, 
only the offspring of the last generation should be transferred to the next generation. 
The population size influences the survival chances of low fitness individuals and 
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thereby affects the search. The convergence speed and the degree of change in which 
the solutions vary can be adapted by adjusting the mutation range and population size. 
In Figure 6-18, an example of the adaption of a tape to a geometry with sharp edges is 
given. In this example, mostly the α angles are varied. In Figure 6-18 (a), the 2D starting 
solution is presented. In Figure 6-18 (b), the fitness plot of the seemingly converged 
conventional evolutionary solution (Figure 6-18 (c)) is shown. Only the α angles in the 
end of the tape could be optimized to the geometry due to the low probability of positive 
advantageous variations at the tape's beginning. Figure 6-18 (d) shows the result of 
optimization by adapted evolutionary optimization as described above. In this result, all  

 
Figure 6-18: Comparison of the evolutionary algorithm and the pseudo-gradient ap-
proach. Initial solution (a), fitness graph of the evolutionary optimization (300 Gener-

ations, 300 Individuals (b), result of the evolutionary optimization (c), result of the 
adapted pseudo-gradient evolutionary optimization (d) 

a) b)

c) d)
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α values are adapted to the geometry. The same result could be obtained by the evo-
lutionary approach at a much larger computational effort. 

6.7 GUI and Example Workflow 
During the development of the Input Shape Optimization, it became apparent that a 
graphical user interface (GUI) is needed for the interaction with the algorithm. In the 
following section, the implemented GUI (A_Biergans 2018; A_Brenner 2020; A_Wenzel 
2020) and its usage are briefly described. An Overview of the workflow is given in Figure 
6-19.  

GUI Window 1: 
Preprocessor 
Parameters:
�� stl-file
�� Tape properties
�� Preprocessor 

parameters

GUI Window 2: 
Point selection:
�� Start point
�� End point

GUI Window 4: Optimization 
Control:
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�� Optimization mode 

(optimize, 1D-gradient, 
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�� Evolutionary algorithm 
parameters
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GUI Window 3: 
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confirmation 
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Figure 6-19: Optimization Workflow 

In GUI Window 1, an .stl file and the preprocessors can be selected and parameterized 
(Figure 6-20). After the input file, the used tape is selected. The type is needed for 
writing bending parameters in the machine instruction. The tape width is needed for the 
correct kinematic modeling of the tape edges. The preprocessor(s) to be used are 
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ticked. Next, the resolution for the interpolation can be adjusted with only minor changes 
in both accuracy and computing time for resolutions above 1000 (points per coordinate 
direction). The center points of the triangles can be selected additionally to the corners 
as input for the interpolation. With the parameter “Width for edge-detection”, the dis-
tance between the planes in the 3D preprocessor solution can be adjusted. In the next 
field, the maximum allowed distance between the .stl file and the preprocessor solutions 
is given.  

 
Figure 6-20: Preprocessor parameters in GUI Window 1 

 
Figure 6-21: Presentation of the geometry in GUI Window 2 

In GUI Window 2, the interpolated geometry is visualized to the user and the start and 
end point can be selected (Figure 6-21). The window shows a top view of the interpo-
lation. Start and end point are selected by clicking on the interpolation surface. 
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Next, the preprocessor solutions are calculated. In informative windows, the centerlines 
of the selected solutions and their height profiles are shown (Figure 6-13). Afterward, 
the preprocessor solutions are shown in 3D plots. In GUI Window 3 (Figure 6-22), pa-
rameters can be adjusted by ticking “Try different setting”, or the optimization can be 
initiated by “Start”. 

 
Figure 6-22: GUI Window 3: Confirmation of the preprocessor results 

The optimization is controlled by the main GUI Window 4 (Figure 6-23). In the first sec-
tion, the preprocessor solutions to be used are selected. The start solutions are opti-
mized and overwritten individually, if any of the individual optimization functions is se-
lected. They can either be optimized using evolutionary or simplified gradient optimiza-
tion or manipulated by removing or adding bends. If none of the boxes in the individual 
optimization is ticked, the population of the optimization is initiated from all ticked pre-
processor solutions, and the result is stored in the current best chromosome, which can 
then again be used for optimization. In the next section, the evolutionary algorithm (EA) 
parameters are defined, and production restrictions (de-)activated. Four sets of fitness 
weights and the transition generations between them can be defined. Finally, the type 
and number of evaluation points for the kinematic model are set.  

After each manipulation or optimization run, the fitness development over the optimiza-
tion time and the result are presented in a 3D visualization (Figure 6-18 (b), (c)). If bends 
with β<5° occur in a solution, an alternative with those bends removed is proposed. The 
result can either be saved to the current best chromosome, discarded, or exported to 
machine instructions (Figure 6-24). 
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Figure 6-23: Optimization control in GUI Window 4 

 

  
Figure 6-24: GUI Window 5 and 6: Confirmation and Export of a solution 
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6.8 Conclusion on Finding Process Compliant Near-net-shape 
Geometries 

The Input Shape Optimization toolbox was developed and tested using various self-
generated .stl files and the demonstrator geometries from the DFG GRK2078 project. 
All used geometries had a shell shape as can be expected for automotive LFT compo-
nents. Four exemplary input geometries with optimization results are presented in Fig-
ure 6-25. With all tested geometries, the approach effectively supported the derivation 
of suitable bending machine code. In the visualization, it could be manually ensured 
that the preform shape is well suited to the CAD input file. The validation of the molding 
process following preforming, however, could not yet be executed, as the molding trials 
are scheduled to a later phase of the project.  

  

  
 

Figure 6-25: Results for four example geometries 

The found shape optimization approach is suitable for structures that are bent from 
tape-shaped raw material. It cannot be used for optimizing other preforming processes 
like stamp draping. Future improvement can be obtained by integrating the approach 
into a loop with molding simulations. In such a loop, the quality of a preform would be 
evaluated based on their final position and shape after molding. This way, imperfections 
in the molding process could be compensated by an adapted shape and lay-in position 
of the preform. 
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7 Summary and Outlook 
In this chapter, a summary of the research work in this thesis is given. In the outlook, 
measures of improvement for a series application and planned future work are pre-
sented. 

7.1 Summary 
Hybrid thermoplastic components combine the low cost of injection- or compression 
molded components with improved mechanical properties. They are made from a flow-
able component and continuous fiber reinforcements. Long-fiber-reinforced thermo-
plastics (LFT) are used as flowable component in this research project. UD-tapes are 
used for the reinforcement structure. In the preparation of the reinforcement structure, 
UD-tape is separated from a raw material supply, usually a spool, and preformed. The 
hybrid component is created in the co-molding step in which the reinforcement structure 
is embedded in the surrounding flowable material during solidification.  

The literature review showed that a great share of the component cost is allocated to 
preparing the reinforcement structure. Additional process steps cause high costs. Fur-
thermore, tooling cost increases the part price, especially for smaller batches. Methods 
for preforming unidirectional materials were screened and evaluated regarding their 
adaptability to various component shapes, their ability to preform thermoplastic materi-
als, and the possibility to form complex shapes. None of the methods in state-of-the-art 
is able to flexibly form thermoplastic UD-tapes without specific tools. 

This thesis aims to develop and commission a process that can preform UD-tapes for 
reinforcement structures in hybrid components without component-specific tooling. 
Therefore, a process development was started. The forming mechanisms drawing, 
bending, and shearing from (DIN 8582) were compared, and bending was selected as 
the most suitable for UD-reinforced thermoplastic tape for a well-controllable defor-
mation and easy tempering. For flexibility, the motion is controlled via robotic swing 
folding. To avoid material degradation and avoid unwanted deformations, a small 
heated area and therefore a local bend is desired. The process behavior was examined 
in a finite element model to identify the influence of fiber content, tape thickness, tape 
width, and bend radius. To form complex shapes, a tape strip can be bent at several 
positions. 
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Three main tasks had to be solved to apply the novel process. Firstly, suitable hardware 
for supplying, heating, bending, and cutting the tape strips had to be designed in de-
pendence on the process requirements. Secondly, parameters had to be found with 
which the hardware could be run for accurate bending. Thirdly, the process-dependent 
shape restrictions had to be regarded, and a way of adapting the bent shape to the set 
component shape had to be found. 

Developing the hardware was the first started task during the research in this thesis. 
The design process was guided by (VDI 2221). To get an overview of the process’ 
functions, it was analyzed in a functional chart according to (VDI 2860). It was identified 
that systems for the supply, movement, gripping, heating, and cutting of the tape are 
necessary. The tape is supplied from a spool by rollers that feed it through a guide. For 
additional stability, a clamp was added towards the exit of the guide. For the free move-
ment of the end effector, a six-axis industrial robot was selected as kinematic system. 
It positions both the gripper as well as the heating unit on the tape. This way, the heating 
unit does not need its own axes for the placement of bends at a variable tape position 
or at a variable angle. A clamping gripper was selected for the force introduction. For 
the heating, resistive heating with direct contact or induction, convective heating, radi-
ation heating, and contact heating were considered. After a ranking of prototypical heat-
ing units, radiation heating and contact heating were implemented. For the cutting, a 
pneumatically actuated blade was integrated into the supply unit. During the parameter 
examination, gained insights were constantly transferred into hardware improvements. 
One example is the evolution of a cooling nozzle at the gripper, which speeds up the 
manufacturing process. 

To identify suitable process parameters, the swing folding process was systematically 
analyzed. A kinematic description of a bend was developed after a pure rotation of the 
end effector proved insufficient. It describes the movement of the end effector depend-
ing on the width of the softened tape area and the distance of the gripper to this area. 
The effects that were observed while experimentally varying the kinematic parameters 
correspond well with the finite element model of the process. The parameters for con-
tact and radiation heating were analyzed separately from another. The heating yaw 
temperature and the waiting time between activating the heating and bending were var-
ied for the contact heating. The waiting time between activating the heating and bending 
and the heating time during bending were examined for the radiation heating. The in-
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fluence of the cooling time was analyzed for both heating methods. In a final experi-
mental series, it could be shown that the correct selection of the kinematic parameters 
was essential for high-quality results. The tape needed to be molten before bending 
and re-solidified before opening the gripper. More than sufficient increases in heating 
or cooling showed little effect on the process result. The radiation heating showed better 
accuracy and a better chance of reliable long-term use compared to the contact heating. 

For the industrial application of the process, a description of possible geometries and 
design methods are needed. Therefore, an input shape optimization toolbox was imple-
mented, which can translate the component net shape into a similar, process-compliant 
preform shape. The toolbox can be operated via a graphical user interface (GUI). The 
two main functions are analytical preprocessing into tape segments for the generation 
of an approximate solution and an evolutionary optimization for the final geometry ad-
justment. This separation is beneficial as analytical solutions offer short computing 
times while an evolutionary optimization enables the adjustment to complex fitness cri-
teria. For the analytical preprocessing, the distance evaluation between net shape sur-
face and process compliant surface as well as edge detection methods are used. The 
evolutionary fitness function considers the average and maximum distance between net 
shape and process compliant geometry, the correct tape length, the correct positioning 
in the mold, and hardware-dependent limitations like maximum bending angles. In the 
GUI, all relevant settings for the shape optimization can be set and the progress can be 
monitored. Manual adjustment of the bend number and the evolutionary parameters 
can be made after each optimization run. 

Finally, a summary and an outlook on the further processing of the bent UD-tapes are 
given. One possibility is the direct processing of the tapes in a mold. Alternatively, a 
more complex reinforcement structure can be assembled from the tape to simplify han-
dling operations during the molding. To fully exploit the potential process flexibility, it 
can be combined with additive manufacturing. 

7.2 Outlook 
In the research connected to this thesis, a novel swing folding process for the flexible 
preforming of thermoplastic UD-tapes was successfully developed. For this process, 
hardware was developed, parameters were derived, and a shape optimization toolbox 
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was implemented. The hardware for the test setup was designed with simple adjust-
ments and flexibility for research in mind. The used materials were selected based on 
availability on the market.  

For serial production, aspects like wear-free guides and bearings should be considered. 
In the supply unit, the cutting unit could be redesigned to obtain a smaller distance 
between the unit's outlet and the blade, thus allowing shorter tape ends after the last 
bend. The largest potential for further improvement lies in the heating unit for softening 
the tape. During the experimentation, the contact heating showed some pollution with 
matrix, which degraded over time. This did not show any influence in the experimenta-
tion, but for series production, anti-stick coatings on the aluminum should be taken into 
account. For the radiation heating unit, more powerful units with better interference con-
tour are commercially available if the budget for the devices and safety is set accord-
ingly. If the safety concept allows the application of laser heating, it could be used due 
to its good controllability and power. A heating device that became available during the 
research work is the Heraeus humm3. It is based on a xenon flashbulb and guides the 
radiation to the heated zone in a quartz light guide prism (Lascelles & Brown et al. 
2020). Resulting from the xenon flash bulb, rapid activation and deactivation and pre-
cise control of the power level should be possible (Monnot & Williams et al. 2018). This, 
and the high maximum output power, can be used to heat the tape rapidly and control 
its temperature during bending. The cooling process of the tape could also be acceler-
ated as the heat can be rapidly deactivated, and the amount of residual heat in the 
hardware could be reduced. Furthermore, the smaller interference contour, resulting 
from the quartz guide, can widen the range of possible β angles as this was limited by 
the collision between heating unit and tape. 

For industrial manufacturing of reinforcements, thicker raw materials should be used to 
increase the reinforcement effect. It could be shown that the process can be used for 
consolidated multi-layer tapes (Section 5.5). If the production volume is large enough 
for buying suitable raw material, either thicker tapes or pultruded profiles should be 
used. The commissioning of the process for this new material can be simplified by the 
experience gained during this thesis. A pragmatic approach would be to first examine 
the correct kinematic parameters on an overheated tape and later minimize heating 
until springback effects become noticeable. For the industrial use of any kind of mate-
rial, tolerances of the process must be determined. This can be done by executing a 
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statistically relevant number of repetitions and calculating the process capability for var-
ious tolerance field widths. 

The process functionality could be extended by forming a wider heated zone. For further 
flexibility, the width could be varied. The prerequisite for this would be a targeted laser 
beam heating with precise modeling of the heat demand, or a closed control loop to 
create and maintain the heated zone. To form the tape, the kinematic model should be 
extended with regard to lateral forces within the tape instead of the assumption of a 
constand bending momentum along the tape length. This way, the bending radius can 
be variable along the bend and geometric freedom is increased. To control this heating 
and movement, advanced modeling is needed. The connection between part shape 
and robot movement could for example be created by adding a vision system to gener-
ate data for machine learning during the robot movement. The data would have to in-
clude the shape of the tape and the position of the robot for each time step. Using this 
approach, the robot movement could be adjusted in real time during the bending pro-
cess. Springback influence cannot be corrected during a single bending process, as it 
only becomes visible once the gripper releases the tape. Here the existing approach of 
measuring after the bend and correcting the next bends (Kupzik & Ding et al. 2020) 
could be extended using machine learning to overcome stability issues of the control. 

The focus of this thesis was on the manufacturing of preforms for the local reinforce-
ment of thermoplastic components. The assembly to reinforcement structures and the 
co-molding with thermoplastic hotmelt were demonstrated in a simplified setting. The 
assembly can take place in a spot welding station as shown in Figure 7-1 (A_Gerweck 
2020). The already existing robotic arm can execute the handling tasks which are nec-
essary for assembly. 
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Figure 7-1: Outline (a) and implementation (b) of the assembly station 

The molding step could be demonstrated rudimentary as the tooling for processing LFT 
was not yet accessible. A manual process using thermoplastic hotmelt as surrounding 
component material was set up (A_Mai 2020). This way, investigations with single and 
multiple layers of tape, and pre-consolidated tape preforms could be processed (Figure 
7-2).  

 
Figure 7-2: UD-reinforced specimen 

The goal of future work is the industrial manufacturing of high-performance components 
from assembled reinforcement structures and LFT. The applicability of the process for 
tapes and thicker raw materials was shown. Single preforms were successfully joined 
to form reinforcement structures. However, the setting in demonstrating the co-molding 
was strongly simplified. The hot melt requires far less force for flowing compared to 
LFT. Therefore, thorough research on the co-molding of the preformed UD-tape strips 
is scheduled for the following generation of the research training group.
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Inprocess-Geometriemessung beim Honen 

Band 57
Dr.-Ing. Hans-Joachim Schelberg

Objektorientierte Projektierung von SPS-Software 

Band 58
Dr.-Ing. Klaus Boes

Integration der Qualitätsentwicklung in featurebasierte CAD/CAM-Prozessketten 

Band 59
Dr.-Ing. Martin Schreiber

Wirtschaftliche Investitionsbewertung komplexer Produktions- 
systeme unter Berücksichtigung von Unsicherheit 

Band 60
Dr.-Ing. Ralf Steuernagel

Offenes adaptives Engineering-Werkzeug zur automatisierten 
Erstellung von entscheidungsunterstützenden Informationssystemen 

Band 62
Dr.-Ing. Uwe Schauer

Qualitätsorientierte Feinbearbeitung mit Industrierobotern: Regelungsansatz 
für die Freiformflächenfertigung des Werkzeug- und Formenbaus 



Band 63
Dr.-Ing. Simone Loeper

Kennzahlengestütztes Beratungssystem zur Verbesserung der
Logistikleistung in der Werkstattfertigung 

Band 64
Dr.-Ing. Achim Raab

Räumen mit hartstoffbeschichteten HSS-Werkzeugen 

Band 65, 
Dr.-Ing. Jan Erik Burghardt

Unterstützung der NC-Verfahrenskette durch ein bearbeitungs- 
elementorientiertes, lernfähiges Technologieplanungssystem 

Band 66
Dr.-Ing. Christian Tritsch

Flexible Demontage technischer Gebrauchsgüter: Ansatz zur Planung und 
(teil-)automatisierten Durchführung industireller Demontageprozesse

Band 67
Dr.-Ing. Oliver Eitrich

Prozessorientiertes Kostenmodell für die entwicklungsbegleitende Vorkalkulation 

Band 68
Dr.-Ing. Oliver Wilke

Optimierte Antriebskonzepte für Räummaschinen - Potentiale zur Leistungs-
steigerung 

Band 69
Dr.-Ing. Thilo Sieth

Rechnergestützte Modellierungsmethodik zerspantechnologischer Prozesse 

Band 70
Dr.-Ing. Jan Linnenbuerger

Entwicklung neuer Verfahren zur automatisierten Erfassung der geometri-
schen Abweichungen an Linearachsen und Drehschwenkköpfen 

Band 71
Dr.-Ing. Mathias Klimmek

Fraktionierung technischer Produkte mittels eines frei beweglichen  
Wasserstrahlwerkzeuges 



Band 72
Dr.-Ing. Marko Hartel

Kennzahlenbasiertes Bewertungssystem zur Beurteilung der 
Demontage- und Recyclingeignung von Produkten 

Band 73
Dr.-Ing. Jörg Schaupp

Wechselwirkung zwischen der Maschinen- und Hauptspindelantriebsdynamik 
und dem Zerspanprozess beim Fräsen 

Band 74
Dr.-Ing. Bernhard Neisius

Konzeption und Realisierung eines experimentellen Telemanipulators  
für die Laparoskopie 

Band 75
Dr.-Ing. Wolfgang Walter

Erfolgsversprechende Muster für betriebliche Ideenfindungsprozesse. 
Ein Beitrag zur Steigerung der Innovationsfähigkeit 

Band 76
Dr.-Ing. Julian Weber

Ein Ansatz zur Bewertung von Entwicklungsergebnissen in virtuellen Szenarien 

Band 77
Dr.-Ing. Dipl. Wirtsch.-Ing. Markus Posur

Unterstützung der Auftragsdurchsetzung in der Fertigung durch  
Kommunikation über mobile Rechner 

Band 78
Dr.-Ing. Frank Fleissner

Prozessorientierte Prüfplanung auf Basis von Bearbeitungsobjekten für die 
Kleinserienfertigung am Beispiel der Bohr- und Fräsbearbeitung 

Band 79
Dr.-Ing. Anton Haberkern

Leistungsfähigere Kugelgewindetriebe durch Beschichtung 

Band 80
Dr.-Ing. Dominik Matt

Objektorientierte Prozess- und Strukturinnovation (OPUS) 



Band 81
Dr.-Ing. Jürgen Andres

Robotersysteme für den Wohnungsbau: Beitrag zur Automatisierung des 
Mauerwerkabaus und der Elektroinstallation auf Baustellen 

Band 82
Dr.-Ing. Dipl.Wirtschaftsing. Simone Riedmiller

Der Prozesskalender - Eine Methodik zur marktorientierten 
Entwicklung von Prozessen 

Band 83
Dr.-Ing. Dietmar Tilch

Analyse der Geometrieparameter von Präzisionsgewinden auf der Basis einer 
Least-Squares-Estimation 

Band 84
Dr.-Ing. Dipl.-Kfm. Oliver Stiefbold

Konzeption eines reaktionsschnellen Planungssystems für Logistikketten auf 
Basis von Software-Agenten 

Band 85
Dr.-Ing. Ulrich Walter

Einfluss von Kühlschmierstoff auf den Zerspanprozess beim Fräsen: Beitrag 
zum Prozessverständniss auf Basis von zerspantechnischen Untersuchungen 

Band 86
Dr.-Ing. Bernd Werner

Konzeption von teilautonomer Gruppenarbeit unter Berücksichtigung  
kultureller Einflüsse 

Band 87
Dr.-Ing. Ulf Osmers

Projektieren Speicherprogrammierbarer Steuerungen mit Virtual Reality 

Band 88
Dr.-Ing. Oliver Doerfel

Optimierung der Zerspantechnik beim Fertigungsverfahren 
Wälzstossen: Analyse des Potentials zur Trockenbearbeitung 

Band 89
Dr.-Ing. Peter Baumgartner

Stufenmethode zur Schnittstellengestaltung in der internationalen Produktion



Band 90
Dr.-Ing. Dirk Vossmann

Wissensmanagement in der Produktentwicklung durch Qualitäts- 
methodenverbund und Qualitätsmethodenintegration

Band 91
Dr.-Ing. Martin Plass

Beitrag zur Optimierung des Honprozesses durch den Aufbau einer  
Honprozessregelung 

Band 92
Dr.-Ing. Titus Konold

Optimierung der Fünfachsfräsbearbeitung durch eine kennzahlen- 
unterstützte CAM-Umgebung 

Band 93
Dr.-Ing. Jürgen Brath

Unterstützung der Produktionsplanung in der Halbleiterfertigung durch 
risikoberücksichtigende Betriebskennlinien 

Band 94
Dr.-Ing. Dirk Geisinger

Ein Konzept zur marktorientierten Produktentwicklung 

Band 95
Dr.-Ing. Marco Lanza

Entwurf der Systemunterstützung des verteilten Engineering mit Axiomatic Design 

Band 96
Dr.-Ing. Volker Hüntrup

Untersuchungen zur Mikrostrukturierbarkeit von Stählen durch das Ferti-
gungsverfahren Fräsen 

Band 97
Dr.-Ing. Frank Reinboth

Interne Stützung zur Genauigkeitsverbesserung in der Inertialmesstechnik: 
Beitrag zur Senkung der Anforderungen an Inertialsensoren 

Band 98
Dr.-Ing. Lutz Trender

Entwicklungsintegrierte Kalkulation von Produktlebenszykluskosten auf 
Basis der ressourcenorientierten Prozesskostenrechnung 



Band 99
Dr.-Ing. Cornelia Kafka

Konzeption und Umsetzung eines Leitfadens zum industriellen 
Einsatz von Data-Mining 

Band 100
Dr.-Ing. Gebhard Selinger

Rechnerunterstützung der informellen Kommunikation in verteilten  
Unternehmensstrukturen 

Band 101
Dr.-Ing. Thomas Windmüller

Verbesserung bestehender Geschäftsprozesse durch eine 
mitarbeiterorientierte Informationsversorgung 

Band 102
Dr.-Ing. Knud Lembke

Theoretische und experimentelle Untersuchung eines bistabilen 
elektrohydraulischen Linearantriebs 

Band 103
Dr.-Ing. Ulrich Thies

Methode zur Unterstützung der variantengerechten Konstruktion von  
industriell eingesetzten Kleingeräten 

Band 104
Dr.-Ing. Andreas Schmälzle

Bewertungssystem für die Generalüberholung von Montageanlagen      – Ein 
Beitrag zur wirtschaftlichen Gestaltung geschlossener Facility- Managment-
Systeme im Anlagenbau 

Band 105
Dr.-Ing. Thorsten Frank

Vergleichende Untersuchungen schneller elektromechanischer 
Vorschubachsen mit Kugelgewindetrieb 

Band 106
Dr.-Ing. Achim Agostini

Reihenfolgeplanung unter Berücksichtigung von Interaktionen: 
Beitrag zur ganzheitlichen Strukturierung und Verarbeitung von
Interaktionen von Bearbeitungsobjekten 



Band 107
Dr.-Ing. Thomas Barrho

Flexible, zeitfenstergesteuerte Auftragseinplanung in segmentierten 
Fertigungsstrukturen 

Band 108
Dr.-Ing. Michael Scharer

Quality Gate-Ansatz mit integriertem Risikomanagement 

Band 109
Dr.-Ing. Ulrich Suchy

Entwicklung und Untersuchung eines neuartigen Mischkopfes für das Wasser 
Abrasivstrahlschneiden 

Band 110
Dr.-Ing. Sellal Mussa

Aktive Korrektur von Verlagerungsfehlern in Werkzeugmaschinen 

Band 111
Dr.-Ing. Andreas Hühsam

Modellbildung und experimentelle Untersuchung des Wälzschälprozesses 

Band 112
Dr.-Ing. Axel Plutowsky

Charakterisierung eines optischen Messsystems und den Bedingungen des 
Arbeitsraums einer Werkzeugmaschine 

Band 113
Dr.-Ing. Robert Landwehr

Konsequent dezentralisierte Steuerung mit Industrial Ethernet und offenen 
Applikationsprotokollen 

Band 114
Dr.-Ing. Christoph Dill

Turbulenzreaktionsprozesse 

Band 115
Dr.-Ing. Michael Baumeister

Fabrikplanung im turbulenten Umfeld 

Band 116
Dr.-Ing. Christoph Gönnheimer

Konzept zur Verbesserung der Elektromagnetischen Verträglichkeit (EMV) in 
Produktionssystemen durch intelligente Sensor/Aktor-Anbindung 



Band 117
Dr.-Ing. Lutz Demuß

Ein Reifemodell für die Bewertung und Entwicklung von Dienstleistungs-
organisationen: Das Service Management Maturity Modell (SMMM) 

Band 118
Dr.-Ing. Jörg Söhner

Beitrag zur Simulation zerspanungstechnologischer Vorgänge mit Hilfe der 
Finite-Element-Methode 

Band 119
Dr.-Ing. Judith Elsner

Informationsmanagement für mehrstufige Mikro-Fertigungsprozesse 

Band 120
Dr.-Ing. Lijing Xie

Estimation Of Two-dimension Tool Wear Based On Finite Element Method

Band 121
Dr.-Ing. Ansgar Blessing

Geometrischer Entwurf mikromechatronischer Systeme 

Band 122
Dr.-Ing. Rainer Ebner

Steigerung der Effizienz mehrachsiger Fräsprozesse durch neue 
Planungsmethoden mit hoher Benutzerunterstützung 

Band 123
Dr.-Ing. Silja Klinkel

Multikriterielle Feinplanung in teilautonomen Produktionsbereichen – Ein 
Beitrag zur produkt- und prozessorientierten Planung und Steuerung 

Band 124
Dr.-Ing. Wolfgang Neithardt

Methodik zur Simulation und Optimierung von Werkzeugmaschinen in der 
Konzept- und Entwurfsphase auf Basis der Mehrkörpersimulation 

Band 125
Dr.-Ing. Andreas Mehr

Hartfeinbearbeitung von Verzahnungen mit kristallinen diamantbeschichteten 
Werkzeugen beim Fertigungsverfahren Wälzstoßen 



Band 126
Dr.-Ing. Martin Gutmann

Entwicklung einer methodischen Vorgehensweise zur Diagnose von 
hydraulischen Produktionsmaschinen 

Band 127
Dr.-Ing. Gisela Lanza

Simulative Anlaufunterstützung auf Basis der Qualitätsfähigkeiten von 
Produktionsprozessen 

Band 128
Dr.-Ing. Ulf Dambacher

Kugelgewindetrieb mit hohem Druckwinkel 

Band 129
Dr.-Ing. Carsten Buchholz

Systematische Konzeption und Aufbau einer automatisierten 
Produktionszelle für pulverspritzgegossene Mikrobauteile 

Band 130
Dr.-Ing. Heiner Lang

Trocken-Räumen mit hohen Schnittgeschwindigkeiten 

Band 131
Dr.-Ing. Daniel Nesges

Prognose operationeller Verfügbarkeiten von Werkzeugmaschinen unter 
Berücksichtigung von Serviceleistungen 

Im Shaker Verlag erschienene Bände:

Band 132
Dr.-Ing. Andreas Bechle

Beitrag zur prozesssicheren Bearbeitung beim Hochleistungs- 
fertigungsverfahren Wälzschälen

Band 133
Dr.-Ing. Markus Herm

Konfiguration globaler Wertschöpfungsnetzwerke auf 
Basis von Business Capabilities



Band 134
Dr.-Ing. Hanno Tritschler

Werkzeug- und Zerspanprozessoptimierung beim Hartfräsen 
von Mikrostrukturen in Stahl

Band 135
Dr.-Ing. Christian Munzinger

Adaptronische Strebe zur Steifigkeitssteigerung 
von Werkzeugmaschinen

Band 136
Dr.-Ing. Andreas Stepping

Fabrikplanung im Umfeld von Wertschöpfungsnetzwerken und 
ganzheitlichen Produktionssystemen

Band 137
Dr.-Ing. Martin Dyck

Beitrag zur Analyse thermische bedingter Werkstückdeformationen 
in Trockenbearbeitungsprozessen

Band 138
Dr.-Ing. Siegfried Schmalzried

Dreidimensionales optisches Messsystem für eine effizientere 
geometrische Maschinenbeurteilung

Band 139
Dr.-Ing. Marc Wawerla

Risikomanagement von Garantieleistungen

Band 140
Dr.-Ing. Ivesa Buchholz

Strategien zur Qualitätssicherung mikromechanischer Bauteile 
mittels multisensorieller Koordinatenmesstechnik

Band 141
Dr.-Ing. Jan Kotschenreuther

Empirische Erweiterung von Modellen der Makrozerspanung 
auf den Bereich der Mikrobearbeitung

Band 142
Dr.-Ing. Andreas Knödel

Adaptronische hydrostatische Drucktascheneinheit



Band 143
Dr.-Ing. Gregor Stengel

Fliegendes Abtrennen räumlich gekrümmter Strangpressprofile mittels 
Industrierobotern

Band 144
Dr.-Ing. Udo Weismann

Lebenszyklusorientiertes interorganisationelles Anlagencontrolling

Band 145
Dr.-Ing. Rüdiger Pabst

Mathematische Modellierung der Wärmestromdichte zur Simulation 
des thermischen Bauteilverhaltens bei der Trockenbearbeitung

Band 146
Dr.-Ing. Jan Wieser

Intelligente Instandhaltung zur Verfügbarkeitssteigerung 
von Werkzeugmaschinen

Band 147
Dr.-Ing. Sebastian Haupt

Effiziente und kostenoptimale Herstellung von Mikrostrukturen durch 
eine Verfahrenskombination von Bahnerosion und Laserablation

Band 148
Dr.-Ing. Matthias Schlipf

Statistische Prozessregelung von Fertigungs- und Messprozess zur 
Erreichung einer variabilitätsarmen Produktion mikromechanischer Bauteile

Band 149
Dr.-Ing. Jan Philipp Schmidt-Ewig

Methodische Erarbeitung und Umsetzung eines neuartigen 
Maschinenkonzeptes zur produktflexiblen Bearbeitung räumlich 
gekrümmter Strangpressprofile

Band 150
Dr.-Ing. Thomas Ender

Prognose von Personalbedarfen im Produktionsanlauf
unter Berücksichtigung dynamischer Planungsgrößen



Band 151
Dr.-Ing. Kathrin Peter

Bewertung und Optimierung der Effektivität von Lean Methoden 
in der Kleinserienproduktion

Band 152
Dr.-Ing. Matthias Schopp

Sensorbasierte Zustandsdiagnose und -prognose von Kugelgewindetrieben

Band 153
Dr.-Ing. Martin Kipfmüller

Aufwandsoptimierte Simulation von Werkzeugmaschinen

Band 154
Dr.-Ing. Carsten Schmidt

Development of a database to consider multi wear mechanisms 
within chip forming simulation

Band 155
Dr.-Ing. Stephan Niggeschmidt

Ausfallgerechte Ersatzteilbereitstellung im Maschinen- und Anlagenbau  
mittels lastabhängiger Lebensdauerprognose

Band 156
Dr.-Ing. Jochen Conrad Peters

Bewertung des Einflusses von Formabweichungen in der 
Mikro-Koordinatenmesstechnik

Band 157
Dr.-Ing. Jörg Ude

Entscheidungsunterstützung für die Konfiguration 
globaler Wertschöpfungsnetzwerke

Band 158
Dr.-Ing. Stefan Weiler

Strategien zur wirtschaftlichen Gestaltung der globalen Beschaffung

Band 159
Dr.-Ing. Jan Rühl

Monetäre Flexibilitäts- und Risikobewertung



Band 160
Dr.-Ing. Daniel Ruch

Positions- und Konturerfassung räumlich gekrümmter Profile auf Basis 
bauteilimmanenter Markierungen

Band 161
Dr.-Ing. Manuel Tröndle

Flexible Zuführung von Mikrobauteilen mit piezoelektrischen
Schwingförderern

Band 162
Dr.-Ing. Benjamin Viering

Mikroverzahnungsnormal

Band 163
Dr.-Ing. Chris Becke

Prozesskraftrichtungsangepasste Frässtrategien zur schädigungsarmen
Bohrungsbearbeitung an faserverstärkten Kunststoffen

Band 164
Dr.-Ing. Patrick Werner

Dynamische Optimierung und Unsicherheitsbewertung der lastabhängigen 
präventiven Instandhaltung von Maschinenkomponenten

Band 165
Dr.-Ing. Martin Weis

Kompensation systematischer Fehler bei Werkzeugmaschinen durch
self-sensing Aktoren

Band 166
Dr.-Ing. Markus Schneider

Kompensation von Konturabweichungen bei gerundeten Strangpressprofilen 
durch robotergestützte Führungswerkzeuge

Band 167
Dr.-Ing. Ester M. R. Ruprecht

Prozesskette zur Herstellung schichtbasierter Systeme mit integrierten
Kavitäten



Band 168
Dr.-Ing. Alexander Broos

Simulationsgestützte Ermittlung der Komponentenbelastung für die
Lebensdauerprognose an Werkzeugmaschinen

Band 169
Dr.-Ing. Frederik Zanger

Segmentspanbildung, Werkzeugverschleiß, Randschichtzustand und
Bauteileigenschaften: Numerische Analysen zur Optimierung des
Zerspanungsprozesses am Beispiel von Ti-6Al-4V

Band 170
Dr.-Ing. Benjamin Behmann

Servicefähigkeit 

Band 171
Dr.-Ing. Annabel Gabriele Jondral

Simulationsgestützte Optimierung und Wirtschaftlichkeitsbewertung
des Lean-Methodeneinsatzes

Band 172
Dr.-Ing. Christoph Ruhs

Automatisierte Prozessabfolge zur qualitätssicheren Herstellung von
Kavitäten mittels Mikrobahnerosion

Band 173
Dr.-Ing. Steven Peters

Markoffsche Entscheidungsprozesse zur Kapazitäts- und Investitionsplanung
von Produktionssystemen

Band 174
Dr.-Ing. Christoph Kühlewein

Untersuchung und Optimierung des Wälzschälverfahrens mit Hilfe von
3D-FEM-Simulation – 3D-FEM Kinematik- und Spanbildungssimulation

Band 175
Dr.-Ing. Adam-Mwanga Dieckmann

Auslegung und Fertigungsprozessgestaltung sintergefügter Verbindungen
für μMIM-Bauteile



Band 176
Dr.-Ing. Heiko Hennrich

Aufbau eines kombinierten belastungs- und zustandsorientierten Diagnose-
und Prognosesystems für Kugelgewindetriebe

Band 177
Dr.-Ing. Stefan Herder

Piezoelektrischer Self-Sensing-Aktor zur Vorspannungsregelung in
adaptronischen Kugelgewindetrieben

Band 178
Dr.-Ing. Alexander Ochs

Ultraschall-Strömungsgreifer für die Handhabung textiler Halbzeuge
bei der automatisierten Fertigung von RTM-Bauteilen

Band 179
Dr.-Ing. Jürgen Michna

Numerische und experimentelle Untersuchung zerspanungsbedingter
Gefügeumwandlungen und Modellierung des thermo-mechanischen
Lastkollektivs beim Bohren von 42CrMo4

Band 180
Dr.-Ing. Jörg Elser

Vorrichtungsfreie räumliche Anordnung von Fügepartnern auf Basis
von Bauteilmarkierungen

Band 181
Dr.-Ing. Katharina Klimscha

Einfluss des Fügespalts auf die erreichbare Verbindungsqualität beim Sinterfügen

Band 182
Dr.-Ing. Patricia Weber

Steigerung der Prozesswiederholbarkeit mittels Analyse akustischer Emissionen 
bei der Mikrolaserablation mit UV-Pikosekundenlasern

Band 183
Dr.-Ing. Jochen Schädel

Automatisiertes Fügen von Tragprofilen mittels Faserwickeln



Band 184
Dr.-Ing. Martin Krauße

Aufwandsoptimierte Simulation von Produktionsanlagen durch Vergrößerung 
der Geltungsbereiche von Teilmodellen

Band 185
Dr.-Ing. Raphael Moser

Strategische Planung globaler Produktionsnetzwerke
Bestimmung von Wandlungsbedarf und Wandlungszeitpunkt mittels
multikriterieller Optimierung

Band 186
Dr.-Ing. Martin Otter

Methode zur Kompensation fertigungsbedingter Gestaltabweichungen für die 
Montage von Aluminium Space-Frame-Strukturen

Band 187
Dr.-Ing. Urs Leberle

Produktive und flexible Gleitförderung kleiner Bauteile auf phasenflexiblen 
Schwingförderern mit piezoelektrischen 2D-Antriebselementen

Band 188
Dr.-Ing. Johannes Book

Modellierung und Bewertung von Qualitätsmanagementstrategien in globalen 
Wertschöpfungsnetzwerken

Band 189
Dr.-Ing. Florian Ambrosy

Optimierung von Zerspanungsprozessen zur prozesssicheren Fertigung nanokri-
stalliner Randschichten am Beispiel von 42CrMo4

Band 190
Dr.-Ing. Adrian Kölmel

Integrierte Messtechnik für Prozessketten unreifer Technologien am Beispiel der 
Batterieproduktion für Elektrofahrzeuge

Band 191
Dr.-Ing. Henning Wagner

Featurebasierte Technologieplanung zum Preforming von textilen Halbzeugen



Band 192
Dr.-Ing. Johannes Gebhardt

Strukturoptimierung von in FVK eingebetteten metallischen 
Lasteinleitungselementen

Band 193
Dr.-Ing. Jörg Bauer

Hochintegriertes hydraulisches Vorschubsystem für die Bearbeitung kleiner 
Werkstücke mit hohen Fertigungsanforderungen

Band 194
Dr.-Ing. Nicole Stricker

Robustheit verketteter Produktionssysteme
Robustheitsevaluation und Selektion des Kennzahlensystems der Robustheit

Band 195
Dr.-Ing. Anna Sauer

Konfiguration von Montagelinien unreifer Produkttechnologien am Beispiel der 
Batteriemontage für Elektrofahrzeuge

Band 196
Dr.-Ing. Florian Sell-Le Blanc

Prozessmodell für das Linearwickeln unrunder Zahnspulen
Ein Beitrag zur orthozyklischen Spulenwickeltechnik

Band 197
Dr.-Ing. Frederic Förster

Geregeltes Handhabungssystem zum zuverlässigen und energieeffizienten 
Handling textiler Kohlenstofffaserzuschnitte

Band 198
Dr.-Ing. Nikolay Boev

Numerische Beschreibung von Wechselwirkungen zwischen Zerspanprozess und 
Maschine am Beispiel Räumen

Band 199
Dr.-Ing. Sebastian Greinacher

Simulationsgestützte Mehrzieloptimierung schlanker und ressourceneffizienter 
Produktionssysteme



Band 200
Dr.-Ing. Benjamin Häfner

Lebensdauerprognose in Abhängigkeit der Fertigungsabweichungen  
bei Mikroverzahnungen

Band 201
Dr.-Ing. Stefan Klotz

Dynamische Parameteranpassung bei der Bohrungsherstellung in 
faserverstärkten Kunststoffen unter zusätzlicher Berücksichtigung 
der Einspannsituation

Band 202
Dr.-Ing. Johannes Stoll

Bewertung konkurrierender Fertigungsfolgen mittels Kostensimulation und 
stochastischer Mehrzieloptimierung
Anwendung am Beispiel der Blechpaketfertigung für automobile Elektromotoren

Band 203
Dr.-Ing. Simon-Frederik Koch

Fügen von Metall-Faserverbund-Hybridwellen im Schleuderverfahren
ein Beitrag zur fertigungsgerechten intrinsischen Hybridisierung

Band 204
Dr.-Ing. Julius Ficht

Numerische Untersuchung der Eigenspannungsentwicklung für sequenzielle 
Zerspanungsprozesse

Band 205
Dr.-Ing. Manuel Baumeister

Automatisierte Fertigung von Einzelblattstapeln in der Lithium-Ionen-
Zellproduktion

Band 206
Dr.-Ing. Daniel Bertsch

Optimierung der Werkzeug- und Prozessauslegung für das Wälzschälen von 
Innenverzahnungen



Band 207
Dr.-Ing. Kyle James Kippenbrock

Deconvolution of Industrial Measurement and Manufacturing Processes 
for Improved Process Capability Assessments

Band 208
Dr.-Ing. Farboud Bejnoud

Experimentelle Prozesskettenbetrachtung für Räumbauteile am Beispiel 
einer einsatzgehärteten PKW-Schiebemuffe

Band 209
Dr.-Ing. Steffen Dosch

Herstellungsübergreifende Informationsübertragung zur effizienten Produktion 
von Werkzeugmaschinen am Beispiel von Kugelgewindetrieben

Band 210
Dr.-Ing. Emanuel Moser

Migrationsplanung globaler Produktionsnetzwerke
Bestimmung robuster Migrationspfade und risiko-effizienter Wandlungsbefähiger

Band 211
Dr.-Ing. Jan Hochdörffer

Integrierte Produktallokationsstrategie und Konfigurationssequenz in 
globalen Produktionsnetzwerken

Band 212
Dr.-Ing. Tobias Arndt

Bewertung und Steigerung der Prozessqualität in globalen 
Produktionsnetzwerken
 
Band 213
Dr.-Ing. Manuel Peter

Unwuchtminimale Montage von Permanentmagnetrotoren durch modellbasierte 
Online-Optimierung
 
Band 214
Dr.-Ing. Robin Kopf

Kostenorientierte Planung von Fertigungsfolgen additiver Technologien



Band 215
Dr.-Ing. Harald Meier

Einfluss des Räumens auf den Bauteilzustand in der Prozesskette 
Weichbearbeitung – Wärmebehandllung – Hartbearbeitung

Band 216
Dr.-Ing. Daniel Brabandt

Qualitätssicherung von textilen Kohlenstofffaser-Preforms mittels 
optischer Messtechnik

Band 217
Dr.-Ing. Alexandra Schabunow

Einstellung von Aufnahmeparametern mittels projektionsbasierter Qualitäts-
kenngrößen in der industriellen Röntgen-Computertomographie

Band 218
Dr.-Ing. Jens Bürgin

Robuste Auftragsplanung in Produktionsnetzwerken
Mittelfristige Planung der variantenreichen Serienproduktion unter Unsicherheit 
der Kundenauftragskonfigurationen

Band 219
Dr.-Ing. Michael Gerstenmeyer

Entwicklung und Analyse eines mechanischen Oberflächenbehandlungs-
verfahrens unter Verwendung des Zerspanungswerkzeuges
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Zum Buch

Hybrid fiber-reinforced components made of Long-Fiber-reinforced Thermoplastic 
(LFT) and unidirectional continuous fiber reinforced tapes (UD-tape) offer great 
opportunity to reduce weight while saving manufacturing cost compared to 
monolithic UD-tape components. In such a combination, the excellent formability 
of LFT is used for filling corners, ribs, and other geometrically complex areas of 
the component while the UD-tape increases strength and stiffness. Preforming 
continuous fiber materials, like UD-tape, is a costly step in manufacturing fiber-
reinforced polymer (FRP) components. The effort for preforming should be 
minimized to further improve the competitiveness of the hybrid design. Current 
preforming processes do not fit the requirements of reinforcement structures. 
Therefore, they require additional handling steps for positioning the material 
and costly tooling for controlling the forming of the material. At the same time, 
the existing processes offer high capability for workpiece complexity, which is not 
needed as the complex areas in hybrid components are formed by LFT. 

In this thesis, a process for the flexible preforming of linear reinforcements 
from UD-tape strips is designed, commissioned, and optimized. An algorithm 
for adjusting the preform shape to the preforming process restrictions while 
maintaining the general shape is presented. Using the novel preforming process, 
cost for component specific preforming tools can be avoided and deviations in 
subsequent process steps can be compensated for during running manufacturing.

Daniel Kupzik
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