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in-situ Tapelegen, thermoplastische Faserverbundwerkstoffe, Steering, Gap und Overlap Defekte, 
komplexe Geometrien, Pfadplanung, Mechanische Prüfung 
 
Lukas RAPS 
DLR, Institut für Bauweisen und Strukturtechnologie, Stuttgart 
 
Automatisiertes Tapelegen mit in-situ Konsolidierung für komplexe Geometrien 
Universität Stuttgart 
 
Thermoplastisches Automated Fiber Placement (AFP) hat großes Potenzial für die zeit- und 
kosteneffiziente Herstellung von großen Strukturbauteilen für die Luft- und Raumfahrt, indem 
mittels in-situ-Konsolidierung auf die anschließende zeit- und kostenaufwändige Autoklav-
Konsolidierung verzichtet werden kann. Während ebene Laminate bereits mit dem in-situ AFP-
Verfahren hergestellt wurden und dabei ähnliche Eigenschaften wie autoklav- oder 
presskonsolidierte Referenzbauteile erreicht wurden, stellen komplexe doppelt gekrümmte 
Geometrien eine zusätzliche Herausforderung für den ohnehin schon anspruchsvollen Prozess 
dar. Mit dem Einsatz von in-situ AFP werden Defekte, die beim Aufbringen von 
zweidimensionalen Tapes auf dreidimensionale (doppelt gekrümmte) Geometrien unweigerlich 
entstehen, nicht in einem nachfolgenden Nachkonsolidierungsprozess abgemildert. Inwieweit 
diese Defekte im Laminat toleriert werden können und welchen Einfluss sie auf die mechanischen 
Eigenschaften haben, ist das Thema dieser Dissertation.  
Diese Arbeit betrachtet daher die Interaktion von Effekten, die sich aus dem Prozess und der 
komplexen Geometrie ergeben. Drei komplexe Referenzgeometrien wurden hierzu als relevante 
Anwendungen des in-situ AFP Prozesses betrachtet: Ein Variable Stiffness Panel mit konstanter 
Bahnkrümmung, welches eine zweidimensionale akademische Repräsentation einer 
steifigkeitsoptimierten Struktur darstellt; eine rotationssymmetrische Wasserstofftankgeometrie; 
und ein komplexer Rumpfabschnitt, welcher Freiformgeometrien repräsentiert. Mithilfe von 
Pfadplanungssimulation und speziell entwickelter Python-Skripte wurden Ablegestrategien 
entwickelt und die resultierenden Steering-Defekte, Winkelabweichungen und Gap- oder 
Overlap-defekte quantifiziert, um eine Korrelation mit den Parametern der Ablegestrategie zu 
bestimmen. 
Die ermittelten Krümmungsradien wurden als Ausgangswerte für eine umfassende 
experimentelle Studie zu Steering-Defekten verwendet. Aus den Versuchsergebnissen ergaben 
sich Erkenntnisse zu den Mechanismen und der Initiierung verschiedener Defekttypen infolge 
der Bahnkrümmung. Ein neuartiges Konzept der kritischen Bogenlänge wurde entwickelt und 
validiert, das den Lösungsraum der nutzbaren Krümmungsradien durch die Implementierung 
radiusabhängiger Bogenlängengrenzen erweitert. Mittels hochauflösender optischer 3D-
Vermessungen wurde ein empirisches Modell zur Vorhersage der bahnkrümmungsinduzierten 
Geometrieänderungen des konsolidierten Tapes erstellt. Anhand des Modells wurden optimierte 
Ablegepfade entwickelt, um Gap-Defekte zwischen schmäler werdenden gekrümmten Tapes zu 
vermeiden. Die Methodik wurde in beispielhaften Fertigungsexperimenten erfolgreich validiert. 
Zur Validierung der Konsolidierungsqualität wurden Laminate mit unterkritischen 
Krümmungsradien hergestellt und mit mechanischen Vier- und Fünf-Punkt-Biegeversuchen 
getestet. Dabei wurden ähnliche Ergebnisse für die interlaminare Scherfestigkeit und die 
Biegefestigkeit erreicht wie bei den Referenzproben mit geraden Ablegebahnen. Somit wurde ein 
neuartiges erweitertes Kriterium für Steering erfolgreich eingeführt und validiert. 
Die zweite wichtige Defektart, Gaps und Overlaps, wurde in einer weiteren Versuchsreihe 
untersucht. Realistische dreieckige, versetzt angeordnete Gap- und Overlap-Defekte, wie aus 
den Simulationsergebnissen abgeleitet, wurden in die Testlaminate eingebracht. Die 
Mikrostruktur der Laminate mit Defekten wurde mittels zerstörungsfreier Prüfung und 
mikroskopischer Bildgebungsverfahren detailliert analysiert und es wurden Poren in den 
Defektbereichen in Abhängigkeit vom Defekttyp und der Lagenorientierung über den Defekten 
identifiziert. Zug- und Druckversuche mit Defektproben wurden durchgeführt und mittels digitaler 
Bildkorrelation im Hinblick auf Festigkeit, Steifigkeit und Versagensmodi analysiert. Insgesamt 
führten die realistischen, versetzt angeordneten Defekte jedoch zu einer unterkritischen 
Veränderung der Laminatkomposition und die daraus resultierenden mechanischen 
Eigenschaften auf Coupon-Ebene zeigten nur einen geringen statistisch signifikanten Einfluss 
der Defekte. Ein größerer Einfluss wurde für das in-situ AFP-Prozessfenster in Bezug auf die 



Werkzeugtemperatur und die Einhaltung der optimalen Prozessparameter festgestellt. 
Diese Arbeit stellt eine umfassende Analyse der Korrelationen und Mechanismen zwischen 
komplexen Geometrien, Ablegestrategien und resultierenden Defekten für den in-situ AFP-
Prozess dar. Sie liefert einen ersten Beweis dafür, dass komplexe in-situ AFP-Strukturen von 
hoher Qualität erreicht werden können. 
 
  



in-situ Automated Fiber Placement, thermoplastic composites, steering, gap and overlap 
defects, complex geometries, path planning, mechanical testing 

(Published in English) 
Lukas RAPS 
German Aerospace Center (DLR), Institute of Structures and Design, Stuttgart 
 
In-situ Automated Fiber Placement Manufacturing for Complex Geometries 
University of Stuttgart 
 
Thermoplastic Automated Fiber Placement (AFP) has great potential for the time- and cost-
efficient manufacturing of large-scale aerospace components by means of in-situ consolidation, 
omitting subsequent time-consuming and costly autoclave consolidation. While flat laminates 
have been manufactured using the in-situ AFP process, achieving properties similar to autoclave- 
or press-consolidated references, complex double-curved geometries present an additional 
challenge to the already ambitious process. Defects, which inevitably arise when applying two-
dimensional tape material to three-dimensional (double-curved) geometries, are not mitigated by 
subsequent bulk consolidation when opting for in-situ manufacturing. The extent to which these 
defects can be tolerated in the laminate and what influence they have on the mechanical 
properties is the subject of this dissertation. 
The work presented here addresses the combination of complications arising from the process 
and from the part geometry. To this end three, complex reference geometries were employed as 
relevant applications of the in-situ AFP process: A constant curvature Variable Stiffness Panel, 
which is a two-dimensional academic representation of a stiffness-optimized structure; a 
rotationally symmetrical hydrogen tank geometry; and a complex fuselage section, representing 
free-form geometries. Using tape placement simulation and specially developed Python scripts, 
layup strategies were developed and resulting steering defects, angle deviation and gap or 
overlap defects were quantified to determine a correlation with parameters of the layup strategy. 
The derived steering radii were used as starting values for a comprehensive experimental study 
on steering defects. The experimental results provided insight into the mechanisms and onset of 
different defect types following in-plane path curvature. A novel concept of critical arc length was 
developed and validated expanding the design space of usable steering radii by introducing 
radius-dependent arc length limits. High-resolution optical 3D scans were used to develop an 
empirical model to predict the steering-induced geometry changes of the consolidated tape. From 
the model, coverage-optimized layup paths were developed to avoid gap defects between 
narrowing steered tapes. The methodology was successfully validated in example manufacturing 
experiments. Laminates with subcritical steered plies were manufactured and the consolidation 
quality was validated using mechanical four and five-point bending tests. Similar interlaminar 
shear strength and bending strength results were found as vin straight-path reference samples. 
A novel boundary condition allowing for steering was thus successfully established. 
The second major defect type, gaps and overlaps, was investigated in another comprehensive 
test campaign. Realistic triangular staggered gap and overlap defect patterns as derived from the 
simulation results were introduced into test laminates. The microstructure of the defect laminates 
was analyzed in detail using advanced non-destructive testing and micro imaging methods and 
pores were identified as a function of the coverage ratio and ply orientation following the defects. 
Tensile and compressive coupon tests were carried out and analyzed using Digital Image 
Correlation with regard to strength, stiffness and failure modes. Overall the realistically staggered 
defects resulted in a subcritical disruption of the laminate composition and the resulting coupon-
level mechanical properties showed little if any statistically significant impact of defects. A greater 
influence was found for the in-situ AFP process window with regard to tool temperature and close 
adherence to the optimal process parameters. 
This work presents a comprehensive analysis of correlations between complex geometries, layup 
strategies and resulting defects for the in-situ AFP process. It provides initial proof that high 
quality complex in-situ AFP structures can be achieved. 
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Abstract

Thermoplastic Automated Fiber Placement (AFP) has great potential for the time- and

cost-efficient manufacturing of large-scale aerospace components by means of in-situ

consolidation, omitting subsequent time-consuming and costly autoclave consolidation. While

flat laminates have been manufactured using the in-situ AFP process, achieving properties

similar to autoclave- or press-consolidated references for optimum manufacturing conditions,

complex double-curved geometries present an additional challenge to the already ambitious

process. Defects, which inevitably arise when applying two-dimensional tape material to

three-dimensional (double-curved) geometries, are not mitigated by subsequent bulk

consolidation when opting for in-situ manufacturing. The extent to which these defects can be

tolerated in the laminate and what influence they have on the mechanical properties is the

subject of this dissertation.

The work presented here addresses the combination of complications arising from the process

and from the part geometry. To this end three, complex reference geometries were employed

as relevant applications of the in-situ AFP process: A constant curvature Variable Stiffness

Panel, which is a two-dimensional academic representation of a stiffness-optimized structure; a

rotationally symmetrical hydrogen tank geometry; and a complex fuselage section, representing

free-form geometries. Using tape placement simulation and specially developed Python scripts,

layup strategies were developed and resulting steering defects, angle deviation and gap or overlap

defects were quantified to determine a correlation with parameters of the layup strategy.

The derived steering radii were used as starting values for a comprehensive experimental

study on steering defects. The experimental results provided insight into the mechanisms and

onset of different defect types following in-plane path curvature. A novel concept of critical arc

length was developed and validated expanding the design space of usable steering radii by

introducing radius-dependent arc length limits. High-resolution optical 3D scans were used to

develop an empirical model to predict the steering-induced geometry changes of the

consolidated tape. From the model, coverage-optimized layup paths were developed to avoid

gap defects between narrowing steered tapes. The methodology was successfully validated in

example manufacturing experiments. Laminates with subcritical steered plies were

manufactured and the consolidation quality was validated using mechanical four and five-point
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Kurzfassung

Thermoplastisches Automated Fiber Placement (AFP) hat großes Potenzial für die zeit- und

kosteneffiziente Herstellung von großen Strukturbauteilen für die Luft- und Raumfahrt, indem

mittels in-situ-Konsolidierung auf die anschließende zeit- und kostenaufwändige

Autoklav-Konsolidierung verzichtet werden kann. Während ebene Laminate bereits mit dem

in-situ AFP-Verfahren hergestellt wurden und dabei, unter optimalen Prozessbedingungen,

ähnliche Eigenschaften wie autoklav- oder presskonsolidierte Referenzbauteile erreicht wurden,

stellen komplexe doppelt gekrümmte Geometrien eine zusätzliche Herausforderung für den

ohnehin schon anspruchsvollen Prozess dar. Mit dem Einsatz von in-situ AFP werden Defekte,

die beim Aufbringen von zweidimensionalen Tapes auf dreidimensionale (doppelt gekrümmte)

Geometrien unweigerlich entstehen, nicht in einem nachfolgenden Nachkonsolidierungsprozess

abgemildert. Inwieweit diese Defekte im Laminat toleriert werden können und welchen

Einfluss sie auf die mechanischen Eigenschaften haben, ist das Thema dieser Dissertation.

Diese Arbeit betrachtet daher die Interaktion von Effekten, die sich aus dem Prozess und

der komplexen Geometrie ergeben. Drei komplexe Referenzgeometrien wurden hierzu als

relevante Anwendungen des in-situ AFP Prozesses betrachtet: Ein Variable Stiffness Panel mit

konstanter Bahnkrümmung, welches eine zweidimensionale akademische Repräsentation einer

steifigkeitsoptimierten Struktur darstellt; eine rotationssymmetrische

Wasserstofftankgeometrie; und ein komplexer Rumpfabschnitt, welcher Freiformgeometrien

repräsentiert. Mithilfe von Pfadplanungssimulation und speziell entwickelter Python-Skripte

wurden Ablegestrategien entwickelt und die resultierenden Steering-Defekte,

Winkelabweichungen und Gap- oder Overlap-defekte quantifiziert, um eine Korrelation mit

den Parametern der Ablegestrategie zu bestimmen.

Die ermittelten Krümmungsradien wurden als Ausgangswerte für eine umfassende

experimentelle Studie zu Steering-Defekten verwendet. Aus den Versuchsergebnissen ergaben

sich Erkenntnisse zu den Mechanismen und der Initiierung verschiedener Defekttypen infolge

der Bahnkrümmung. Ein neuartiges Konzept der kritischen Bogenlänge wurde entwickelt und

validiert, das den Lösungsraum der nutzbaren Krümmungsradien durch die Implementierung

radiusabhängiger Bogenlängengrenzen erweitert. Mittels hochauflösender optischer

3D-Vermessungen wurde ein empirisches Modell zur Vorhersage der
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List of Nomenclature

Adefect Cumulated gap or overlap defect area [mm2]

Adome Area of spherical dome [mm2]

B0 Variable stiffness panel inflection point x-coordinate [mm]

B(i) Variable stiffness panel inflection point x-coordinate of individual tows [mm]

D Shifting distance [mm]

D0 Variable stiffness panel shifting distance (Overlaps) [mm]

D0,gaps Variable stiffness panel shifting distance (Gaps) [mm]

Dh Degree of Healing [-]

Dic Degree of Intimate Contact [-]

E Fundamental coefficient of Surface S [-]

Eb Flexural modulus [MPa]

Ec Compressive modulus [MPa]

Et Tensile modulus [MPa]

F Fundamental coefficient of Surface S [-]

Fcon Consolidation force [N]

Ft Tape force [N]

G Fundamental coefficient of Surface S [-]

K Curvature [1/mm]

Kg Geodesic curvature [1/mm]

Kn Normal curvature [1/mm]

L Support span [mm]

P Load [N]

PLaser Laser power [W]

Pu Ultimate load [N]

PBS Percent bending strain [%]

R Radius [mm]

S Staggering factor [-]

S(u, v) Parametric surface [-]

T0 Angle between y-axis and reference curve at origin of VSP [°]

x







HP Hot pressed

HT Heated tooling

ILSS Interlaminar shear strength

IPSS In-plane shear strength

LM-PAEK Low-melt polyaryletherketone

MTLH Multi tape laying head

Nd : Y AG Neodymium-doped yttrium aluminum garnet

NIR Near infrared

n.s. Not (statistically) significant

OoA Out of Autoclave

PA6 Polyamide 6

PEEK Polyether ether ketone

PEKK Polyether ketone ketone

PPS Polyphenylene sulfide

Prepreg Preimpregnated composite semi-finished product

QI Quasi-isotropic

RMSE Root mean square error

RT Room temperature

SLS Single lap shear

TCP Tool center point

UD Unidirectional

V CSEL Vertical-cavity surface-emmitting laser

V SP Variable stiffness panel

V SS Variable spot size
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Figure 2.1: (a) Automated Fiber Placement end-effector and multiple tape layup [15], (b)

Drawing of Hercules FPM1 [17]

Hercules Aerospace started developing the first AFP machine in 1980, with the first

functional machine presented in 1983 (Figure 2.1(b)) [17]. Relatively cheap dry fiber filament

was impregnated using hot melt resin in the delivery system of the machine. At the same time

it was able to lay down tape at orientations from 0 ° to 90 ° and cut and restart individual

tows. The process thus combined the complex geometry capabilities of filament winding with

the ability of ATL to produce large non-rotationally symmetrical components.

Within the Advanced Composite Airframe Program (ACAP), Sikorsky successfully

manufactured a helicopter tail cone using this technology (Figure 2.2). In the same year the

first pre-impregnated tow (prepreg) material was developed for AFP to increase resin content

control [18–20].

Figure 2.2: Sikorsky ACAP tail cone: (a) Tail cone manufacture using a combination of

Filament Winding and Fiber Placement [19, 20], (b) Finished integral tail cone

structure [19], (c) Sikorsky S-75 ACAP prototype first flight 1984 [18,19]

The principle of AFP was first presented to the public at SAMPE conference in 1989 [21] [22].

At NASA Marshall Space Center, Vickers et al. developed a functional AFP machine (Fiber

Placement System, FPX) for layup in complex-shaped geometries, capable of depositing up to 24

3.175mm wide tows. The system was based on a CNC machine and allowed for individual tow
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bending strength. Blom adapted the principle of flat Variable Stiffness laminates to cylindrical

and conical structures [186, 187, 190, 205]. The optimization of a variable stiffness cylindrical

shell resulting in 17 % improvement in buckling load under longitudinal bending [190,280].

To the authors’ knowledge, manufacturing of thermoplastic Variable Stiffness Laminates or

considerations of in-situ AFP manufacturing signature have not been investigated yet.

2.3.2 In-situ AFP technology demonstrators

While AFP represents the state of the art for the production of thermoset composite components,

only a limited number of technology demonstrators and applications have been presented for

in-situ AFP. Important recent developments are presented in this section.

A group of researches at the University of Limerick’s Bernal Institute designed, manufactured

and tested a full-scale wing box segment of an Airbus A320-sized aircraft using in-situ AFP

(Figure 2.24 (a)) [281, 282]. Closed-section omega stringers were manufactured using an in-situ

AFP winding process and inserted into a collapsible tooling [281,282]. The stringers were joined

to the skin during the first-ply layup. The skin design used in-situ AFP winding with fiber

steering for a variable stiffness layup. The tapes were steered from 35 ° to 52 °, considering the

minimal steering radius of 400 mm, determined in [219]. Elastic buckling was demonstrated

in both simulation and full-scale test of the wingbox. The variable stiffness section of the skin

showed significant gaps between steered tows [261]. Spreading of thermoplastic prepreg tape, as

presented in section 2.2.3 was mentioned as a possible solution to overcome this issue.

Figure 2.24: Thermoplastic wing box segment [261]: (a) wing box overview (b) detail view of

steering-induced gap defects

Researchers at the German Aerospace Center (DLR) Institute of Structures and Design

manufactured a full scale 8 m long and 4 m diameter fuselage half shell manufacturing

demonstrator using in-situ AFP skin layup and subsequent ultrasonic and resistance welding

for joining stringers and frames, respectively (Figure 2.25(left)) [283–286].

Recent work by Cetim showed an in-situ consolidated Krueger flap, manufactured using

heated tooling and a thermoplastic tape winding process [287] (Figure 2.25(right)).
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Figure 2.25: Clean Sky 2 in-situ AFP demonstrator components: (left) Multifunctional

Fuselage Demonstrator upper shell [289], (right) Krueger wing flap [290]

Researchers at FIDAMC (Foundation for Research, Developement and Application of

Composite Materials, Getafe, ES) demonstrated co-consolidation of thermoplastic stiffening

elements and in-situ AFP skin layup in multiple publications [67, 166, 288]. Mart́ın et al. [166]

manufactured a component level fuselage section consisting of two press-consolidated omega

stringers, a press-consolidated Z-shaped frame and in-situ AFP skin. The stiffening elements

were inserted into a 180 °C heated tooling and joined to the skin during the first ply layup.

In-situ AFP in plane shear strength (IPSS) reached 75 % of oven consolidated reference

laminates. Zuazo et al. [288] similarly manufactured an upper wing shell demonstrator using

in-situ AFP layup directly on T-Stringers inserted into a tooling.

2.4 Summary of the State of the Art

The analysis of the literature allows the following conclusions to be drawn. In-situ AFP has

been in development for more than four decades. A large part of the research has focused on

process optimization to achieve autoclave-level consolidation quality. While this has been

achieved for unidirectional layup in some cases, manufacture of realistic quasi-isotropic

laminates still presents a challenge to the technology. State of the art laser heating and process

control- and monitoring systems as well as AFP-grade prepreg material have the potential to

further advance the technology. Recent developments successfully investigated higher layup

rates and process scaling for potential future full-scale applications. The in-situ AFP process

represents a multi-factorial optimization problem, the solution of which, however, offers the

prospect of far-reaching advantages for the production of large-scale composite primary

structure components.

So far, only very limited research has been carried out on in-situ AFP for complex

geometries. Comprehensive literature is however available on thermoset AFP for complex
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Chapter 3

Research Aim and Outline

3.1 Research Gap

As detailed in Chapter 2, there is extensive literature on thermoset AFP for complex

structures. For in-situ AFP, however, further work is required to investigate the impact of

complex geometries on the resulting laminate composition and performance. Without the

subsequent autoclave- or press consolidation, complex geometry layup presents a significantly

greater challenge to in-situ AFP compared to thermoset AFP, as inevitable defects cannot be

mitigated in a post-consolidation process. A detailed analysis of the defects and investigation

of the resultant knockdown factors is thus required. In the literature, the impact of the

geometry-induced steering- and gap-or overlap defects on the laminate composition and the

resulting mechanical properties has not yet been investigated. Key research gaps include the

quantification of steering-induced narrowing of consolidated tape width and deriving adjusted

layup paths and quantifying the impact of steered layup and gap and overlap defects on

mechanical properties of resulting in-situ AFP laminates. Such results are necessary to develop

in-situ AFP process-specific layup strategies. While many of the basic correlations for

geometry-dependent path planning and the resulting defect geometries can be adopted from

thermoset AFP, the weighting of the parameters for the layup strategy considering in-situ

AFP-specific defect signature is novel. This would be an important step in assessing the

suitability of the in-situ AFP technology for complex structures and potential applications.

3.2 Research Aim and Objectives

The aim of this work is thus to investigate the impact of geometry-induced defects on in-situ

AFP-manufactured laminates and to develop layup strategies that consider the process-specific

defect signature. To this end, the following research objectives were derived:

1. Determine geometry-induced defect dimensions for relevant complex geometries.
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2. Investigate steering defects with a particular focus on their impact on laminate level

mechanical properties.

3. Investigate geometry-induced gap and overlap defects and their impact on laminate

composition and mechanical properties.

4. Develop layup strategies considering the geometry-induced defect influence for in-situ AFP.

3.3 Outline of the thesis

This work is structured as follows: Firstly, in the following Chapter 4 the relevant materials,

manufacturing and analysis methods are presented. In Chapter 5, layup strategies for relevant

complex geometries are investigated to determine relevant defect geometries as a basis for the

experimental design of the subsequent investigation of steering and gap and overlap defects.

Furthermore, the interdependencies of layup strategy parameters and the resulting

geometry-induced defects are determined as a basis for the layup strategy recommendations in

Chapter 8. In Chapter 6 in-plane path curvature is investigated experimentally in terms of the

resulting steering defects for varying process parameters and the impact on laminate level

mechanical properties. Gap and overlap defects and their impact on the resulting laminate

composition and mechanical properties are investigated in Chapter 7. Chapter 8 presents the

conclusions, which can be drawn from both defect analysis chapters with regard to resulting

layup strategies for in-situ AFP and the laminate quality, which can be expected from the

process. Final conclusions and an outlook which addresses relevant topics for subsequent work

are outlined. Additional information can be found in the appendix (Chapter 8.4).
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a measurement frequency of 60 Hz and with an emissivity coefficient εe = 1. The measured

temperature thus does not represent the real temperature but a repeatable reference value with

an accuracy of ±2 %. This approach was selected, since it is was not the objective to measure

the exact process temperature, but to analyze temperature deviations from the empirically

optimized process parameter set. The recorded matrix of temperature values is evaluated row

by row. For each row, the hottest pixels are deleted and an average value is calculated from a

defined number of the next hottest pixels, which is output as the temperature for the respective

row. The rows of the sensor array are divided into evaluation areas, as presented in Figure 4.3.

Figure 4.3: AFP end effector thermal camera temperature measurement principle

The hottest row of the tape temperature (Ttape) and ply temperature (Tply) evaluation

areas are defined as the tape temperature and ply temperature, respectively. The nip point

temperature (Tnp) is defined as the hottest row of the entire temperature array. These three

temperature values are recorded as time series and are available for subsequent process

parameter analysis. Due to the laser shadow and the pressure-induced deformation of the

consolidation roller, the thermal camera cannot measure the temperature exactly at the nip

point. The distance between the temperature measuring point and the tool center point

(TCP), which is defined as the central contact point of the roller with the tool, was

experimentally determined for the utilized end-effector and consolidation roller to be 7.755 mm

in [291] and was considered in the process temperature analysis.

4.5 Ultrasonic Testing

An Evident (formerly Olympus, Tokyo, Japan) OmniScan MX2 with a 5L64-NW1 phased array

probe was used for ultrasonic scanning of the laminates. A frequency of 5 MHz was selected

because of its common use, providing comparability of the results with the literature. Depending

on the tested laminate, a voltage of 40 V, 80 V or 115 V in combination with a gain between

0 dB and 3 dB was selected to achieve a back wall echo of 80-90 % full-screen height on an

A-scan display without over-amplifying the front wall echo [292].
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Figure 5.15: VCP tank layup simulation and analysis

The hydrogen tank is a closed surface and thus an incompatibility of tape width and

dimensions of the geometry can not be placed outside of the trimmed area. In order to avoid

resulting additional gaps influencing the gap and overlap analysis, the tape width is slightly

adjusted in order to correspond to the tank dimensions. This practice is commonly used in

thermoset AFP, essentially distributing small gaps throughout the ply in order to adhere to

boundary curves. For 14 mm tape width and a tank diameter of 1000 mm, the theoretical

number of tapes of a 45 ° ply is 158.67. Using a rounded number of 158, the resulting tape

width is 14.06 mm. This small difference is negligible compared to the in-situ AFP

process-induced tolerance of the consolidated tape width. 14 mm and 7 mm consolidated tape

widths were investigated in the parameter study, representing consolidated tape widths of

typically used commercially available half-inch (12.7 mm) and quarter-inch (6.35 mm) prepreg

tape materials. As for the Variable Stiffness Panel analysis, between 2 and 16 parallel tows

were investigated as layup strategies.

5.2.2 Results of hydrogen tank geometry analysis

A parameter study was carried out for the tank geometries presented in Table 5.1, fixed angle

reference curves and varying consolidated tape width as well as varying number of parallel tows

to compare the resulting angle deviation, steering and gap and overlap defects.

Fixed angle reference curves by definition do not deviate from the target angle. Parallel

offset of the reference curve to layup multiple parallel tows, however, results in angle deviation,

similar as in Variable Stiffness Panels.
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5.2.3 Summary of hydrogen tank geometry analysis

A methodology was presented to develop fixed angle layup strategies for spherical tank

geometries, taking advantage of AFP tow cutting and steering capabilities. An analysis

method for the resulting geometry-induced defects was introduced and relevant example

geometries and layup strategies were investigated in a parameter study. Similar correlations as

for Variable Stiffness Panels were observed between the layup strategy parameters tape width

and number of parallel tows and the resulting emphasis of the defect types. Larger numbers of

parallel tows lead to smaller gap or overlap defects and lower defect fraction but increased

steering and angle deviation defects. In contrast to Variable Stiffness Panels, the rotationally

symmetrical geometry, however, leads to an accumulation of all three defect types angle

deviation, steering defects and gap or overlap defects towards the pole or polar opening of the

dome.

5.3 Complex fuselage section

The complex fuselage section was derived from the upper shell of a generic unmanned aerial

vehicle [302]. It has a length of 8060 mm and a double curved geometry with a central cutout

(Figure 5.20). A layup strategy was developed for the complex geometry, demonstrating resulting

geometry-induced defect patterns.

Figure 5.20: Complex fuselage geometry with boundary curve and central cutout

5.3.1 Tape placement simulation for complex fuselage geometry analysis

A similar layup simulation methodolgy was employed, as for the hydrogen tank analysis. Fixed

angle reference curves of the orientation 0 °, ±45 ° and 90 ° with respect to the x-axis of the

geometry’s global coordinate system represent the standard procedure in the aircraft industry

for composite design. Due to the comparably small double curvature and large dimensions of

the geometry, only half-inch tape width was considered. A generic quasi-isotropic ply stacking

sequence [45 °/0 °/-45 °/90 °]2S was used for the layup simulation. The starting point and number

of parallel tows was varied to achieve a suitable design, with few geometry-induced defects.
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5.3.2 Results of complex fuselage geometry analysis

Contrary to Variable Stiffness Panels, where the start point is defined as the center point of the

panel or rotationally symmetrical structures, where the start point only results in an angular

displacement of the reference curve, the start point and first reference curve play an important

role for non-symmetrical double curved geometries. Depending on the position, the reference

curve can take on different shapes.

The comparatively low curvature at the center of the geometry allows a large number of

parallel tapes without defects occurring. In order to make the most use of this effect, the start

point was placed in the center of this region with low double-curvature to enable the largest

possible number of parallel tows. It was possible to plan the 90 ° ply with only one reference

curve and parallel tows for the entire ply without major defects. For the 0 ° plies, in the central

flat section of the part surface, up to 64 parallel tows were used, while in the more curved

areas, 16 parallel tows were used. Similarly, for the 45 ° plies, up to 160 parallel tows could be

used, without major steering or angle deviation defects. Staggering, to avoid through-thickness

superimposition of defects was carried out as a linear shift of the starting points, perpendicular

to the respective reference curve orientation. The shifting distance consisted of the consolidated

tape width divided by the number of plies of the same orientation to avoid superimposition of

tow boundaries and the minimum number of parallel tows divided by the number of plies of

the same orientation to offset gap defects. A list of the start points and a full analysis of angle

deviation and steering radii is presented in Appendix A3.

Figure 5.21(a) shows the first 45 ° ply with the large section of 160 parallel tows in the

center of the laminate and fewer parallel tows in the more curved sections of the geometry.

The corresponding angle deviation distribution is presented in Figure 5.21(b). As the geodesic

path curvature is uncritical for this geometry, the angle deviation becomes the limiting factor

for the number of parallel tows. Whenever the deviation exceeds a limit of 3 °, a new reference

curve is generated for the next set of parallel tows. The resulting gap defect pattern of the four

45 ° plies is presented in Figure 5.21(c). The opening angle, and thus the aspect ratio of the

triangular defects corresponds to the respective angle deviation at the edges of the two sets of

parallel tows, which are adjacent to the defect. The opening angle equals the sum of the two

angle deviations. The gap defects are thus shorter in the areas with larger angle deviation and

reach very small opening angles in areas with low angle deviation in the center of the laminate.

As the staggering distance is determined by the areas with the fewest parallel tows, the defects

are evenly distributed in these sections, whereas in areas with more parallel tows, larger spacing

is observed between the defect stacks. Figure 5.21(d) finally shows the resulting gap defect

pattern of all plies. The defect concentration increases towards the most complex section of the

geometry on the right hand side of the plot. While the pattern was rotationally symmetrical
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for the hydrogen tank geometries, an irregular pattern wass observed for the complex fuselage

geometry. The distance between the defects is however determined by the chosen staggering

strategy.

Figure 5.21: Complex fuselage geometry layup analysis result: (a) 1st 45 ° ply parallel layup

analysis, (b) 1st 45 ° ply angle deviation analysis (c) Staggered 45 ° ply gap defects,

(d) Staggered 0 ° and ±45 ° ply gap defects
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5.3.3 Summary of complex fuselage geometry analysis

A layup strategy was presented for a complex fuselage geometry. The resulting geometry-induced

defects were analyzed. Further effects in comparison to rotationally symmetrical structures were

demonstrated. Starting points play an important role in asymmetrical double-curved structures,

as they can determine the number of parallel tows, that be can be used in a ply without

exceeding defect constraints. The gap or overlap defects pattern was found to depend on the

local curvature of the geometry, the number of parallel tows and the staggering strategy. A

correlation was observed for the local angle deviation and the aspect ratio of the triangular

gap or overlap defects. Large angle deviations at the edges of neighboring sets of parallel tows

resulted in larger aspect ratio of triangular defects.

5.4 Experimental validation of layup path analysis

In order to validate the simulative investigations of the previous sections, an experiment was

carried out to produce a double-curved laminate and compare the resulting defects with

simulation results. A double-curved spherical non-heatable steel tooling representing a section

of a hydrogen tank dome was provided as part of a research project and could be used to

manufacture the validation laminate.

5.4.1 Manufacture of validation laminate

The tank section tooling had a spherical surface with radius R = 1034 mm and a side length of

a = 700 mm. A layup simulation for a corresponding dome geometry was created for 0 °, 45 °

and -45 ° ply orientation, 8 parallel tows and 0 % coverage ratio (gap design). The tank section

was positioned halfway between the pole and the edge of the sphere (Figure 5.22(a)).

Figure 5.22: Tank section laminate: (a) Laminate positioning on tank surface, (b) Trimmed

example ply on tank surface, (c) Tank section tool with polyimide film first ply,

(d) Trimmed tank section laminate

The center point of the tool section was thus positioned at θ = π
4 and the z-axis of the tool

was radially oriented, while x- and y-axis were oriented tangentially to the sphere surface in
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parallel and perpendicular orientation to the meridian passing through the center point of the

tooling, respectively. The plies were subsequently trimmed using boundary curves that took into

account the lead-in length and minimum cut length of the AFP facility (Figure 5.22(b)). The tool

was placed on the two-degree-of-freedom tool system of the AFP facility (Figure 5.22(c)). The

double-curved first ply substrate was realized using a vacuum-assisted setup without breather

fabric. 25 µm polyimide film with diagonal cuts and subsequent joining with polyimide adhesive

tape on the tool-facing side of the polyimide film was draped onto the steel tooling. This

allowed an almost wrinkle-free first ply. Suprem AS7/LM-PAEK half-inch prepreg tape with

60 % fiber-volume-fraction was used for the validation laminate. The consolidated tape width

was determined in a preliminary test for parallel geodesic layup to be 15.5 mm. An 8-ply

laminate was manufactured with the ply stacking sequence [0 °/45 °/90 °/-45 °]S (Figure 5.22(d)).

While the 90 ° ply would not be found in a realistic spherical dome section, it was added to

this validation laminate for reasons of symmetry. The 8 parallel tows were manufactured as 8

individual single-tow courses.

5.4.2 Results of validation laminate analysis

The manufactured laminate showed good agreement with the simulation. Figure 5.23(a) and

(b) show the simulated gap prediction and manufactured result of the first 0 ° ply, respectively.

For the given surface curvature and layup strategy, no noticeable steering influence could be

detected for the 0 ° ply. The predicted triangular gap defects following tow cuts were accurately

reproduced in the validation laminate. In the first ply, the triangular gaps can be clearly

recognized due to the color contrast of the underlying polyimide film and the prepreg material.

Figure 5.23(c) and (d) show the comparison of the VCP steering analysis and manufactured

ply of the following 45 ° ply, respectively. The simulation analysis show the increase in geodesic

curvature (decrease of local steering radius) towards the pole of the dome. Due to the chosen

layup direction, starting the tows on the pole-facing side, steering defects occured towards the

center of the laminate and exacerbated in the further course of the paths. This suggests an

influence of the arc length of the curved path in addition to the mere local curvature influence.

As can be observed from Figure 5.23(d), triangular gap defects were still accurately produced

in the 45 ° ply. Towards the center of the laminate, however, additional longitudinal gap defects

arose between the individual tows. Furthermore tow straightening and even compensatory

steering in the opposite direction of the intended curved path can be observed at the end of the

tracks, before the tow cuts.
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Figure 5.23: Comparison of VCP defect simulation and experimental result: (a) VCP gap

defect analysis of 0 ° ply, (b) Experimental result of 0 ° ply with gap defects, (c)

VCP steering analysis of 45 ° ply, (d) Experimental result of 45 ° ply with gap

and steering defects

5.4.3 Summary of validation laminate analysis

The validation laminate experiment successfully demonstrated the manufacturability of the

simulation-derived layup paths using in-situ AFP. The Predicted triangular gap defects were

accurately reproduced in the validation experiment. Steering defects were observed after a

finite length of the steered paths. Narrowing of steered tows was also detected, which resulted

in longitudinal gaps between the tows. Tow cuts at the end of steered paths resulted in a

lateral deviation from the track in the opposite direction.
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5.5 Conclusion

The three geometries: constant curvature Variable Stiffness Panel, spherical hydrogen tank and

complex double-curved fuselage section were analyzed with regard to layup strategies and their

impact on the resulting geometry-induced defects. The correlation between the geometry, layup

strategy and resulting angle deviation, steering and coverage defects was demonstrated for all

three applications. For a given reference curve, a larger number of parallel tows generally results

in larger angle deviation and more critical steering radii, but lower area-related coverage defect

fraction and smaller individual defects. One possible strategy to solve this optimization problem

could be, to develop allowable limits for steering radii and angle deviation and to maximize the

number of parallel tows, without exceeding these limits. For thermoset AFP, a typcial industry

requirement is a maximum value of ± 3 ° angle deviation [303]. The second boundary condition

for allowable steering radii is highly process-dependent and will be subject of the following

Chapter 6.

The simulation results of this chapter show a wide range of steering radii reaching

minimum values of up to 500mm for the complex fuselage section and 100 mm for spherical

dome geometries. Gap and overlap defects dimensions also vary greatly depending on

geometry and layup strategy. While the width of the triangular defects is determined by the

consolidated tape width, the maximum length ranged between 100 mm for Variable Stiffness

Panels and up to several meters for the complex fuselage geometry. The opening angles of the

triangular defects typically correspond to the angle deviations at the boundaries of the parallel

sets, intersecting at the defect position. The ±3 ° boundary condition would thus result in a

maximum defect opening angle of 6 °. Staggering of plies of the same orientation to avoid

through-thickness superimposition of defects results in an even distribution of defects of the

same orientation. For larger numbers of parallel tows, defect spacing of multiple tape widths

can be realized, while lower number of parallel tows result in more overlapping defects. For

double-curved geometries, the defect pattern varies over the course of the surface. Spherical

tank dome geometries lead to larger concentration of defects and crossing-points of defects of

varying orientation towards the pole. For complex free-form geometries, defect patterns

similarly accumulate in the most curved areas.

The validation experiment showed good agreement of the predicted gap defect positions.

The steering defects did not occur in the areas with the strongest geodesic curvature but

occured after a certain length of the steered track, which needs to be considered in the steering

investigation. Over the course of the steered tracks, the consolidated tape width decreased,

resulting in longitudinal gaps between the tows, as it was also observed in the literature

(Figure 2.24 [261]). Parallel paths can therefore not be assumed in the case of strong geodesic

path curvature.
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Chapter 6

In-plane path curvature

This chapter presents an investigation of in-plane path curvature (steering) and resulting defects

for in-situ AFP. The content of this chapter was published in [304, 305] and [306]. As shown in

the literature review (Section 2.2.2), the focus of other published works has been the definition

of critical steering radii to avoid in- and out-of-plane defects. Both the experimental studies and

the modelling approaches assume stationary curvature states and neglect the transient section

from straight to curved paths. This assumption would result in an even distribution of defects

on constant curvature layup paths and higher frequency or greater magnitude defects in sections

with larger curvature for varying curvature layup paths. While this is valid for thermoset AFP,

where wrinkles form after the consolidation roller has passed as a function of tape buckling

following compressive stress and tackiness of the prepreg material, in thermoplastic AFP, full

consolidation is achieved in the process. All occuring defects thus form in front of- or right at

the nip point and are a function of the accumulated curvature up to the current point of the

additive process. The validation laminate analysis in the previous Chapter 5 accordingly showed

defects not in the most curved sections of the layup path, but after a certain arc length of curved

layup path had been passed.

While dimensional changes of the consolidated tape and deviation from the intended layup

path following steering were reported, a detailed analysis of the onset and progression of these

effects is required. Furthermore, laminate level mechanical properties are needed to quantify

the influence of steering defects. This chapter thus aims to address these research gaps.

The simulatively derived geodesic curvatures (steering radii) from the previous Chapter 5

were used as the basis for an experimental parameter study. Resulting steering defects, as well as

dimensional changes of the consolidated tape and layup path deviations following steering were

analyzed and quantified. A correlation between geodesic curvature and arc length was developed

with regards to the onset of steering defects. The usability of sub-critical steering radii for in-situ

consolidated laminates was validated using mechanical test on coupon level. An empirical model

was developed to predict the onset of out-of-plane steering defects and dimensional changes of the
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combination with a specified lead section allowing for longer relative shearing of the tape [195].

For the thermoplastic AFP process, only a very short lead section in front of the consolidation

roller is available and is accompanied by a superposition of bending and shear stresses. In order

to quantify the weighting of the actual deformation modes present, experimental steering tests

were carried out and evaluated in the following sections.

6.2 Experimental Analysis of in-plane curvature

An initial set of of steering experiments was carried out to quantify in-plane curvature effects

and mechanisms in in-situ AFP. A wide range of steering radii was investigated to achieve a

principle understanding of the steering mechanisms and defect formation.

6.2.1 Methodology

Mechanically fastened wide prepreg tape in 90 ° orientation joined with polyimide adhesive tape

on the tool-facing side, producing a full first layer was used as a first ply. It was clamped across

the entire width in 90 ° direction on both sides under a bar and placed under slight pre-tension

using toggle levers. A subsequently placed 0 ° ply of Suprem CF/LM-PAEK half-inch tape

completed the substrate for the initial steering experiments. Individual steering tracks with

one tow track configuration using the same half-inch material were placed on the substrate

starting with a 150 mm 0° straight lead-in path and subsequent steering radii of 2000 mm to

800 mm in 200 mm increments and 800 mm to 200 mm in 50 mm increments. The standard

unheated tool AFP process parameter set (Table 4.3) was used for the experiments. One track

was produced for each individual radius. In a second experiment 22 samples were manufactured

for a steering radius of 1200 mm in order to analyze the variability of the results. The results

were analyzed using visual inspection, profilometry, microsections, caliper measurements of the

resulting consolidated tape width and arc length measurement, using a flexible ruler.

6.2.2 Results and discussion

The progression of an example track with straight lead in path and 800 mm steering radius

is presented in Figure 6.3. The steered section of the track starts at Position 0. For the first

few centimeters of the steered path, no defects could be observed (Position 1, Figure 6.3(d)).

The corresponding thermal camera image showed no steering influence (Figure 6.3(b)). In-plane

and slight out-of-plane undulations were observed starting at Position 1. At Position 2, the

inside edge of the tape started to detach from the consolidation roller, as can be observed in the

thermal camera image in Figure 6.3(c). Shortly after, at Position 3, the first out-of-plane wrinkle

occured (Figure 6.3(e)). This defect looks similar to a ”sheared fiber” defect, as presented in

the thermoset AFP literature (Figure 2.16(b)-(c)) [207].
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Figure 6.3: Steering experiment example image with steering radius 800 mm

This wrinkle continued in layup direction until it reached the inner radius at Position 4

(Figure 6.3(f)). Up to this point, the consolidated tape width steadily decreased. As the wrinkle

reached the inner edge of the tape, the tape width increased sharply. Out-of-plane wrinkle defects

periodically formed after this point and ran towards the inner edge of the tape. The arc length

from Position 0 to Position 3 was defined as the critical arc length lcrit, as this marks the position

of out-of-planes defect initiation. The consolidated tape width measurements at Positions 0, 3

and 4 were labeled wt,c,0, wt,c,3 and wt,c,4, respectively. A similar steering progression and

sequence of defects was observed for all steering radii, but with varying arc lengths. The critical

arc lengths for all steering radii are presented in Figure 6.4(a). A proportional correlation was

observed between the steering radius and the respective critical arc length. A larger steering

radius allowed for a longer defect-free arc length layup. The respective variance plot of the

second experiment with multiple iterations of the same 1200 mm steering radius is shown in

Figure 6.4(b). The large variance indicates a large fluctuation of the critical arc length which is

two orders of magnitude larger than the assumed measurement accuracy of 1 mm.
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Figure 6.4: Preliminary steering critical arc length and tape width measurement results

The definition of the critical arc length, however, depends on the subjective classification

of out-of-plane wrinkle defects, which adds additional inaccuracy. Figure 6.4(c) presents the

consolidated tape width measurements at the start of the steering radius (wt,c,0), out-of-plane

wrinkle initiation (wt,c,3) and at the position where the wrinkles reached the inner edge of the

tape (wt,c,4) for varying steering radii. As expected, the consolidated tape width prior to the

steered section remained constant for all investigated radii. In the associated variance plot

(Figure 6.4(d)) for constant 1200 mm steering radius, the consolidated tape width prior to the

steered section exhibits the smallest variation with a standard deviation of 0.17 mm. A standard

deviation about twice as high can be observed for both consolidated tape width measurements

in the steered section. Despite the larger deviation, a correlation between the consolidated tape

width and the steering radius can be observed. Smaller steering radii led to smaller consolidated

tape widths. This steering-radius-dependent narrowing effect was about three times as large for

the width at Position 4 as opposed to Position 3.
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Chapter 7

Structural Impact of Gap and

Overlap Defects

This chapter presents an investigation of geometry-induced gap and overlap defects on in-situ

AFP laminates. As detailed in the literature review (Section 2.2.3), there are no publications

on realistic, i.e. non-parallel, gap defects for in-situ AFP yet.

Based on the gap and overlap defect patterns derived in Chapter 5, an experimental design

with realistic triangular, staggered defects was developed. In-situ AFP laminates with both

half-inch and quarter-inch tapes were compared to hot-press consolidated laminates in terms of

laminate composition in the defect areas and resulting mechanical properties.

The work presented in this chapter was published in the journal papers ”In-situ automated

fiber placement gap defects filled by fused granular fabrication” [307] and ”Effect of

geometry-induced triangular gap and overlap defects on in-situ AFP-manufactured

structures” [308].

7.1 Experimental design

A total of seven laminates were manufactured as part of this study. Half-inch and quarter-inch

tape, as introduced in Section 4.1, were utilized to compare the impact of different triangular

defect widths. A room temperature tooling configuration (RT) with a tool temperature of

20 °C was compared with a heated tooling configuration (HT) with 200 °C tool temperature to

assess the impact of gap and overlap defects for different in-situ consolidation-optimized

manufacturing parameters. Sections of the various laminates were hot pressed (HP) to provide

insight into the severity of gap and overlap defects between in-situ AFP and standard

thermoplastic manufacturing processes.

From the collection of laminates, specimens with gaps (G) or overlaps (O) and reference

specimens without defects (R) were produced. An overview of the various configurations with
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entire manufactured part. Currently ongoing research work implementing camera-based or

laser scanning systems along with concomitant software could in the future replace the

time-consuming, sometimes manual inspection of each layer. Monitoring process temperatures,

consolidation pressure distribution and in-coming, as well as deposited tape dimensions and

composition could provide comprehensive data sets, which could be used for quality inspection

of the final part. Further development of optimized heat sources and end effectors for

multi-tape layup with in-situ consolidation, using for example modular or variable spot size

lasers can thereupon complement in-situ AFP to become a mature manufacturing technology

and suitable alternative to established thermoset AFP and autoclave consolidation.

However, the major leverage effect of thermoplastic composite production only arises when

additive manufacturing processes are combined with thermoplastic joining and automated

assembly processes. Joining processes such as resistance welding or ultrasonic welding need to

be further developed and, in particular, the interfaces to laminate production need to be taken

into account so that in-situ AFP-manufactured components can be reliably joined. In this way,

a new type of dust-free, additive structural component production can ultimately be achieved,

enabling the economies of scale required for the high-rate production of next-generation large

passenger aircraft.

8.3 Limitations and outlook

The experimental results in this work were limited to single tow layup, constant geodesic

curvature and coupon-level mechanical tests. Future work will extend the empirical model to

S-curves to provide fully-optimized layup paths for in-situ AFP VSP design. Another useful

follow-up development would be the extension of the model to non-constant curvature

applications such as linear curvature variation VSP design or free-form double-curved

geometries. In a follow-up PhD project, advanced meshing techniques based on the results of

this work are currently developed to simulate in-situ AFP-manufactured Variable Stiffness

Panels with realistic process signature. This will be validated by sub-component level tests,

investigating the effects of complex geometry-induced defect patterns on larger structures.

Advanced in-line measurement of consolidated tape width via laser line scanning is

investigated in another follow-up research project in order to replace time-consuming optical

3D scans with continuous in-line measurements, which can be used to provide a large database

for future steering models. Finally, further work is required to optimize the transient track

start and end sections via improved process control and examine tape straightening effects,

which will further increase the technological maturity of the in-situ AFP process.
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[302] Fricke, D., Tröger, S., Schneider, M., and Kerker, K., “Entwicklung eines

induktionsbeheizten Werkzeugs für out-of-autoclave-Fertigungsprozesse für

Faserverbundbauteile,” Deutscher Luft- und Raumfahrtkongress (DLRK 2023), September

2023.

[303] Airbus Engineering Directorate, “AIPS03-02-019 Manufacture of Monolithic Parts with

Thermoset Prepreg Materials,” 2016.

[304] Raps, L., Chadwick, A., Fricke, D., and Schaefer, Y., “Steering Limitations for

in-situ Autoated Fibre Placement Manufactured Structures,” International Conference

on Composite Materials (ICCM) 23 , 2023.

[305] Raps, L., Chadwick, A. R., and Voggenreiter, H. F., “Steering for in-situ

AFP-manufactured structures: Part 1 - Critical arc length,” Composite Structures,

Vol. 381, 2026, pp. 120023.
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